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The development of efficient and abundant materials for the conversion and storage of 

renewably generated electricity is the lynchpin for enabling the global transition to a sustainable 

and cyclical economic model. In this work I explore two promising systems to meet this need; 

nickel phosphide as a hydrogen evolution electrocatalyst and sulfur cathodes for next-generation 

rechargeable lithium-ion batteries. Both earth abundant alternative chemistries promise to 

challenge current state-of-the-art materials, which rely on scarce and expensive metals. However, 

much work is still needed to tune the electrochemical properties of these materials before their true 

potential can be realized. Electrochemical activity is dictated by a delicate balance of a material’s 

internal electronic structure and the way in which its surface atoms interact with the external 

environment, namely the electrolyte and active material substrates. Herein, I show how functional 



 

surface chemistry can address both aspects through the installation of substituted aryl functional 

groups on the electrode surface via reduction of aryl diazonium salts. The functionalization of 

nickel phosphide nanocrystals with an array of substituted aryl groups of varying electron donating 

and withdrawing character showcases how the internal electronic structure of a material can be 

tuned to improve its catalytic activity. Then, the way in which rationally designed surface 

functional groups can offer new reaction pathways for dynamic conversion electrode reactions is 

showcased through the installation of thiophenol groups in a sulfur/carbon composite electrode. 

Though there is still much work to be done in the development of novel material systems for these 

critical electrochemical applications, I hope that this work can serve as a case study in the utility 

that surface chemistry can have in altering the intrinsic properties and reactivity of earth abundant 

materials.
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Chapter 1. INTRODUCTION  

This chapter is meant to introduce key concepts and provide context for the work discussed 

in chapters 2-4. As such, many of the ideas here are briefly introduced and then further fleshed out 

in their respective chapters. 

1.1 THE TRANSITION TO A SUSTAINABLE ECONOMY 

The prevention of catastrophic climate change is truly the challenge of our time and a key 

motivating force for innovation throughout all aspects of science, technology, and policy making. 

To keep the average temperature rise of the atmosphere below 1.5 °C relative to pre-industrial 

levels we must make drastic cuts to the amount of ‘green-house gases’ (GHG) released into the 

atmosphere.1 Generally, the major contributing species are carbon dioxide (CO2), methane (CH4), 

nitrous oxides (NOX), and fluorinated species like sulfur hexafluoride (SF6) – with CO2 accounting 

for the vast majority (76%) of GHGs emitted globally.2 Many different activities contribute to 

these emissions and have recently been summarized by the US Environmental Protection Agency 

(Figure 1.1). 
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Figure 1.1. Breakdown of GHG emissions by economic sector in the US for 2019.2  

 

As it currently stands, the largest percentages of GHG emissions come from transportation and 

the generation of electricity, which rely on coal and natural gas, and refined liquid 

hydrocarbons (gasoline), respectively. As these sectors make up the largest fraction of US 

emissions, they held the largest share of initial focus for developing and deploying carbon 

independent alternatives. Remarkable global efforts over the past few decades have led to the 

development of renewable alternatives for electricity generation that are cost competitive with 

traditional carbon dependent processes, in the form of solar photovoltaic modules and wind 

turbines.3 We are now seeing a similar trend in the cost of energy storage systems, namely 

lithium-ion batteries (LIB), which is a key component to making renewable powered electric 

grids resilient to the intrinsic limitations of intermittent generation.4 This renaissance for LIBs 

is also positioned to drastically reduce the emissions from light-duty transportation as electric 

vehicles (EVs) become more affordable and reliable.5 

Despite this amazing progress, there are many sectors of the global economy that cannot be 

electrified either due to intrinsic limitations of energy storage chemistries or the fundamental 
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chemical processes required to make a given product. For example, the energy density of a 

LIB is directly proportional to the amount of material used to make the cell. Thus, higher 

energy batteries are necessarily heavier, which make current chemistries ill-suited to power 

heavy-duty transport vessels such as commercial aircraft or transcontinental shipping. Other 

examples of these limitations include the production of critical materials like steel, plastics, 

and fertilizers – all of which currently release CO2 as a byproduct of the chemical reactions 

used for fabrication. Addressing these embedded sources of global GHG emissions is an effort 

known as “deep decarbonization” and calls upon us to fundamentally reimagine the way we 

use energy and abundant elements like H, C, N, and O to produce fundamental materials 

without emitting more GHG. An example of this “whole system approach” was illustrated by 

the National Renewable Energy Laboratory (Figure 1.2).6 

 
Figure 1.2. Schematic depiction of the integrated use of renewably generated electrons, H2 made 

from water, and CO2 captured from the air to address various aspects of the transportation 

sector.6  
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Though the immediate importance of this work is to find viable methods to meet the current global 

standard of living without emitting new equivalents of GHGs, we must be mindful in this moment 

not to repeat the mistakes of the past and develop unsustainable and unidirectional systems. The 

demand for energy, materials, food, clean water, etc. is only growing as the standard of living is 

rapidly increasing for much of the world.7 As this demand increases, we must thoughtfully embed 

the practice of recycling and reuse into our technological innovations while always striving to 

maximize the use and impact of environmentally abundant resources.  

1.2 OVERVIEW OF ELECTROCATALYSIS 

The foundation of a circular and sustainable economic model is the efficient interchange of atomic 

building blocks to make necessary materials. In many cases, nature has provided blueprints for 

how to accomplish such tasks in biological systems that make use of complex enzymatic catalysts.8 

In the same way that these biocatalytic systems uses sunlight to convert CO2 and H2O into energy 

carriers, researchers around the world are working to develop catalysts that utilize sustainably 

generated energy to facilitate industrially useful chemical transformations (Figure 1.3). 

Developing abundant and efficient electrocatalysts for key chemical transformations can have 

wide reaching impact on many different sectors. From the sustainable generation of H2 as an 

energy carrier, to the synthesis of sustainable aviation fuel via the reduction of CO2, there are a 

myriad of valuable reactions to study.9,10  
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Figure 1.3. Schematic depiction of the core influence (photo)electrocatalysts can have on a 

sustainable economic model.10 

1.2.1 What is a Catalyst? 

Catalysts are species that facilitate chemical reactions by lowering the additional kinetic energy 

barrier between reactants and products (Figure 1.4). Importantly, catalysts are not consumed but 

instead are regenerated during the reaction. 
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Figure 1.4. Schematic depiction of energy associated with and uncatalyzed, poorly catalyzed, and 

optimally catalyzed thermodynamically favorable reaction. 

 

An ideal catalyst will result in the smallest activation barriers between products and reactants, is 

highly stable in the reaction environment, and is selective for a given reaction. Minimizing the 

additional energy needed to overcome activation barriers is critical for making most efficient use 

of renewably generated electricity. The energy required to run a reaction can be translated into the 

electrochemical potential by equation 1.1: 

 P = IE (1.1) 

Where P represents power in watts, I represents current in amps, and E represents cell voltage in 

volts. The current in this case directly represents the number of electrons, or charge equivalents 

(q), that must be delivered to, or taken from, the reactant in order to generate a given product. The 

cell voltage, or electrochemical potential, is a measure of the energy barrier between the reactant 

and product states, which can be further broken down to: 

 E = E! + 	𝜂 (1.2) 
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Where E0 is the thermodynamic potential difference between the two states and h represents the 

additional “overpotential” required to address the kinetic limitations of the transformation. Using 

the example in Figure 1.4, the blue trace would have the largest overpotential, and the green trace 

would have the lowest overpotential – due to the influence of an optimal catalyst. Thus, there is a 

direct correlation between the activity of a catalyst and energy savings at the device level. 

1.2.2 Relevant Redox Reactions for Sustainable Fuels 

As discussed above, there is a wide range of chemical transformations that hold industrial 

relevance. However, the common electrocatalytic reactions that are studied for sustainable fuel 

applications are summarized below in Figure 1.5. 

 

Figure 1.5. Balanced chemical reactions for the formation of sustainable fuels like H2, NH3 

(ammonia), and CH3OH (methanol). Thermodynamic potentials for each reaction are reported 

versus the Natural Hydrogen Electrode (NHE).11 

 

These reactions comprise the reductive, or cathodic, half reactions for the full transformation in an 

acidic medium. For these processes to be sustainable, the proton (H+) equivalents must be 

generated from the anodic oxidation of water at the counter electrode (anode), written as: 

 2H"𝑂 → 	4𝐻# + 4𝑒$ + 𝑂" (1.3) 

In acid, the thermodynamic potential to drive this reaction is 1.23 V vs NHE. In a full 

electrochemical cell, both the anodic and cathodic reactions must be completed in tandem to drive 

CO2 + 2H+ + 2e- HCO2H Eº = -0.61 V

CO2 + 6H+ + 6e- CH3OH + H2O Eº = -0.38 V

CO2 + e- CO2 Eº = -1.90 V

2H+ + 2e- H2 Eº = 0 V

N2 + 6H+ + 6 e- 2 NH3 Eº = 0.092 V
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the reaction to completion. In the case of the hydrogen evolution reaction (HER) from water, the 

simplest electrocatalytic reaction, the balanced equation can be written as: 

 2H"𝑂 → 	2𝐻" + 𝑂" (1.4) 

1.2.3 What makes a catalyst active? 

For the production of H2 and O2 via water electrolysis (equation 1.4), the state-of-the-art catalysts 

are platinum for the cathodic reaction (HER) and iridium oxide for the anodic reaction (oxygen 

evolution reaction, or OER). Understanding what makes these materials so effective at facilitating 

these reactions has been the object of fascination for electrochemists for over a century. In the 

1970’s, Italian electrochemist Sergio Trasatti published a seminal compilation of various 

descriptors for a wide range of metals and compared them to the activity they exhibit for HER.12 

The result of this effort was the formulation of a “volcano plot” that related a metal’s affinity for 

making metal-H (metal hydride) bonds to the exchange current density for HER on a given metal 

(Figure 1.6). The exchange current is a valuable electrochemical term that estimates the reaction 

kinetics between reactants and products at the thermodynamic potential.13 
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Figure 1.6. Original “volcano plot” by Trasatti showing the relationship of M-H bond strength to 

the exchange current density for HER on various metal electrodes.12 

Unfortunately, due to the scarcity of these precious metals, we cannot rely on them to be the basis 

of a sustainable economy, despite being the most active naturally occurring catalysts.14 Platinum 

and iridium account for roughly 0.005 and 0.001 ppm of the earth’s crust, respectively, and cost 

$35 and $193 per gram, respectively, in 2021.82 As a result, the identification of earth abundant 

alternatives to these materials has been an intense area of research for the past few decades. Much 

of this work has been beautifully summarized in a review article written by Jaramillo and 

Nørskov.10 Using the principles described in Trasatti’s compilation, researchers from around the 

world aimed at mimicking the activity of platinum by engineering materials to have similar 

properties, namely that of a thermoneutral metal-hydride energy. This line of inquiry delivered 

incredible results and led to consistent improvements in electrode overpotential, as illustrated in 

Figure 1.7. 
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Figure 1.7. Figure summarizing the utilization of descriptor based models in finding alternative 

HER catalysts. (a) Volcano plot comparing the adsorption energy of H on various transitions 

metals and MoS2 to their exchange current density for HER. (b) Comparative linear sweep 

voltammograms and turn-over-frequencies of various metal-phosphide and sulfide catalysts 

versus platinum. (c) Plot of catalyst overpotential for HER versus year of report for various 

metal-sulfide and phosphide materials. (d) Illustrative trend in the investigation of nano 

structuring to “intrinsic activity” discussed in the report.10 

 

Among the material classes discovered to have high activity for HER in acidic media are metal-

phosphides, namely the earth abundant CoP, FeP, and Ni2P.15,16 However, despite the relatively 

low overpotential enabled by these catalysts due to their near thermoneutral M-H adsorption 

energies, their activity falls orders of magnitude short of platinum (Figure 1.8). 
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Figure 1.8. Plot of turn-over-frequency for various HER catalysts as a function of applied 

potential. Authors compare platinum to multiple compelling earth abundant alternatives such as 

CoP and MoS2, illustrating the huge difference in true intrinsic activity between these materials 

and platinum.17 

 

Though the root of this discrepancy is still an active field of inquiry, it has been proposed that the 

optimal reactivity may be, in part, due to the distance into the electrolyte that the diffuse frontier 

orbitals of platinum are able to penetrate.18 This theory, known as d-band theory, describes the 

aspects of platinum’s electronic structure that cannot be mimicked by lighter atoms in the periodic 

table.19 Thus, if there are aspects of a material that cannot be mimicked, we must develop new 

avenues of inquiry that could lead to further improvement of catalytic activity.  

1.2.4 Future Directions for Catalyst Development 

For centuries synthetic inorganic chemists have recognized the power that ligands, the organic 

components surrounding a metal center, have on altering their catalytic behavior.20–23 Many of 

these lessons were inspired by the field of biomimetic catalysis, which explicitly try to recreate the 
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environments found within catalytic enzymes.8,24,25 These rich fields of study provide strong 

evidence that the environment surround a catalytic site, often shaped by organic ligands, play a 

critical role in leveling the kinetic barriers associated with complex chemical transformations.26–28 

The idea that this same kind of control can be observed in nanoparticle chemistry is a key driving 

force for much of my research.  

1.3 OVERVIEW OF BATTERY CHEMISTRIES 

For the aspects of a sustainable economy that can operate purely on electricity, batteries play an 

indispensable enabling role. Whether it be the storage of intermittent electricity generated on the 

power gird or improving the driving range of electric vehicles (EVs), the cost, capacity, and 

stability of these devices is imperative.29–32 It is specifically because of the breakthroughs in LIB 

manufacturing, resulting is drastic price reductions and improvements in safety and reliability, that 

many sectors are able to begin shifts to all electric products and services.4  

Today’s LIBs are comprised of two electrodes (Figure 1.9), where the negative electrode (anode) 

holds the high-potential lithium deposits, and the positive electrode (cathode) is comprised of 

material that collects lithium as the battery discharges. 
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Figure 1.9. Schematic depiction of traditional LIB cells comprised of graphite anodes and 

LiCoO2 cathodes. Green dots represent lithium ions. The energy landscape at the top represent 

the cell voltage achieved as lithium is allowed to intercalate into the LiCoO2 host. 

 

As a result of constant consumer pressure for higher capacity cells, researchers and manufactures 

alike have made valiant efforts towards increasing the number of reactive lithium ions in a cell. 

Most of this work has focused on the anode, namely replacing the current anode host material, 

graphite, with higher capacity silicon or removing a host all together and using pure lithium 

metal.33,34  Innovations in anode chemistry are poised to roughly double the capacity of current 

LIBs, however, it seems that the true physical and economic limitations may reside in the structure 

of the cathode.35–37 

1.3.1 Intercalation Cathodes 

Current state-of-the-art cathode materials are mixed metal oxides, typically composed of nickel, 

cobalt, aluminum, and manganese in various stoichiometries.38 This class of materials is based on 
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the principles that Whittingham and Goodenough first explored in the 1970’s and 80’s, where 

under applied potential small cations could intercalate in-between the metal oxide’s layered 

structure.39,40 Through decades of research and refinement, it seems as though this material class 

may be reaching its thermodynamic limit, which is dictated by the reduction potential of the mixed 

metal oxide and intrinsic number of lithium ions that be held between its layers.36 This point of 

technological advancement comes at a time of unprecedented growth in the manufacturing volume 

of LIBs.41 As a result, early warning signs are being set off over the projected scarcity of  critical 

metals needed to fabricate high capacity intercalation cathodes, specifically cobalt.35 Although cell 

recycling methods are currently being developed, alternative battery chemistries must be quickly 

developed in order to maintain a viable supply chain for application where high power LIBs are 

necessary. 

1.3.1 Conversion Cathodes 

A promising alternative at the cutting edge of current research efforts is a class of materials called 

conversion cathodes.42,43 In these systems, lithium explicitly reacts with the host material, rather 

than simply intercalating between the layers of a larger crystal. This means that more charges are 

passed in the redox reactions leading to higher overall capacity for a given amount of active 

material. Further, many of these systems use earth abundant elements like O, F, S, and Fe, which 

would drastically reduce the cost per kWh of capacity and have a more benign impact on the 

environment. Of the promising conversion cathode candidates, lithium-sulfur cells have garnered 

specific attention because of their potential to break the $100/kWh threshold set by the U.S. 

Department of Energy.44,45 
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1.3.1 Overview of Lithium-Sulfur Batteries 

Lithium sulfur batteries theoretically offer an order of magnitude increase in specific capacity 

versus current state-of-the-art intercalation compounds at a fraction of the cost.45–47  

 

Figure 1.10. Table comparing multiple battery chemistries. For each system, the chemical 

reaction is reported along with the voltage, theoretical specific energy, and theoretical energy 

density.48 

 

The difficulty with realizing this promise comes at a fundamental difference in material properties. 

Sulfur, unlike the metal-oxide materials, is a very poor electrical conductor. This requires the sulfur 

to be embedded in a highly conductive host material in order to undergo redox reactions with 

lithium ions. Typically, this is achieved using microstructured graphitic carbons, which are light 

weight and still relatively inexpensive.49 The carbon then must additionally be mechanically held 

together by binding polymers because the volume expansion during lithiation can cause cracks to 

form in the electrode which can electronically isolate portions of the electrode.50,51 These necessary 

composite additives reduce the theoretical specific capacity, but still offer significant advances 

over current chemistries. 
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However, the difficulties of commercializing lithium sulfur cells do not end at the poor 

conductivity of the active material. The conversion of S into its fully lithiated state, Li2S, goes 

through a complex set of intermediate species called lithium polysulfides (LiPS) (Figure 1.10).48 

LiPS are highly soluble in most organic electrolyte solvents used in LiS batteries and will dissolve 

into the electrolyte during cycling which can lead to displacement and eventual capacity fading. 

Severe cases can result in a phenomenon known as redox shuttling, which effectively shorts the 

battery as LiPS constantly cycle back and forth between cathode and anode.52,53 

 

Figure 1.11. Schematic depiction of the conversion reaction of S8 to Li2S during the discharge of 

lithium-sulfur batteries. Speciation is tied to the different regions of charge and discharge as 

illustration by the voltage profile.48 

 

Although it may seem intuitive to simply use solvents that cannot solvate the LiPS, this dynamic 

is actually required for the cell to have good cycling rate capabilities due to the sluggish kinetics 

of solid-state sulfur lithiation.54–56 Thus, to address the issues of sluggish LiPS redox and 

dissolution and diffusion from the cathode, researchers have been investing the use of polar host 

materials and embedded catalysts.57–60 Though this line of inquiry has provided promising results 
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it adds more inactive mass and more costly materials into the cathode composition. As such, it 

seems like trying to influence the way graphitic host materials can directly interact with LiPS and 

the electrolyte environment through functional surface chemistry may be a promising route to 

improving cell performance. 

1.4 GENERAL SURVEY OF SURFACE CHEMISTRY 

The concept of installing organic functional groups on the surface of a material or making covalent 

linkages between molecules and materials has been investigated for many decades.61 Inspired by 

the fidelity with which small changes to the chemical structure of organic and organometallic 

molecules can afford drastic physiochemical and electronic changes, the field of functional surface 

chemistry has aimed to afford the same degree of control to bulk materials which offer their own 

distinct benefits such as high conductivity and stability. Exploring this parameter space has shown 

that surface ligands, or surface functional groups, are able to modulate the electronic properties of 

a material62–64, alter its solubility and the way it interacts with the broader environment65,66, and 

address degredation conerns.67–69 Though this work will focus on the influence of functional 

surface chemistry in catalysis and energy storage chemistries, the impact of field reaches every 

intersection of materials chemistry and application including biomedical, sensing, and novel semi-

conductor systems.69–72 

1.4.1 Surface Chemistry in Electrocatalysis 

In the field of electrocatalysis there are generally two ways to approach the challenge of melding 

molecular (homogeneous) and material (heterogeneous) properties. The first is a “top-down” 

approach, where researchers have explored methods to covalently tether already developed 

molecular catalysts to the surface of a conductive substrate, generally graphitic carbon. Two 
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examples of this are shown below in Figure 1.11. The top panel (Figure 1.11a) shows the covalent 

tethering of a cobalt porphyrin complex to surface of p-doped diamond via “click” chemistry with 

a surface bound azide group.73 These aliphatic groups were installed by photolysis of the terminal 

alkene in 10-undecen-1-ol and the hydrogen terminated diamond surface.74 The resultant hybrid 

material showed improved activity over the diamond alone and increased stability relative to the 

molecular catalyst alone. This concept of covalently tethering molecular catalysts is still under 

active investigation by the Surendranath group who has developed a method to not only 

immobilize the catalyst onto the electrode surface, but actually embed the catalyst into the band 

structure of the glassy carbon electrode through highly conjugated phenazine linkages.75,76 This 

builds on previous work by decoupling electron transfer between the support, the catalyst, and the 

substrate. 

 

 
Figure 1.12. Synthetic schemes for the covalent tethering (a)73 and conjugated integration (b)70 of 

molecular catalysts to the surfaces of conductive carbon substrates. 

The second, or “bottom-up”, approach aims at utilizing the catalytically active surfaces on 

nanoparticulate heterogeneous catalysts by augmenting their reactivity with surface ligands. This 

4 

b) 
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class of materials is addressed in detail in Chapter 2 and is the foundation of the work presented 

in Chapter 3. Briefly, a powerful example of this approach was recently shown by Buonsanti and 

co-workers through their work on improving the selectivity of Ag nanoparticles for the reduction 

of CO2.77 By installing a series of imidazolium-based ligands onto the surface of their catalyst 

(Figure 1.12) they were able to tease out multiple spheres of influence that the ligand had in 

directing the electrocatalytic reaction. Ultimately, the authors reported the importance of the 

interaction of the ligand anchoring group with the particle surface, having stabilizing agents in the 

inner-coordination sphere (a few bond lengths from the surface), and how the tail group can 

promote or deter substrate access to control concentration gradients. 

 
Figure 1.13. Schematic depiction of Ag nanocrystals functionalized with 3-part tailored ligands. 

Each section reflects the different spheres of influence that organic ligands can have on the 

reactivity of nanocrystalline electrocatalysts.77 
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1.4.1 Surface Chemistry in Batteries 

Examples of surface functionalization in battery electrodes are more scarce, but the prospect of its 

utility are becoming more obvious for the next generation of more dynamic electrode chemistries. 

Current examples typically focus on better integrating polymer binders,78,79 formation of “artificial 

solid-electrolyte-interphases”,80 or inducing surface dipoles to interact with highly charged 

reaction intermediates.81 This last example served as the inspiration for the work discussed in 

Chapter 4, though all effects are relevant and merit further investigation. 

1.5 OUTLOOK 

I hope this summary has brought some context to the work that will be discussed in the following 

chapters. We currently face many near impossible challenges to overcome. We must 

fundamentally change the foundations of our global economy while also devising a system that 

will not encounter the same scarcity-based limitations. At the center of this effort will be the 

intelligent and sustainable management of renewable energy and abundant matter. A major piece 

of this puzzle seems to be solved – that is the means to affordably and efficiently capture natural 

sources of energy. Now, we must develop methods and materials to store this energy and 

efficiently direct it to the sectors of our economy that still rely on GHG emitting processes. Though 

great progress has already been made in this regard, significant innovation is still required to 

alleviate our reliance on scarce and expensive metals. Over the course of my studies, I have 

explored the application of functional surface chemistry to address various limitations encountered 

when using earth abundant materials in the fields of electrochemical energy conversion and 

storage. Through these studies I provide separate examples of how surface functional groups 

installed via covalent electrode-aryl bonds can influence the electronic properties of 

nanocrystalline electrocatalysts and the reaction pathways of LiPS in next-generation lithium-
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sulfur batteries. Each study provides valuable lessons about the promise and limitations of such 

approaches and lays the groundwork for integrating both influence on the electrode and electrolyte 

in one system. Ultimately, I hope that this work can be a critical building block towards the 

development of elegant, perfectly optimized, electrode-ligand interactions which enable the 

adoption of novel sustainable technologies. 
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Chapter 2. DESIGNING NANOPARTICLE INTERFACES FOR 

INNER-SPHERE CATALYSIS  

Significant portions of the following chapter have previously been published by: 

David Ung‡, Ian A. Murphy‡, and Brandi M. Cossairt Dalton Trans., 2020, 49, 4995-5005. 

2.1 ABSTRACT 

Interfaces are an intrinsic component of nanoparticle catalysts and play a critical role in directing 

their function. Our understanding of the complexity of the nanoparticle interface and how to 

manipulate it at the molecular level has advanced significantly in recent years. Given this, attention 

is shifting towards the creation of designer nanoparticle interfaces that impact the activity and 

direct the mechanisms of inner-sphere catalytic reactions. In this perspective, we seek to highlight 

and contextualize these efforts. First, methods to alter nanoparticle surfaces are presented, 

including annealing and plasma treating, as well as more mild chemical treatments, including 

ligand exchange, etching, and addition (via covalent functionalization). Then interfacial chemistry 

developed to alter catalytic activity, selectivity, and reaction environment will be highlighted. 

Finally, we look forward to the challenges that remain to be overcome for realizing the true 

potential of colloidal nanoparticle catalysis. 

2.2 INTRODUCTION 

In the field of molecular catalysis, tuning chemical reactivity is not simply a matter of altering the 

concentration or availability of catalytic active sites. Careful design of the coordination 

environment surrounding the active site allows for tuning both the kinetics and mechanism of 

inner-sphere reactions (defined here as bond making and breaking chemistry at the active site). 
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This is achieved through steric and electronic control of the catalytic active site as well as by 

introducing new reaction pathways that rely on metal-ligand cooperativity.1 In the field of 

heterogeneous catalysis, on the other hand, tuning chemical reactivity and selectivity is typically 

achieved by altering the active sites of a pristine surface (composition control) or increasing their 

relative number through nanostructuring.2 Most heterogeneous reactions of commercial relevance, 

however, are not carried out on pristine surfaces, but rather on small nanoparticles of a catalytic 

material.2 In such cases the role of interfacial chemistry cannot be ignored given the surface area 

to volume scaling as these materials approach the small size limit. With the expansion of the field 

of colloidal nanoscience, researchers have realized the enormous potential of bottom-up colloidal 

synthesis of catalytically active nanomaterials. On a fundamental level, these materials can be 

viewed as a bridge between conventional molecular catalysts and heterogeneous surfaces (Figure 

1). Because colloidal nanoparticles can be manipulated in solution like small molecules, and 

because their surfaces are necessarily passivated by organic or inorganic ligands that render them 

kinetically and colloidally stable,3 it is clear that interfacial chemistry has a strong role to play in 

tuning material properties. The field of colloidal nanoparticle catalysis can take inspiration from 

the growing literature on the surface chemistry of colloidal quantum dots and plasmonic metal 

nanoparticles.3,4 For these nanoscale materials, ligands have a direct and significant impact on their 

function by altering their electronic structure.5,6 As an illustrative example, and in analogy with 

the use of ligands to tune metal redox potentials in molecular catalysis, ligands have been shown 

to dramatically alter the band edge positions of quantum dots by as much as 2 eV.7–10 Intriguingly, 

and of great relevance to the topic of catalysis, colloidal quantum dots and plasmonic nanoparticles 

are widely studied for application in photocatalytic processes that rely on energy or charge transfer 

mechanisms.11 Here, ligand permeability, hydrophobicity, and charge density impact the ability 
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for donor and acceptor species to interact through outer-sphere energy or charge transfer 

mechanisms. As we make the transition to the realm of colloidal nanoparticles for inner-sphere 

catalysis, the motivation for ligand-based activity control becomes even more apparent. Ligands 

can be used to directly tune active site availability and the inherent activity and selectivity of a 

given catalytic transformation. Ligands therefore offer a new dimension of parameter space with 

which to design catalytic interfaces. Despite this, the most frequent scheme for nanoparticle 

catalysis is for the nanoparticles to first be supported (or used as a powder) with ligands removed 

by thermal annealing or a related process.12 

 

Figure 2.1. Colloidal nanoparticles as a bridge between soluble catalytic molecules and bulk 

heterogeneous surfaces. 

 
In this perspective, we will first review methods to alter nanoparticle surfaces, including annealing 

and plasma treating, as well as more mild chemical treatments with a focus on materials with 

complex, alloyed or multicomponent lattices. We will then focus specifically on interfacial 

chemistry that has been developed to alter catalytic (i) activity, (ii) selectivity, and (iii) reaction 

environment through bulk-like interfacial effects such as surface hydrophobicity. Finally, we look 

forward to the challenges that remain to be overcome for realizing the true potential of colloidal 

nanoparticle catalysis. 
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2.3 PRIMER ON METHODS TO ALTER NANOPARTICLE SURFACES 

Traditional schemes for altering the surface chemistry of heterogeneous catalysts are comprised 

almost entirely of ligand/surfactant removal. These methods are well known throughout the 

inorganic nanoscience community and can be loosely grouped into two classes: high-energy 

treatments and chemical treatments. These two approaches have drastically different influence on 

the chemistry of the underlying nanomaterial, which is manifested in their catalytic and/or 

optoelectronic applications. In this section, we will not just describe general methodology, but try 

to put into perspective the chemical transformations occurring at the nanocrystalline surface. 

2.3.1 High Energy Cleaning Methods 

 
Our description of thermal annealing and plasma treatments will be brief as there are already 

exhaustive reviews of their impact.12–15 The fundamental concept for both approaches is to 

introduce sufficient energy for the cleavage of the surface-surfactant bonds and subsequent 

vaporization of the liberated molecular species. In the case of thermal annealing, this is 

accomplished by applying heat. The simplicity of this approach has made it the standard for 

preparing “clean” crystalline surfaces. However, the mixture of elevated temperatures and 

unpassivated surfaces provides the driving force for aggregation of neighboring nanocrystals, 

leading to the growth of larger polydisperse species.16,17 There has been recent progress on 

addressing this issue by the use of low-temperature or flash annealing strategies, which can avoid 

the problem of agglomeration for oxidatively resistant materials.18,19 While thermal treatments are 

known to be effective in removing surface ligands and are often associated with improvements in 

catalytic activity of nanomaterials, it has been shown that calcination does not remove all of the 

carbon from colloidal nanocrystal assemblies.20 Further, the choice of annealing atmosphere 



 50 

(reducing or oxidizing) plays an important role in both the removal of surfactants and the 

alteration/passivation of the bare nanoparticle’s surface.12,21,22  

The concept of atmospheric non-innocence towards the pristine surface becomes very important 

when cleaning particles via plasma exposure. For this approach, the energy to liberate surfactants 

is supplied by high energy ions, radicals, and photon emission which decompose the ligands into 

smaller molecular fragments. The majority of these fragments can be liberated, but it has been 

shown that decomposition products can remain strongly bound to the particle surface.23 Further, 

the most common and economical plasma source is oxygen, thus requiring the underlying particle 

to be resistant to oxidation. Recent studies have shown that plasma treatments utilizing “inert” 

gases like He or Ar can remove a majority of surface ligands while avoiding oxidation of the 

underlying particle.24 However, bombardment by high energy ions of any species can induce 

random defects to form on the exposed surface facets.25  

Although thermal and plasma annealing strategies have undoubtedly been shown to be effective 

in removing surface ligands, their influence on surface chemistry is known to vary largely between 

samples and treatment protocols. Thus, the lack of systematic understanding of the impact that 

these treatments have on the surface chemistry of nanoparticles should be heavily considered 

during experimental design and data analysis.  

2.3.2 Chemical Ligand Exchange, Stripping, and Addition 

 
The unique space that nanoparticles occupy between bulk solids and discrete molecules has 

spurred decades of research focused on deconvoluting the complex interplay between their stable 

inorganic cores and dynamic organic/inorganic surfaces. In the colloidal quantum dot community 

specifically, these efforts have culminated in a surface ligand classification system adapted from 
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organometallic bonding concepts. These classifications, summarized in Figure 2, were popularized 

by Owen and co-workers and will serve as the basis for our discussion on post-synthetic ligand 

exchange methods.3 

 

Figure 2.2. The coordination of different types of ligands (L-, X-, and Z-type) to a variety of 

inorganic nanostructures. 

 
Just like their molecular analogues, charges must be conserved and balanced in nanocrystalline 

systems. Thus, the reaction mechanism for removing or altering a ligand will depend on their 

molecular reactivity and relationship to the surface of the particle. These initial ligand 

environments and the underlying particle’s surface chemistry is determined by the synthetic 

method used to derive the particles. In a conceptual sense, the particles have a “memory” of the 

way in which they are formed that in-turn influences their morphology, stoichiometry, surface 

chemistry, and ultimately functionality. For example, most colloidally synthesized nanoparticles 

are capped with an X-type ligand, typically oleate or other long-chain fatty acid anion, though the 

specific speciation will vary by synthetic procedure. These X-type ligands are typically 

coordinated to excess metal cation on the surface of the particle, which is an artifact of the halted 

growth of nanoparticles that prevents agglomeration into larger crystals. Thus, in order to alter the 

native ligand environment of such a nanoparticle, one would need to employ strategies to exchange 

X- or Z-type ligands. 
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Hens and co-workers have shown that such native oleate ligands could be exchanged for protic 

alcohols when present in large excess.26 The authors noted that the protic nature of the reagent was 

a crucial component of the exchange reaction, as protonation of the formally negative carboxylate 

species was required to preserve charge balance. This X-type ligand exchange has since been 

generalized as: 

 [NP]—X + HY ⇄ [NP]—Y + 	HX (2.5) 

However, it is important to note that ligand exchange is actually an equilibrium process. The same 

study found that over time the desorbed oleate ligands would rebind. This equilibrium can be 

shifted by factors like concentration, denticity, and pKa. This concept has been shown by our group 

and others through monitoring the exchange of native oleate ligands for other organic acids.27–30 

Through these studies it was found that phosphonic acids readily displace carboxylic acids and 

effectively bind irreversibly due to both their low pKa and multidentate binding modes. This 

straightforward method to replace native X-type ligands is not limited to acids, but also applies to 

halides,  pseuodhalides, and strong bases.31–34 Though, when planning ligand exchange reaction 

conditions, be mindful that some colloidal nanocrystals are not stable in strongly acidic or basic 

conditions and will either etch or completely dissolve. 

As mentioned above, X-type ligands with a formal negative charge neutralize the formally 

positive charge of excess cations that passivate the particle surface. In fact, it is generally 

understood that, especially for smaller particles, the surface is often terminated by a layer of excess 

metal cation coordinated by anionic ligand.35,36 This is commonly studied by inductively coupled 

plasma mass spectroscopy (ICP-MS) that show a super-stoichiometric concentration of metal 

species in as-synthesized materials. These effectively neutral Lewis-acidic ligand complexes are 

referred to as Z-type ligand. Because these complexes are effectively neutral, ligand exchange 
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reactions must employ other Z-type complexes or formally neutral Lewis-basic species known as 

L-type ligands (Figure 3).36,37 These ligand exchange reactions can also be generalized according 

the following equations: 

 [NP]—M%X + M"Y ⇄ [NP]—M"Y +	M%X (2.6) 

 

 [NP]—MX + 2L ⇄ [NP]—L + 	LMX  (2.7) 

In their study, Owen and co-workers thoroughly investigated the complex equilibrium of these 

exchange reactions and found that the efficacy of ligand exchange was roughly a function of the 

relative Lewis-basicity of L.36 They showed that although alcohols, phosphines, and amines were 

all able to displace some amount of MXn, short-chain primary amines were the most effective. 

Further, the efficacy of primary amines was improved by the simultaneous addition of a chelating 

diamine species. They propose this is due to an increased stabilization of the desorbed LyMXn 

species, coupled with stabilization of the particle surface. Though amines are generally effective 

species for surface passivation, the real affinity for ligand binding is dictated by individual atomic 

preferences that can be described by hard soft acid base theory. As such, binding strength will vary 

with the specific speciation of a system. Because of this, exchange between L-type ligands can 

also be driven by this difference in intrinsic binding affinity, according the general equation: 

 [NP]—L% + L" ⇄ [NP]—L" +	L% (2.8) 
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Figure 2.3. Schematic depiction of X-, L-, and Z-type ligand exchange reactions for Cd and 

Pb chalcogenide model systems. Reprinted with permission from N. C. Anderson, M. P. 

Hendricks, J. J. Choi, J. S. Owen. Journal of the American Chemical Society, 2013, 135, 18536 – 

18548. Copyright 2013 American Chemical Society. 

 
In addition to the conventional ligand exchange methods presented above, chemical ligand 

stripping to terminate the lattice with weakly or non-coordinating anions is being increasingly 

pursued. Alkylating agents (i.e., R3O+X–, Eq. 4) and nitrosonium salts (NO+BF4–) can displace the 

native ligand while reacting to form a neutral species with little binding affinity for the particle 

surface. The positive charge remaining on the surface of the particle is then neutralized by the 

counter anion, such as BF4–.38–40 The resulting particles can be soluble in polar solvents, remain 

monodisperse, retain crystallographic integrity, and can act as blank templates to be re-ligated by 

other species.39–41 

 [NP]—X + R&O#Y$ ⇄ [NP]#Y$ 	+ R—X +	R"O (2.9) 
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Irreversible ligand stripping by the methods mentioned above can also cause some confusion 

without a rational understanding of the system. For example, if both ligands and excess cations are 

desorbed from the surface, the particles become more stoichiometric and develop a balanced 

charge, thus losing colloidal stability. This can generally be avoided by carrying out reactions in 

polar, coordinating solvents like DMF that can act as L-type ligands that colloidally stabilize the 

neutral particles.42 Still, the complex nature of ligand environment and colloidal stability have 

pushed researchers to develop other, softer and more reversible, ligand stripping procedures. To 

this end, Helms and co-workers explored the viability of Lewis-acid-base adducts for X-type 

ligand removal, but not deactivation.43 In this study, they showed that oleate ligands could be 

displaced by BF3:DMF, according to the following general equation: 

 [NP]—X + LA: LB ⇄ [NP]#[LA: X]$ 	+ LB (2.10) 

This weak electrostatic attraction between the [LA:X]– adduct and the charged particle surface 

allowed the particles to retain colloidal stability while still providing a malleable template to 

further alter surface functionality (Figure 2.4).  

 



 56 

 

Figure 2.4. Schematic depiction of a) irreversible ligand stripping with strong electrophiles 

and b) reversible ligand stripping with Lewis acid-base adducts. Abbreviations: X− = anionic 

ligand, E+ = electrophile, Y− = non-coordinating anion, Mn+ = metal ion, LA:LB = Lewis 

acid−base adduct, L = charge-neutral coordinating solvent (e.g., DMF). For sensitive NC 

compositions, loss of Mn+ from the surface leads to colloidal instability, particularly when 

repassivation of surface Mn+ by L is not competitive with Mn+ desorption. The dynamic exchange 

of [LA:X]− on and off the NC differentiates stripping under equilibrium control from earlier 

approaches. In the approach described herein, Y− is generated through disproportionation of 

[LA:X]− as described in the main text. Reprinted with permission from S. E. Doris, J. J. Lynch, 

C. Li, J. J. Urban, B. A. Helms. Journal of the American Chemical Society, 2014, 136, 15702 – 

15710. Copyright 2014 American Chemical Society. 

 

Depending on the nanomaterials’ desired application, full ligand removal for a bare surface 

may not be necessary. For example, native long chain surface ligands are often a detriment to 

nanomaterials in electronic applications because of the highly insulating aliphatic tails. Completely 

removing these surfactants through chemical or thermal treatments may improve electronic 

communication but can also lead to aggregation of the particles. Rather than full ligand removal, 
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these insulating ligands can be exchanged with compact halide (Eq. 2.7),41,44,45 psuedohalide (N3–

, CN–, SCN–, etc.),33,46 or molecular metal chalcogenides.32,34,46,47 These compact surfactants 

behave as X or Z-type surface ligands, but can greatly increase the electronic communication 

between nanoparticles and with the local environment when compared to the native aliphatic 

ligands. Below, TMS abbreviates trimethylsilane. 

 [NP]—X + TMS—Y ⇄ [NP]—Y + TMS—X (2.11) 

Depending on the type of nanomaterial employed for catalysis, sites for modifying ligand 

chemistry using coordinate-covalent bonding may not be readily accessible. In these cases, 

covalent surface modification by forging new main group-main group bonds is a desirable 

approach. Here we can take the transition metal dichalcogenide MoS2 as an illustrative example. 

There are many methods to functionalization this layered material depending on the starting crystal 

phase.48 When in the semiconducting 2H phase, the basal planes are considered chemically inert, 

meaning reactions can only occur at edge and defect sites. When defects are the only accessible 

reactive site, functionalization is limited to an approach known as “ligand conjugation”.49,50 Ligand 

conjugation requires a terminal thiol moiety on the functional ligand to react at S-vacant defect 

sites. It is proposed that the S from the thiol group bonds with the under coordinated Mo atoms, 

thus embedding the ligand into the edges of the 2D sheet - however the exact mechanism of S-R 

integration is still under investigation. Although the basal planes are inert in the semiconducting 

2H phase, once converted to the metallic 1T phase by exfoliation with alkali metals (usually n-

butyllithium) they become quite reactive. It has been shown that in this more reactive polymorph 

the basal plane S atoms are susceptible to electrophilic addition by diazonium salts51,52 and 

organoiodine precursors (Figure 5a).53,54 This concept of having reactive electrons with a suitably 

reducing potential accessible to the reaction site is becoming known as a critical factor in driving 
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covalent functionalization. Recently, Lewis and co-workers explored this idea by adding extra 

metallocene reductants to a reaction mixture of iodoalkyl species and alkylated MoS2-R sheets 

(Figure 5b).55 They found that the extent of functionalization could be pushed past that accessible 

by exfoliation with n-butyllithium alone, validating previous studies which postulated that the 

covalent functionalization was self-limited by the negative charges localized on the sheets after 

exfoliation. Further, their study showed that the potential of the reductant also played a role in 

increasing functionalization, where a stronger reductant like cobaltocene induced more 

functionalization than a weaker reductant like ferrocene. 

While we have highlighted the covalent functionalization of MoS2 here, this type of surface 

modification can be applied to a wide variety of nanomaterials including carbons and black 

phosphorus,56–58 as well as non-layered materials like transition metal phosphides and main-group 

metal sulfides to alter their physical and electronic structure, and in turn their catalytic activity. It 

is notable, however, that there is a significant difference in total content and the level of detail 

found in the literature on the topic of covalent functionalization in comparison to dative ligand 

interactions. Covalent surface modification is an emerging and rapidly developing field, requiring 

further exploration into both synthetic methods and the effects that covalent functionalization has 

on the electronic/structural properties of the underlying material. 

 

 



 59 

 

Figure 2.5. a) Conversion of 2H phase to 1T by exfoliation with n-butyllithium followed by 

conditions for self-limited alkylation with alkylhalide reagents. b) Procedure for further reductant 

activated alkylation of functionalized MoS2 sheets. Reprinted with permission from E. X. Yan, 

M. Cabán-Acevedo, K. M. Papadantonakis, B. S. Brunschwig, N. S. Lewis. ACS Materials 

Letters, 2020, 2, 133 – 139. Copyright 2020 American Chemical Society. 

2.4 TUNING NANOPARTICLE CATALYST ACTIVITY USING SURFACE CHEMISTRY 

As discussed in the previous section, typical surface ligands for colloidally synthesized 

nanomaterials are comprised of long hydrocarbon chains with polar head groups that bind to the 

material via dative/coordinate-covalent bonds. For example, long chain carboxylates, amines and 

related ammonium salts, phosphines, and thiolates have all been used as common surfactants for 

nanomaterials. The long hydrocarbon chains prevent aggregation of the nanoparticles through 

steric stabilization and provide solubility in common nonpolar solvents, while the polar head 

groups bind and stabilize the highly energetic surface of the nanomaterials or provide a site for 

electrostatic stabilization through charge localization. These surface ligands are typically 

considered a detriment to catalysis due to the blocking of active sites and are commonly removed 

via thermal or chemical treatments as described above. However, recent work has shown that these 

coordinate-covalent bonding surface ligands, in addition to the emerging classes of covalent 
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functional groups, can be used as a synthetic lever to tune the reactivity of catalysts by modifying 

the electronic structure of a nanocrystal or by adjusting its interaction with substrates. 

2.4.1 Activity 

Nanoparticles occupy a unique regime between molecules and bulk materials. Similar to how 

ligands play a large role in the electronic structure of molecular coordination complexes, surface 

ligands can alter the electronic structure of nanoparticles and influence their behavior even though 

they can be hundreds to thousands of atoms in size. These changes in electronic structure can have 

large impacts on the binding strength of reaction intermediates, which in turn can impact the 

activity of a catalyst due to many of these transformations following a volcano plot behavior, via 

the Sabatier principle.59,60 In many cases these ligand effects on electronic structure follow typical 

chemical design principles, such as inductive effects. For example, increasing the chain length of 

an alkylthiolate surface ligand on Au nanoparticles increases the charge density in the core, which 

thereby increases the Fermi level of the nanomaterial (Figure 6).61 The extent in which the surface 

ligands influence the electronic structure can be affected by the size of the nanomaterial. Smaller 

nanomaterials have intrinsically higher ratios of surface atoms, and therefore the ligand-induced 

electronic effects on catalytic activity may be more prominent than for larger systems. This size-

dependent ligand effect has been shown in Au nanomaterials where porphyrin-protected Au 

clusters (<2 nm) have a much larger enhancement in electrocatalytic HER activity compared to 

the larger 2.2 and 3.8 nm Au nanoparticles.  
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Figure 2.6. Increasing tail length of alkanethiolate surface ligands increases fermi level of Au 

nanoparticles. Reprinted with permission from A. Cirri, A. Silakov, L. Jensen, B. J. Lear. 

Journal of the American Chemical Society, 2016, 138, 15987 – 15993. Copyright 2016 American 

Chemical Society. 

 

Traditionally, surface ligands tend to be bound to the nanomaterial via dative or electrostatic 

interactions as a consequence of the colloidal methods used to make them. However, there has 

been increasing interest in the covalent functionalization of nanomaterials, with 2D nanomaterials 

laying the foundation as described in the previous section. Focusing on a study examining catalytic 

activity, Miller and co-workers have shown that MoS2 nanosheets can be covalently functionalized 

with a range of diazonium reagents (Figure 7).52 By tuning the Hammett parameter of the 

substituent on the phenyl ring, the authors were able to adjust the electron density on the 

nanomaterial and vary its reactivity, which influences its electrocatalytic activity for HER. This 

method of introducing covalently bound surface ligands allows for strong ligand-nanomaterial 

interactions and can be used to tune the reactivity and stability of nanomaterial catalysts.  
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Figure 2.7. Covalently functionalizing nanomaterial surfaces allows for strong ligand interactions 

and can be used to tune the reactivity and stability of the material. Reprinted with permission 

from E. E. Benson, H.  Zhang, S. A. Schuman, S. U. Nanayakkara, N. D. Bronstein, S. Ferrere, J. 

L. Blackburn, E. M. Miller. Journal of the American Chemical Society, 2018, 140, 441 – 450. 

Copyright 2018 American Chemical Society 

 

A unique approach to tuning the electronic structure of nanoparticles for heterogeneous catalysis 

is using surface-anchored organic ligands on a support that has a terminal binding group. These 

dative interactions with deposited nanoparticles can modify the electronic structure, as shown in 

the case of Pd nanocrystals on a TiO2 photocatalyst support for photocatalytic hydrogen peroxide 

production.62 In this example, the dative interaction between a TiO2-anchored amine on the Pd 

nanocrystal improves the overall photocatalytic activity of the whole system (Figure 8). The 

amines donate electron density into the Pd nanoparticle, modifying the electronic structure such 

that the charge separation onto the TiO2 support is improved, as well as enhancing the intrinsic 

activity and selectivity of the Pd nanocrystals for ORR to form the H2O2 product.62 



 63 

 

Figure 2.8. Surface anchored organic ligands on the support can be used to adjust the electronic 

structure of the nanomaterial catalyst. Reprinted with permission from C. Chu, D. Huang, Q. 

Zhu, E. Stavitski, J. A. Spies, Z. Pan, J. Mao, H. L. Xin, C. A. Schmuttenmaer, S. Hu, J.-H. Kim. 

ACS Catalysis, 2019, 9, 626 – 631. Copyright 2019 American Chemical Society. 

 

Electronic structure effects can be used to rationally design nanoparticle interfaces to tackle 

common problems in catalysis, such as the poisoning of active sites. One of the major barriers to 

effective catalysis is strongly binding intermediates preventing the active site from turning over 

(Figure 9). For example, even though Pt is among the most active single metal catalysts for the 

oxygen reduction reaction (ORR), its remaining overpotential is linked to the strong adsorption of 

oxygen and hydroxyl intermediates on the surface.63 Strongly adsorbing surface ligands on Pt 

nanoparticles have generally thought to have been detriments to ORR catalysis, but small amounts 

of amines coordinated to the surface of carbon-supported Pt nanoparticles have been shown to 

improve electrochemical reactivity even with decreased electrochemically active surface area 

(ECSA).63 This is a key discovery because the typical explanation for improved activity through 

surface ligand removal is increased surface area and therefore the number of active sites. The 

presence of amine surface ligands on Pt has been shown to shift the frontier d-band structure, 

which in turn alters the free energy of adsorption (∆Gad) and the surface coverage of intermediates 
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on the surface of Pt. Sung and co-workers have shown that this change in ∆Gad weakens the 

adsorption of oxygen and hydroxyl groups on the surface of Pt, preventing the strong binding of 

reaction intermediates and improving the overall reactivity of the catalyst.63 

 

Figure 2.9. Volcano plots (experimental, a and theoretical, b) are a manifestation of the Sabatier 

principle and are commonly invoked to describe catalytic activity. Materials on either end of the 

volcano plot either bind the intermediate too strongly or too weakly and this limits turnover. 

Surface ligands may be utilized to adjust the strength of the binding of required reaction 

intermediates. Reprinted with permission from J. D. Benck, T. R. Hellstern, J. Kibsgaard, P. 

Chakthranont, T. F. Jaramillo. ACS Cataysis, 2014, 4, 3957 – 3971. Copyright 2014 American 

Chemical Society. 
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Adsorption of poisonous spectator species onto the surface can prevent the formation of required 

surface intermediates and hinder active site turnover, such as PO43- on Pt for the ORR.63,64 H3PO4-

doped polybenzimidazole (PBI) membranes have been highly studied for proton exchange 

membrane fuel cells (PEMFCs) because they show improved reactivity and stability at elevated 

temperatures. However, one major concern for these systems is the competitive adsorption and 

poisoning of the surface of Pt by PO43- anions. Jang and co-workers have illustrated that the native 

oleylamine surface ligands on Pt nanoparticles enable the “third-body effect,” in which the 

oleylamine surfactants block the poisonous spectator PO43- anions from binding to the surface 

(Figure 10).64 

 

Figure 2.10. Oleylamine on the surface of Pt blocks poisonous PO43- adsorption on the 

catalytically active surface via the “third-body effect”. Reproduced from Ref. 64 with permission 

from The Royal Society of Chemistry. 
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2.4.2 Selectivity 

Another major barrier to efficient catalysis is the presence of competing side reactions. This is 

particularly relevant for the CO2 reduction reaction (CO2RR), where selectivity is a central 

challenge both in targeting a single carbon-containing product and minimizing competition from 

the hydrogen evolution reaction (HER) due to the necessary presence of protons in the reaction 

solution. Recent work done by Hwang and co-workers have shown that the tendency of a Ag 

nanocrystal catalyst to participate in CO2RR or HER can be modulated with the use of surface 

ligands.65 Amine-capped Ag nanocrystals have almost 100% faradaic efficiency for the reduction 

of CO2 to CO. However, using a thiol surface ligand actually increases the HER activity and 

reduces the CO2RR faradaic efficiency. DFT calculations were used to show that the presence of 

amine surface ligands improves the binding energy of COOH intermediates while destabilizing 

adsorbed H intermediates. Conversely, thiol surface ligands improve ∆Gad for both COOH and H 

intermediates and therefore participates in competitive CO2RR and HER, reducing the faradaic 

efficiency for the CO2RR.65  

Similar selectivity has been promoted on cysteamine-capped Au nanoparticles for CO2RR. The 

sulfur end of the cysteamine ligand binds to the surface of Au nanoparticles and alters the 

electronic structure of the surface while the terminal amine group on cysteamine is able to 

participate in a cooperative ligand mechanism by chemisorbing CO2 and stabilizing its relevant 

adsorbed intermediates.66 This lowers the overpotential and improves the faradaic efficiency of Au 

nanocrystals for electrocatalytic CO2 reduction to CO.66  

There has also been work done with “designer” surface ligands on Au nanoparticles with n-

heterocyclic carbenes (NHCs). Using the strongly sigma-donating NHCs as surface ligands for Au 
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nanoparticles has been shown to improve the faradaic efficiency of CO2 reduction as well as 

changing the mechanistic pathway by changing the rate-determining step (Figure 11).67 

 

Figure 2.11. Utilizing “designer” NHCs to improve the faradaic efficiency of CO2 reduction to 

CO. Reprinted with permission from Z. Cao, D. Kim, D. Hong, Y. Yu, J. Xu, S. Lin, X. Wen, E. 

M. Nichols, K. Jeong, J. A. Reimer, P. Yang, C. J. Chang. Journal of the American Chemical 

Society, 2016, 138, 8120 – 8125. Copyright 2016 American Chemical Society. 

 

Selectivity also becomes an issue when considering the extent of a reaction. For example, using Pt 

or Co/Pt nanoparticle catalysts for selective hydrogenation of an alkyne to an alkene can often 

fully hydrogenate to produce the saturated alkane product. Shevchenko and co-workers have 

shown that primary amines can be used to tune the selectivity of 4-octyne hydrogenation to 4-

octene from 0% to greater than 90% depending on the amine coverage on the surface of the 

nanoparticle (Figure 12).68 At high amine coverage, the binding energy of the amine is higher than 

that of the alkene intermediate, preventing the alkene from reacting with the catalytically active 

surface to form the undesired alkane product.68 
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Figure 2.12. Surface ligands can be utilized to adjust the extent of hydrogenation with metal 

nanocrystal catalysts. Reprinted with permission from S. G. Kwon, G. Krylova, A. Sumer, M. M. 

Schwartz, E. E. Bunel, C. L. Marshall, S. Chattopadhyay, B. Lee, J. Jellinkek, E. V. Shevchenko. 

Nano Letters, 2012, 12, 5382 – 5388. Copyright 2012 American Chemical Society. 

 

Altering the outer-coordination sphere interactions of the nanoparticle surface with the solvent can 

also assist in tuning the selectivity of an electrocatalyst. Buonsanti and co-workers have shown 

that imidazolium ligands can be used to tune selectivity of Ag nanoparticles for CO2RR when 

competing with HER.69 They illustrate that the changes to the electronic structure of the Ag 

nanocrystal plays a small role in the catalyst performance, and that the length of the hydrocarbon 

tail plays an important role in balancing the steric properties of the surface with the hydrophobicity, 

which allows CO2 to interact with the substrate but limits the amount of H2O to prevent competitive 

HER.69 

2.4.3 Extra Particle Effects 
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Modifying the surface of a nanocrystal catalyst and its synergy with substrate is an obvious 

component in overall catalytic activity, but a less intuitive factor to catalytic performance is the 

interface of the catalyst with bulk solvent (and the electrolyte in the case of electrocatalysis). 

Whether the nanocrystals are colloidally suspended in solution or if they are immobilized onto a 

heterogeneous support, the surface ligands define the interface between the nanocrystal and 

solvent. Kimber and co-workers have shown via x-ray pair distribution function analysis that both 

polar and nonpolar solvents restructure around nanoparticles. This result shows that nanoparticles 

in solution have a solvation shell that can impact its reactivity. The characteristics of the 

nanoparticle-solvent interface may greatly alter the catalytic activity of nanocrystals by altering 

the interactions with the bulk solvent.70  

Recent work from our lab has shown that the removal of long chain carboxylate and amine surface 

ligands on CoP greatly improves overpotential for HER due to the improved hydrophilicty of the 

film (Figure 13). The improved wettability of the electrode film increases electrochemically active 

surface area (ECSA) because there is no longer a hydrophobic interface preventing the electrolyte 

solution from interaction with the electrode surface.40 The hydrophobicity of an interface has also 

been shown to play a role in the oxygen evolution reaction (OER), where phosphorylation of a 

NiFe hydroxide film greatly improves the electrocatalytic activity. The phosphorylation increases 

the ECSA due to improved wettability of the electrolyte solution with the surface of the catalyst.71 
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Figure 2.13. Long chain surface ligands on CoP impede electrocatalytic HER by generating a 

hydrophobic interface. Removing the surface ligands improves the interface with the electrolyte 

solution in aqueous conditions. Adapted with permission from D. Ung, B. M. Cossairt. ACS 

Applied Energy Materials, 2019, 2, 1642 – 1645. Copyright 2019 American Chemical Society. 

 

Surface ligands can also imbue cooperative ligand effects by interacting with the substrate. For 

example, certain bifunctional surface ligands have been shown to participate as proton relays and 

increase the local concentration of protons at the surface of a nanocrystal catalyst. Ethylenediamine 

functionalized NiMo electrocatalysts have improved HER activity in aqueous alkaline conditions 

when compared to primary amines. The presence of the terminal amine at the interface of the 

catalyst and the electrolyte solution improves the adsorption of water molecules and their 

transportation to the catalyst surface.72 This improvement in catalytic activity with improved local 

concentration of substrate can also be seen with polymer-based surface ligands, such as 

polyethylenimine or polyallylamine.  In the case of polyallylamine, Chen and co-workers have 
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shown that Pt tripods have an onset overpotential that is more positive than the theoretical value 

of HER in aqueous acidic conditions (0 V vs RHE) because the local proton concentration is 

increased by orders of magnitude compared to the bulk electrolyte solution.73,74 Functionalization 

with cooperative ligands for catalysis acts as a local modification to surface atoms that are able to 

interact with the substrate. Because of this local effect, these ligands can play a critical role in 

enhancing catalytic activity for inner-sphere electron transfer transformations, regardless of the 

size of the nanomaterial. 

2.5 CONCLUSIONS 

The full potential of nanoscale catalysts will only be realized once we have mastered the 

manipulation of their interfacial chemistry. To date, only scattered reports of utilizing nanoparticle 

surface chemistry to alter catalyst activity, selectivity, and extra-particle interactions have been 

documented. We need to be more systematic in our approach to deduce generalizable design 

principles for interfacial design. As a community we must study how surface modification impacts 

inner-sphere reactions and overall reaction landscapes. This will require thinking about 

heterogeneous active sites as truly molecular entities characterized by bonds being made and 

broken in an atomically defined manner.  Only then will we be able to harness the power of 

interfacial design in heterogeneous catalysis that has so well served the natural evolved world of 

biological enzymes and the man-made world of organometallic chemistry. Theoretical studies 

have been used extensively to probe inner-sphere chemistry,75–77 but complementary experimental 

data are lacking. A recent example from the Center for Molecular Electrocatalysis demonstrates 

the insight that can come from such measurements.78 On the basis of the reactivity of CoP with 

various molecular hydrogen donating and accepting reagents, the distribution of binding free 

energies for H atoms on CoP (both mesoscale particles and colloidal nanoparticles) was estimated 
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to be roughly 51–66 kcal mol–1 (ΔG°H ≅ 0 to −0.7 eV vs H2). These results highlight the complexity 

of these surfaces and illustrate that the numbers extracted from calculations on pristine surfaces 

are an oversimplification. 

In order to truly utilize interfacial design for improved catalytic activity, the nanomaterial surface 

needs to be stable in the desired catalytic conditions. But due to the dynamic nature of coordinate-

covalent bonds typified by traditional surface ligands (e.g. carboxylates, amines, etc.), highly 

engineered interfaces designed to modify activity will evolve over time. For example, HER 

catalysts typically have the greatest activity in highly acidic electrolyte conditions. However, 

datively bound carboxylate and amine surface ligands commonly found on colloidally prepared 

nanomaterials can be easily protonated and removed from the nanomaterial surface. Similarly, 

ORR catalysts typically have the best performance in highly alkaline electrolyte conditions. But 

the high concentration of OH– can displace the surface ligands on the engineered interface by 

altering the equilibrium or by etching the Z-type ligands on the surface. Of course, this is a problem 

in the molecular catalysis field as well – ligand displacement under catalytic conditions leads to 

the formation of uncontrolled nanoparticles or worse, complete catalyst deactivation. We posit that 

the best method towards designing stable interfaces that can be utilized for improved catalysis in 

a variety of systems is through covalent modification. Formally covalent bonds between the 

nanoparticle surface and new surface ligands should be much more stable and less dynamic in the 

catalytic environment. However, these covalent bonding interactions alter material structure and 

properties in ways that are largely as yet unknown. Exciting recent examples of this approach can 

be found in the carbon literature where the covalent modification of graphite has led to novel 

insight into reaction mechanisms and improved catalyst activity (Figure 14).79–81 We believe this 

covalent approach to heterogeneous surface modification, including at complex nanoparticle 
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interfaces, will have broad implications for the molecular-level design of next-generation catalytic 

systems. 

 

Figure 2.14. The covalent coupling of a molecular hydrogen evolution catalyst to a graphitic 

electrode eliminates stepwise pathways and forces concerted electron transfer and proton 

binding. Reprinted with permission from M. N. Jackson, C. J. Kaminsky, S. O. Oh, J. F. 

Melville, Y. Surendranath. Journal of the American Chemical Society, 2019, 141, 14160 – 

14167. Copyright 2019 American Chemical Society. 
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Chapter 3. COVALENT FUNCTIONALIZATION OF NICKEL 

PHOSPHIDE NANOCRYSTALS WITH ARYL-

DIAZONIUM SALTS 

Significant portions of the following chapter have previously been published by: 

Ian A. Murphy, Peter Rice, Madison Monahan, Leo B. Zasada, Elisa M. Miller, Simone Raugei, 

and Brandi M. Cossairt at 10.33774/chemrxiv-2021-3p4pp  

3.1 ABSTRACT 

Covalent functionalization of Ni2P nanocrystals was demonstrated using aryl-diazonium salts. 

Spontaneous adsorption of aryl functional groups was observed, with surface coverages ranging 

from 20-96% depending on the native reactivity of the salt as determined by the aryl substitution 

pattern. Increased coverage was possible for low reactivity species using a sacrificial reductant. 

Functionalization was confirmed using thermogravimetric analysis, FTIR and X-ray photoelectron 

spectroscopy. The structure and energetics of this nanocrystal electrocatalyst system, as a function 

of ligand coverage, was explored with density functional theory calculations. The Hammett 

parameter of the surface functional group was found to linearly correlate with the change in Ni 

and P core-electron binding energies and the nanocrystal’s work-function. The electrocatalytic 

activity and stability of the functionalized nanocrystals for hydrogen evolution were also improved 

when compared to the unfunctionalized material, but a simple trend based on electrostatics was 

not evident.  
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3.2 INTRODUCTION 

Great progress has been made over the past few decades in the development and deployment of 

renewable energy technologies. This global effort has positioned sustainably generated electricity 

to, in some cases, be cheaper than carbon-based competitors.1 While renewably-sourced electricity 

will be a key factor in decarbonizing the power and light passenger transportation sectors, there is 

still significant work to be done in decarbonizing other carbon intensive sectors such as industrial 

transportation and chemical commodities.2–4 To achieve the same emissions reductions in these 

sectors, we must fundamentally alter the way we produce and recycle small molecule chemical 

feedstocks such as H2, O2, N2, and CO2. The key component to enabling this kind of sustainable 

circular economy is the development of efficient, selective, and economically viable 

(photo)electrocatalysts.5  

Today, the most active catalytic materials are scarce noble metals such as platinum, palladium, 

and iridium. Specifically in the case of the hydrogen evolution reaction (HER), the high activity 

of these materials has been ascribed to their ideal metal-hydride (M-H) bond dissociation free 

energies (BDFEs), their diffuse frontier orbitals that span the Fermi level, and their stability in 

highly acidic and basic media.6–8 The relationship between these types of “descriptors” and the 

intrinsic activity of a catalyst is still being investigated and qualified by many computational and 

electroanalytical groups.5,9–15 Descriptor-based models for understanding catalytic activity have 

led to the discovery of earth-abundant catalytic materials with relatively high intrinsic activity.5 

Initial efforts in this space were focused, in some instances, on the investigation of molybdenum 

disulfide due to its solution processability, low toxicity, and long history of use as a 

hydrodesulfurization catalyst.16–19 This same line of theory driven inquiry led to the investigation 

of transition metal phosphides as a new class of materials with excellent catalytic activity for HER 
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and high stability in acidic media. Research efforts over the past decade have explored many 

aspects of these materials including synthetic methodology and mechanisms20,21,30,22–29, the effects 

of varying atomic composition31–34, nano-structuring35–37, and computational modeling of their 

catalytically active surface sites.31,38–44  

Despite great progress in developing this class of materials, earth abundant alternatives still present 

orders of magnitude lower activity than their precious metal counterparts. This begs the question 

many researchers are now investigating, “what are we missing in the current descriptor- based 

models?” If we can already achieve thermoneutral surface binding sites, maybe the answer lies 

just beyond the surface in the secondary and outer substrate coordination spheres?  

More than a century of metal-based molecular (homogeneous) catalyst development highlighted 

the pivotal role of ligands in determining the chemical properties of a metal center, such as redox 

potential and metal-substrate BDFE.9,45–48 It is also clear that the way ligands interact with 

substrate and solvent, through secondary and outer-coordination sphere effects, have a dramatic 

influence on the rate of catalytic turnover and product selectivity.49–52 We propose hybrid inorganic 

nanomaterials with tailor-made organic surface ligands could offer a strategy to translate the 

lessons learned in molecular systems to nanoparticles and represent a vast and underexplored 

parameter space in heterogeneous electrocatalysis.53–55  

Previous studies from our laboratory have demonstrated the importance of the interface between 

heterogeneous nanoparticle surfaces and the bulk solvent.56,57 Through this work, for instance, we 

found that the predominant reason long chain aliphatic ligands hinder catalytic activity in aqueous 

media is because of the poor interface formed between the non-polar surface and the polar 

electrolyte. Just as aliphatic ligands make a poor interface with polar solvents, it has been shown 

that polar ligands that are able to hydrogen bond with a polar solvent can induce some degree of 
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local order near the surface of a nanoparticle.58 We also know that surface ligands are able to shift 

the Fermi level of a nanomaterial based on their electron withdrawing/donating ability by inducing 

or enhancing the surface dipole.59–61 These isolated studies provide, in concert, a road map to tune 

a variety of catalytically relevant parameters in heterogenous nanoparticle catalysts.  

In colloidal nanoparticle systems, ligand chemistry is most commonly explored using dative Lewis 

acid/base interactions between surface metal cation sites and electron rich binding groups such as 

amines, carboxylates, and phosphonates.62,63 Well understood mechanisms for ligand exchange 

have been developed based on concentration gradients, salt metathesis, and displacement by higher 

binding affinity head groups.64–70 Unfortunately, the same chemical principles that make these 

ligand exchange reactions viable also make them unstable in catalytically relevant conditions. 

Especially the strong acid conditions, typically 0.5 M sulfuric acid, required for HER lead to the 

protonation and desorption of such ligands.  

Thus, to explore the influence that ligand surface chemistry can have in altering the catalytic 

activity and stability of colloidal nanoparticles, we must first establish synthetic methods to create 

more robust nanoparticle-ligand bonds. One such method that has been explored in the literature 

is the covalent functionalization of surfaces by substituted aryldiazonium salts. Diazonium salts 

are a diverse class of organic reagents that have been shown to form covalent bonds with electron- 

rich surfaces.71–76 Specifically, Saveant showed decades ago that these reagents could functionalize 

the surface of glassy carbon electrodes and that these functional groups were stable to physical 

abrasion and electrochemical cycling.77 More recently, diazonium reactivity has been explored 

with two-dimensional materials, namely MoS2 nanosheets.78,79 Miller and co-workers explored the 

effects of covalent surface functionalization on the catalytic activity of MoS2 for HER and found 

strong correlations between the functional group Hammett parameter, MoS2 electronic structure, 
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and overpotential for HER.61 Though this chemistry has never been explored on colloidal 

heteroatomic nanoparticles, specifically transition metal phosphides, there is precedent for the 

approach being viable for P-functionalization based on studies on phosphorene.78,80  

Herein, we explore the synthetic conditions required to make a well-defined covalent ligand shell 

on the surface of colloidally synthesized Ni2P nanocrystals. The effects of substituted aryl ligands 

on electronic structure, catalytic activity, and stability are presented using a combination of 

spectroscopic, electrochemical measurements, and density functional theory (DFT) calculations. 

Finally, synthetic challenges and design principles for future development of colloidal nanocrystal 

electrocatalysts are presented.  

3.3 EXPERIMENTAL DETAILS 

2-propanol (anhydrous, 99.5%), triethyloxonium tetrafluoroborate (≥97.0%, Meerwein’s reagent), 

acetonitrile (anhydrous, 99.8%,), chloroform (anhydrous, ≥99), 4-nitrobenzenediazonium tetra 

fluoroborate (97%), 4-methoxybenezenediazonium tetrafluoroborate (98%), 3,5- 

dichlorobenzenediazonium tetrafluoroborate, and bi(cyclopentyldienyl)cobalt(II) were all 

purchase from Millipore-Sigma, stored in a nitrogen atmosphere glovebox, and used without 

further purification. Diazonium salts and Meerwein’s reagent were stored at -20 °C in a glovebox 

freezer. Tris-diethylaminophosphine (97%, Millipore-Sigma) was stored in ambient conditions 

and used as received. Nickel (II) chloride (98%, Millipore-Sigma) was dried at 100 °C under 

vacuum overnight before being stored in a nitrogen glovebox until use. Oleylamine (technical 

grade, 90%), was dried over CaH2, distilled, and stored over 4 Å sieves in a nitrogen glovebox.  
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3.3.1 Synthetic Details 

Ni2P nanocrystals were synthesized using air-free Schlenk techniques under an N2 atmosphere. 

Glassware, including a 100 mL three neck round bottom flask (RBF), two condensing columns 

(used without flowing water), a hose adapter, glass thermal well, Teflon magnetic stir bar, 100 mL 

Schlenk flash, canula needle, and 14/20 ground glass stopper were all dried in the oven at 160 °C 

overnight prior to use. The next day, the reaction vessel was assembled on top of a heating mantle 

and connected to the Schlenk line, evacuated, and refilled with dry N2. In an N2 glovebox, 944 mg 

(7.2 mmol) of NiCl2 was measured. NiCl2 was quickly transferred out of the glovebox and added 

to the reaction vessel. The vessel was purged with high vacuum/N2 flushes three times. 48 mL 

(146 mmol or 20 mol eq. relative to Ni) of oleylamine was added to the reaction vessel under an 

N2 atmosphere through a rubber stopper. The mixture of NiCl2 and oleylamine was heated to 120 

°C and vigorously stirred under vacuum for 60 min to remove trace O2/H2O and volatile organic 

contaminants. The vessel was wrapped in glass wool to promote uniform heating. The reaction 

temperature was measured by an internal probe, submerged in the reaction vessel through contact 

with a glass thermal well. After 60 min, the reaction mixture was cooled to ~50 °C. 8 mL (28.8 

mmol or 4 mol eq. relative to Ni) tris-diethylaminophosphine was injected through the rubber 

stopper. The reaction vessel was then heated to 250 °C at a ramp rate of roughly 10 °C min-1 and 

held for 60 min. After about 12 min, at 178 °C, a red hue was observed. The solution quickly 

became black as the temperature climbed above 200 °C. At this point vapors were observed in the 

vessel. After 1 hour at 250 °C the vessel was lifted from the heating mantle and the glass wool was 

removed, allowing the solution to cool.  

As the solution cooled, an oven dried Schlenk flask was attached to the Schlenk line and purged 

with three flushes of vacuum/N2 and finally held under N2 flow. Once the reaction mixture reached 
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~80 °C it was transferred to the Schlenk flash via canula. The Schlenk flask was then sealed with 

a greased ground glass stopper which was fastened with electrical tape and brought into the 

glovebox. The reaction mixture was separated into 6 individual 45 mL Falcon tubes, diluted with 

2x volume of 2-propanol, and centrifuged at 7.83 kRPM for 15 min. This was repeated until the 

supernatant for all tubes was clear. The nanocrystals were redispersed in minimal pentane and 

diluted with 10x volume of 2-propanol before centrifugation at 7.83 kRPM for 15min. This process 

was repeated three times, and then another three times using a toluene solvent/acetonitrile 

antisolvent (1:10) mixture. Finally, the cleaned product was dissolved in minimal chloroform and 

transferred to a tared 20 mL scintillation vial. Once the solvent was removed by vacuum the 

product appeared as a free-flowing black powder. 842 mg of Ni2P was recovered. 

3.3.2 Ligand Stripping Details 

The treatment of Ni2P with Meerwein’s salt was carried out in a 250 mL round bottom flask that 

was dried a 160 °C overnight before use. 100 mg of Ni2P was dissolved in 40 mL of toluene and 

1.425 g of Meerwein’s salt was dissolved in 50 mL of acetonitrile (0.1 M and 50 mol eq. relative 

to oleylamine, assuming it accounts for 20% of the Ni2P sample mass). These solutions were mixed 

and stirred vigorously for a few minutes to make a homogeneous dark black solution, then left still 

overnight. The next day a black precipitate was observed at the bottom of the flask. The clear 

solution was poured off, and the black powder was collected by addition of minimal fresh 

acetonitrile. Stripped particles, Ni2Ps, were then moved to a 45 mL Falcon tube where another 10 

mL of acetonitrile was added. The sample was centrifuged at 7.83 kRPM for 15 min, resulting in 

a clear supernatant that was decanted. This process was repeated twice more. Washed Ni2Ps was 

then transferred to a tared 20 mL scintillation vial as a solution in toluene, and then dried by 

vacuum. 
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3.3.3 Estimation of Ni and P Atoms in Sample 

To estimate the concentration of Ni and P atoms in a single particle we model our system from the 

information made available by the materials project with the following assumptions that the Ni2P 

unit cell is 100 Å3, the particles are perfect spheres, and all particles are 5 nm in diameter. Number 

of atoms per unit cell are 6 Ni and 3 P (Figure 3.1). 

 
Figure 3.1. Hexagonal Ni2P unit cell. 

 

The volume of each nanocrystal can be calculated according to equation 3.1: 
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To find the mass of each particle, we find the mass of Ni and P first (equations 3.5 and 3.6) and 

then find the sum in equation 3.7: 
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And finally we can find the molar concentration of Ni and P per mass of nanocrystalline sample 

though equations 3.8 and 3.9: 
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3.3.4 Covalent Functionalization Details 

Surface functionalization reactions were carried out in an N2 glovebox in 20 mL scintillation vials 

that were oven dried overnight at 160 °C before use. 40 mg of Ni2Ps (when corrected for 15 mass% 

oleylamine, this translates to 34 mg Ni2P or 0.229 mmol P) was dissolved in 10 mL of chloroform 

and added to a 20 mL scintillation vial with a Teflon stir bar and set to stir at 700 RPM. While 

stirring, in the cases that a chemical reductant was added, 0.115 mmol (2 mol eq. to surface P) of 

the reducing agent (bi(cyclopentyldienyl)cobalt(II) or cobaltocene) was measured and added to the 

chloroform solution. Then, 0.115 mmol (2 mol eq. to surface P) of the respective diazonium salt 

was weighed out and dissolved in 10 mL of acetonitrile. The diazonium solution was added to the 

vial of stirring Ni2Ps in a slow, dropwise manner. The effervescence of N2 in the form of small 

bubbles was observed after addition of the diazonium, signaling the initiation of radical formation. 

Solutions were allowed to stir while lightly capped for 48 hours. For purifying the functionalized 
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nanocrystals, the solvent was first removed under vacuum. Once dried, 5 mL of clean acetonitrile 

was added to the residue and shaken to disperse. This solution was transferred to a 45 mL Falcon 

tube and centrifuged at 5 kRPM for 10 min. The supernatant, which had a faint yellow color, was 

either discarded or collected for analysis. Washing and centrifugation using fresh acetonitrile was 

repeated 3 more times. Samples were then dissolved in minimal chloroform, transferred to tared 

20 mL scintillation vials, and pumped down to a fine, free flowing, black powder. 

3.3.5 Characterization Details 

Powder X-ray diffraction (XRD) data was collected on a Bruker Microfocus instrument. Powder 

XRD samples were prepared by drop-casting a solution of Ni2P onto silicon single crystal wafers. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was collected on a Bruker 

Alpha IR instrument. Samples were prepared by grinding the Ni2P together with FT-IR grade 

potassium bromide (KBr, >99%; Alfa Aesar) using an agate mortar and pestle. Background 

measurements were taken with a golden puck. 1H and 31P spectra were recorded on Bruker AV300 

and Bruker AV500 spectrometers, respectively. Deuterated chloroform (CDCl3) and acetonitrile 

(CD3CN) were purchased from Cambridge isotope labs and dried over calcium hydride, vacuum-

transferred, and stored over 4 Å sieves in a N2 glovebox. CDCl3 contained a 1% internal standard 

of tetramethyl silane. 31P spectra were corrected to an 85% phosphoric acid standard in water. X-

ray photoelectron spectroscopy (XPS) was conducted on a Kratos AXIS Ultra DLD. Pass energy 

for survey spectra (to calculate composition) was 150 eV. Data point spacing was 1.0 eV per step 

for survey spectra, and 0.4 eV per step for detailed spectra. Pass energy for high-resolution spectra 

was 50 eV, with a data point spacing of 0.065 eV. All spectra were calibrated to align carbon peak 

intensities at 284.8 eV. Ultraviolet photoelectron spectroscopy (UPS) was also conducted on a 

Kratos AXIS Ultra DLD. The UV source was a He(I) lamp with photon energy of 21.2 eV. Pass 
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energy was 5 eV with a step size of 0.01 eV. Aperture (spot) size was 100 mm. Take off angle was 

0 degrees, and the stage was biased by a 9V battery while collecting data. All spectra were 

corrected to a sputter cleaned gold sample’s fermi edge at 0 eV. Transmission electron microscopy 

(TEM) images were collected on an FEI Tecnai G2 F20 microscope. Samples were drop cast from 

toluene onto lacey carbon grids and vacuum dried overnight. Scanning electron microscopy (SEM) 

images were collected on a ThermoFisher Scientific Apreo Variable Pressure SEM with integrated 

energy dispersive x-ray spectrometer (EDS) from Oxford. Elemental quantification was carried 

out using a Perkin Elmer Optima 8300 Inductively Coupled Plasma-Optical Emission 

Spectrophotometer (ICP-OES). Thermogravimetric Analysis (TGA) measurements experiments 

were carried out using a TA Instruments TGA Q5000. ~10 mg of material was loaded onto an 

aluminum pan at ambient conditions, then raised to 500 °C at a ramp rate of 10 °C/min under N2 

with a flow rate of 25 mL/min. All electrochemical measurements were performed with a Gamry 

Interface 1000. Measurements were conducted under Ar flow in 0.5M H2SO4 with 18 MΩ 

Millipore water in a custom four-neck cell fitted with a graphite rod counter electrode separated in 

a fritted compartment, a Ag/Ag2SO4 reference electrode separated by a Vycor frit, and a glassy 

carbon working electrode. A desired volume of a known mass% solution was drop cast onto the 

glassy carbon electrode to disperse the catalyst. Glassy carbon electrodes were consecutively 

polished with 5, 1, and 0.05 mm alumina paste and sonicated/washed with 18 MΩ Millipore water 

prior to use. 

3.3.6 DFT Calculations 

Spin-polarized DFT calculations were carried out using the Quantum ESPRESSO81 package 

(v6.5). Exchange-correlation effects are described using the Perdew−Burke−Ernzerhof (PBE) 

functional82 along with the semi-empirical Grimme’s D2 van der Waals (vdW) corrections.83 The 
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bonding environment of each system is described under the projector augmented wave method 

(PAW)84. The expansion of valence wave functions has been accounted for with a plane wave cut-

off energy of 680 eV. All simulations used a 3x3x1 G-centered Monkhorst-Pack85 k-point 

integration of the Brillouin zone. Surface reactions are modelled using an 8-layer periodically 

repeated hexagonal supercell (11.8 Å x 11.8 Å x 41.6 Å) belonging to the P6̅2m space group to 

model the coverage effect of surface adsorbates. A 25 Å vacuum space was employed to prevent 

spurious interactions between the periodically repeated images. Atomic coordinates were relaxed 

using the Broyden–Fletcher–Goldfarb–Shanno86 (BFGS) algorithm until the Hellmann-Feynman 

forces on all relaxed atoms fell below 0.05 eV/Å.  For geometry optimization the electron 

occupancies were determined by the Gaussian smearing method with a smearing value of 0.07 eV, 

while for accurate total energy and partial density of states analysis we adopt the optimized 

tetrahedron method.87 Due to the relatively large system sizes in this study (144-204 atoms), only 

the top two layers are relaxed, with the bottom 6 layers remaining fixed to that of the bulk values. 

Preliminary analysis indicated that C6H4NO2 preferentially binds to the P top site with high 

coordination Ni and P sites being disfavored in terms of total energy (See SI for more details). The 

Ni2P(0001) slab with the Ni3P2 surface termination was chosen for three main reasons: (i) it closely 

resembles the experimental synthesis which has an observed stoichiometry of (Ni1.78P), (ii) it is 

known to be stable under the electrochemical conditions relevant in this study41 and (iii) it provides 

a point of reference with the current published literature. 
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3.4 RESULTS AND DISCUSSION 

3.4.1 Nickel Phosphide Synthesis and Characterization 

Nickel phosphide nanocrystals were prepared using a modified literature procedure.20 Briefly, 

nickel(II) chloride was mixed with tris(diethylamino)phosphine in neat oleylamine. After heating 

to 250 °C for 60 min, phase pure Ni2P nanocrystals with an average diameter of 5 nm (Figure 

3.2C) were recovered from a viscous black reaction mixture after successive rounds of 

precipitation, centrifugation at 7830 RPM, and redissolution with isopropanol/pentane followed 

by toluene/acetonitrile. TEM images reveal an approximately spherical morphology with an 

average diameter of 5 nm ± 0.9 nm (Figure 3.2A). The powder XRD pattern is in agreement with 

the reported reference powder pattern (PDF 01-074-1385). (Figure 3.2B).  

 

Figure 3.2. A) General reaction scheme for the synthesis of Ni2P nanocrystals with 

aminophosphines. B) XRD of Ni2P nanocrystals references against powder pattern (PDF 01-

074-1385). C) TEM of Ni2P product, showing 5 ± 0.9 nm spherical nanocrystals. Inset shows a 

single nanocrystal with a 5 nm scale bar for reference. Full image reflects a larger sample set of 

nanocrystals all reflecting similar sizes and morphologies with a 50 nm scale bar for reference. 
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Scherrer analysis reflects an average crystalline domain size of 5.18 nm, consistent with the TEM 

analysis. ICP-OES reveals a composition that is phosphorous rich, with an average stoichiometry 

of Ni1.78P. This is a notable departure from the cation rich nature of more ionic nanomaterials 

synthesized with aminophosphine precursors, namely InP.88,89 We believe this composition is 

reflective of the inorganic nanocrystal core composition since there was no trace of excess 

molecular precursor or phosphonium salt byproduct found by NMR or FTIR spectroscopy of the 

purified end material (Figure 3.3 and 3.6). 

 

Figure 3.3. DRIFTS spectrum of Ni2P (black) powder against the KBr matrix (grey) control 

and neat oleylamine (red). 

Analysis by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and 1H NMR 

spectroscopy supports a ligand shell composed of oleylamine (Figure 3.3). The IR spectra showed 

signatures of long-chain aliphatic hydrocarbons at 1,450, 2,850, and 2,920 cm-1, as well as the 

expected alkene resonances at 1,600 and 3,000 cm-1.90,91 1H NMR spectra show resonances 

associated with aliphatic protons in the range of 1-2 ppm and the alkene protons at 5.3 ppm.92 

Further, the broadness of these peaks is indicative of the long relaxation times expected for 
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molecules bound to a nanoparticle surface.65,93 Though previous reports of nanocrystals prepared 

using combinations of metal halide salts and aminophosphine precursors show evidence of a mixed 

ligand shell comprised of both amine and chloride ions, no evidence of Cl atoms are observed in 

the XPS survey spectrum (Figure 3.4).89  

 

Figure 3.4. (a) Survey XPS spectrum of Ni2P film deposited on Si substrate. (b) Ni 2p3/2 

spectrum showing a major Ni environment centered at 853.3 eV (72%), reflective of the metal 

phosphide environment. The higher energy species (853.5 eV, 28%) is like surface oxide. (c) P 

2p high resolution XPS spectrum showing majority composition belonging to the metal 

phosphide environment (129.2 eV, 72%). The higher oxidation state species encompassed by the 

broad peak centered at 131.5 eV (28%) are likely surface phosphate species. 

 
Further, thermogravimetric analysis suggests that the surface ligands compose 19% of the sample 

by mass (Figure 3.5). The first derivative of mass loss for this sample shows a peak at ~350 °C, 

matching closely with the boiling point of neat oleylamine (365 °C). 

(a) 

(b) (c) 
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High resolution XPS analysis of the Ni and P 2p electron binding energies are consistent with a 

covalent metal-phosphide material.38,28 The P 2p spectrum (Figure 3.4C) shows a spin-orbit 

doublet with the center of the parent peak located at 129 eV consistent with P in the 0 oxidation 

state and representing 72% of the total P in the sample. A higher energy shoulder centered at 131.5 

eV was fit to a broad doublet peak, representing what is likely multiple ill-defined higher oxidation 

state P components within the material. This species comes at a slightly lower binding energy than 

is expected of phosphate salts (132.5 eV), which leads us to believe it is likely a partially oxidized 

surface site.94 Similarly, the Ni 2p spectrum (Figure 3.4B) shows an unusual Ni binding energy of 

853 eV, which lies in-between that of Ni0 and Ni2+ (852 eV and 854 eV, respectively).95 This result 

is indicative of the relatively high amount of electron density that remains on the Ni sites within 

the phosphide lattice. The 2p3/2 environment can be deconvoluted into two contributions. The first 

being the metal-phosphide species centered at 853 eV which represents 72% of the sample. The 

second, centered at 853.5 eV, accounts for 28% of the sample and is likely the slightly reduced 

surface oxide, similar to that observed in the P 2p spectrum. 

3.4.2 Ligand Stripping 

Prior to covalent functionalization of Ni2P, the concentration of native oleylamine ligands was 

reduced via alkylation using Meerwein’s salt. Alkylation is a widely used method for the removal 

of common ligands including oleylamine, oleate, and phosphate species.96,97 Typically, ligand 

stripping procedures for colloidally dispersed nanoparticles consist of preparing a biphasic solution 

where the non-polar phase contains the native nanocrystals dissolved in hexanes and the polar 

phase is a solution of Meerwein’s salt in acetonitrile or DMF. Vortex mixing leads to rapid 

precipitation of the nanocrystals from solution. The recovered nanocrystals can be washed to 

remove residual aliphatic ligands before the particles are able to be resuspended by solvents with 
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weak binding affinities such as DMF. In the most successful examples, complete loss of aliphatic 

C-H vibrations in FTIR spectra coupled with elemental analysis showing a lower concentration of 

C atoms are observed.96,98 Interestingly, this method of ligand stripping was not as efficient in the 

case of the oleylamine-ligated Ni2P nanocrystals studied here. Following synthesis and 

purification, the Ni2P nanocrystals showed only sparing solubility in hexanes, limiting our ability 

to directly use the procedure as previously reported. Additionally, vortex mixing the biphasic 

solution resulted in formation of a highly viscous gel. Ultimately, the ligand exchange was 

accomplished using a homogenous solution of the nanocrystals (5 mg/mL) in toluene with a large 

excess of Meerwein’s salt (50 mol equiv. vs oleylamine) in acetonitrile. This solution was mixed 

vigorously for several minutes in a round bottom flask and left to sit overnight, resulting in the 

formation of a black precipitate. The supernatant was decanted, and the resulting nanocrystal 

powder was dissolved in toluene and subjected to repeated rounds of precipitation and 

redissolution from acetonitrile. 

The Meerwein’s salt-treated nanocrystals were characterized by TGA, IR, and NMR spectroscopy 

(Figure 3.5, 3.6). These data suggest that roughly 30% of the initial oleylamine surface ligands 

were removed. However, oleylamine still accounted for 15% of the sample by mass, and signature 

spectroscopic features were still observed in the DRIFTS and 1H NMR spectra. We do note that 

changes in the 31P NMR spectra suggest that alkylation is an effective method to remove the 

surface phosphate species that formed from ambient oxidation. Successive alkylation treatments 

had limited added effect and we have not managed to realize complete ligand removal in this 

system (Figure 3.5), suggesting that the starting nanocrystals have a range of amine binding 

energies and that only the weakest bound subset can be removed using this method.  
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Figure 3.5. TGA trace of as-synthesized Ni2P (black), Ni2P treated with once with 

Meerwein’s salt (blue), and Ni2P treated twice with Meerwein’s salt (red). Black trace 

corresponds to 15% mass loss. Red trace corresponds to 8.2% mass loss. Blue trace corresponds 

to 8.8% mass loss. 

 
This result stands in contrast to earlier examples of Meerwein’s salt treatment of nanocrystals for 

ligand stripping, a fact that may be attributable to differences in the covalent bonding character of 

the Ni2P. Early examples from Helms and co-workers showcased the method’s efficacy on highly 

ionic materials such as CdSe, TiO2, and ITO.96 Later studies, however, have shown less consistent 

results. In a study from Suntivich et al. TGA suggested that alkylation did not remove all oleate 

ligands from the surface of Mn3O4 particles, despite the ionic nature of that lattice.97 In contrast, a 

recent paper from Buonsanti et al. showed complete removal of native phosphate and tri-

alkylamine ligands from the surface of Cu0 nanospheres.98 
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Figure 3.6. 1H (a) and 31P (b) NMR of as synthesized and Meerwein’s treated (“stripped”) 

Ni2P samples in CDCl3 with tetramethylsilane internal standard (0 ppm). 1H spectra show the 

retention of aliphatic protons in the 0.5-2.5 ppm range and the alkene protons at 5.3 ppm. These 

signals are much weaker after Meerwein’s treatment, relative to the CHCl3 (residual solvent) 

resonance at 7.2 ppm. 31P spectra show the loss of surface phosphate species at -11 ppm. 

 

3.4.3 Covalent Functionalization 

To a chloroform solution of Meerwein’s salt-treated Ni2P nanocrystals (Ni2Ps) a solution of 

diazonium salt in acetonitrile was added dropwise. A spontaneous reaction was indicated by 

effervescence as N2 gas was released. In some instances, a toluene solution of cobaltocene was 

added dropwise prior to addition of diazonium. In either case, the solution was capped loosely and 

left to stir for 48 hours. The functionalized nanocrystals were purified by first removing the solvent 
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from the crude mixture under vacuum. Once the sample was dry, the powder was dispersed in 

acetonitrile by vigorous shaking or sonication, followed by multiple rounds of precipitation via 

centrifugation, removal of supernatant, and redissolution in acetonitrile to remove excess 

diazonium salt. Subsequent washes with isopropanol and/or pentane were performed to remove 

any aliphatic reaction co-products. After multiple washes, the particles remained highly soluble in 

chloroform and/or toluene. Solvent removal under vacuum resulted in a free-flowing black 

powder. We note that during initial washing steps the supernatant was observed to have a slightly 

yellow hue. Upon further investigation, we determined this side product was likely the result of 

reactivity between the diazonium ions and oleylamine. In fact, diazonium salts have been 

previously documented to act as ligand stripping reagents for colloidal quantum dots.99 Though 

the authors did not speak much to the mechanism, they showed the loss of prominent aliphatic 

vibrations after treatment and the growth of a BF4 signal – suggesting some sort of ion exchange 

reaction. We propose that the mechanism is likely much more complicated due to the complex 

reactivity of highly electrophilic diazonium ions and nucleophilic primary amines.100 1H NMR 

spectra of oleylamine, 4-nitrobenezene diazonium tetrafluoroborate, and an equimolar mixture of 

the two can be found in the supporting information (Figure 3.7). We can observe large signal in 

the aliphatic region in the reaction supernatant which hints at some surface bound oleylamine 

reacting with added diazonium salt. The aromatic protons are not those of the parent diazonium 

salt (doublet at 8.67 and 8.78 ppm), but of some decomposition product that is observed to form 

over longer time periods. The side reaction seems to be influenced by the catalytically competent 

nanoparticles based on the variety of relatively intense signals between 3.4 and 4.9 ppm in the 

supernatant. None of these species are observed in appreciable quantity after purification, as shown 

below (Figure 3.8). 
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Figure 3.7. 1H NMR spectrum of Ni2P-C6H4NO2 reaction supernatant (purple), 4-

nitrobenzenediazonium tetrafluoroborate (teal), equimolar mixture of 4-nitrobenzenediazonium 

tetrafluoroborate and oleylamine taken shortly after mixing (green), and the same mixture taken 

after two days (maroon) in CD3CN with a 300 MHz probe. 

 

Here we can observe the degradation of the clean aryl doublets (8.8 and 8.6 ppm) found in the 

parent diazonium into a convolution of multiple aryl species that are more electron rich, as 

suggested by their downfield shift (spanning from 7.6 to 8.3 ppm). We also observe that the 

reaction continues to evolve over the course of two days, by which point the original aryl 
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resonances are no longer observed. We compare this control sample to the supernatant from our 

Ni2P-C6H4NO2 sample and observe many similar features, including the convoluted aryl signals 

and overwhelming aliphatic protons from the oleylamine. 

 
Figure 3.8. 1H NMR spectrum of purified Ni2P-C6H4NO2 in CDCl3 with a tretramathylsilane 

internal standard (0 ppm). Speciation is reminiscent of Meerwein’s treated Ni2P with a displaced, 

or possibly shifted, alkene resonance (peaks at 4.72 and 4.53 ppm). Side reaction species are not 

observed in any relevant concentrations, nor are signal from surface bound nitrobenzene groups. 

 

A survey of early work studying the reactivity of diazonium ions lays out multiple paths of 

reactivity between these species, including nucleophilic attack at the beta-N, substitution at the C-

2 and C-4 positions, heterolytic dediazoniations, and homomolecular coupling.100 This wide array 

of possible products is even further muddied by the influence of catalytic nanoparticles that 

provide competing bonding affinities, reducing equivalents, and catalytically active surfaces that 

can alter the reaction landscape. Further, the comparison of reaction supernatant and control 

sample suggest the reaction products are different, or at least are formed in very different ratios. 

However, none of these spectral features are observed in the purified products (Figure 3.8) 
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suggesting that these species can be completely removed from the system by thorough washing 

and do not result in persistent contamination. 

Evidence of spontaneous functionalization of the Ni2P nanocrystals was provided by TGA and 

DRIFTS of the purified and dried nanocrystal powders. The DRIFTS spectra reflected a mixed 

ligand shell, composed of remnant oleylamine and substituted aryl groups. Importantly, when 

comparing the spectra of functionalized nanocrystals to the parent diazonium salt (Figures 3.9-

3.13) we observed the absence of the N-N triple bond at ~2200 cm-1. This is evidence that the 

nanocrystals were able to reduce the parent diazonium, cleaving the N2-Ar bond. Further, this 

implies that the new spectral features observed in the fingerprint region are from surface bound 

functional groups rather than remnant/physiosorbed diazonium salt. Closer analysis of the features 

found in the fingerprint region show key vibrational modes associated with the specific functional 

groups expected in each sample, despite overlapping signal from oleylamine at ~1450 cm-1.90 In 

the Ni2P-C6H4OMe sample, the Ar-O stretch at 1291 cm-1 as well as the O-CH3 rocking mode at 

1180 cm-1 were observed. An additional peak at 1493 cm-1 was attributed to aryl ring deformations 

induced by electron donating groups, thus only being observed in this sample. The peak observed 

from 1586-1590 cm-1 in each sample is another characteristic aryl ring deformation attributed to 

C=C-C stretches.101 Characteristic symmetric and asymmetric N-O stretches were observed in the 

Ni2P-C6H4NO2 sample at 1513 and 1346 cm-1, respectively. The in and out of plane NO scissor 

modes were difficult to resolve but could be observed at 856 and 724 cm-1, respectively. 

Interestingly these values were shifted to slightly lower frequencies than those of the parent 

diazonium salt, implying that the nanoparticle surface is acting as an electron donor, weakening 

the N-O bond.102 We note that all of the observed vibrational frequencies in our sample are in 

agreement with those previously reported in the functionalization of MoS2 by aryl diazonium salts, 
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implying the distortion of bond energies via electronic effects from the underlying material is a 

common theme.61,103 

 

Figure 3.9. DRIFTS spectrum of purified Ni2P-C6H4NO2 (red) and 4-nitrobenzenediazonium 

tetrafluoroborate (grey) in KBr. Notable differences include aliphatic vibrations still present in 

Ni2P-C6H4NO2 and the loss of N≡N mode at 2,250 cm-1.  
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Figure 3.10. DRIFTS spectrum of purified Ni2P-C6H3Cl2 (green) and 3,5-

dichlorobenzenediazonium tetrafluoroborate (grey) in KBr. Notable differences include aliphatic 

vibrations still present in Ni2P-C6H3Cl2 and the loss of N≡N mode at 2,304 cm-1. 

 

Figure 3.11. DRIFTS spectrum of purified Ni2P-C6H4OMe (blue) and 4-

methoxybenzenediazonium tetrafluoroborate (grey) in KBr. Notable differences include aliphatic 

vibrations still present in Ni2P-C6H4OMe and the loss of N≡N mode at 2,254 cm-1. 

 

Figure 3.12. A) General reaction scheme for spontaneous functionalization of Meerwein’s 

treated Ni2P nanocrystals with substituted aryldiazonium salts. B) DRIFTS spectrum of 
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nanocrystals dispersed in KBr matrix. Diagnostic peaks are discussed in the main text. C) TGA 

trace of nanocrystals heated to 500 °C at 10 °C/min. Solid lines represent percent mass loss 

relative to the initial sample mass. Dotted lines show the first derivative of the mass loss curve, 

describing temperature ranges with sharper mass losses. D) DFT calculated aryl radical binding 

energy as a function of surface coverage; the insert depicts the bare Ni3P2(0001) surface. 

 
TGA data (Fig. 2B) confirm a higher degree of functionalization with increasing Hammett 

parameter of the aryl substituent (NO2>Cl2>OMe), and hence increasing reactivity of the 

diazonium salt. This is consistent with previous observations in the literature, with the note that 

many papers use different methods of reporting the degree of functionalization depending on the 

system under investigation. For example, in studies of electrografting diazoniums onto glassy 

carbon surfaces authors report the magnitude of reductive current as a measure of functionalization 

yield.72,77,104,105 Another common method is reporting atomic ratios determined by XPS or S-Mo:S-

C ratios in the case of MoS2 functionalization.61,79,106 Though many of these studies supplement 

their findings with TGA and find the same result. We note, however, that the TGA data collected 

here is convoluted by the persistence of oleylamine in our sample, precluding direct correlation of 

the absolute mass loss values to covalently bound functional groups. In any case, we estimate the 

surface coverage of each sample with the assumption that 15% mass loss from oleylamine is 

constant across all samples, and that any further mass loss is from covalently bound surface 

functional groups. With these assumptions, we observed an upper bound for functionalization of 

14% by mass for the nitrophenyl group. Assuming a 100 mg sample, this translates to 14 mg, or 

114 mmol of nitrobenzene equivalents.  

0.014	𝑔	𝐶'𝐻(𝑁𝑂" F
%	*+,
%"".%%	.

G = 0.114	𝑚𝑚𝑜𝑙	𝐶'𝐻/𝑁𝑂"  (3.21) 
 

In the same sample, 71 mg of Ni2P would translate to 119 mmol of surface P sites: 
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0.071	𝑔	𝑁𝑖"𝑃 N
6.74	𝑚𝑚𝑜𝑙	𝑃
1	𝑔	𝑁𝑖"𝑃

P = 0.478	𝑚𝑚𝑜𝑙	𝑃(25%	𝑠𝑢𝑟𝑓. 𝑎𝑡𝑜𝑚) = 0.119	𝑚𝑚𝑜𝑙	𝑠𝑢𝑟𝑓𝑎𝑐𝑒	𝑃 

(3.22) 

 translating to 96% surface P sites being functionalized: 

!.%%(	**+,	0!1"23#
!.%%4	**+,	56789:;	<

= 96%	𝑠𝑢𝑟𝑓𝑎𝑐𝑒	𝑃	𝑠𝑖𝑡𝑒𝑠    (3.23) 
 

 Following this logic, methoxybenzene and 3,5-dichlorobenzene samples translate to 27 and 68 

mmol, or 20% and 54% surface P-Ar sites, respectively. All functionalization densities were below 

100% saturation and were less than the molar equivalents of parent diazonium added to the reaction 

mixture. 

DFT calculations support the idea that adsorption of C6H4-NO2, C6H3-Cl2 and C6H4-OCH3 is 

spontaneous (Figure 3.12D). Here, adsorbate-adsorbate and adsorbate-substrate interactions 

dictate the binding energy trends, with the electron donating/withdrawing character playing a key 

role. For instance, the adsorption energy of the electron withdrawing radicals (C6H3-Cl2 and C6H4-

NO2) become less favorable as we increase the surface coverage. While the electron donating 

propensity of C6H4-OMe counteracts the effects of adsorbate-adsorbate interaction, highlighted by 

the near constant binding energy as a function of surface coverage. Similar trends in binding energy 

have been observed in the literature for black phosphorous107 and molybdenum disulfide108. It 

should be noted that these calculations do not include thermal effects, which could significantly 

destabilize the adsorption of diazonium salts under reaction conditions. Other factors, such as, the 

presence of excess oleylamine capping ligands is shown to further destabilize the adsorption 

energetics (Figure 3.13) That said, the low coverage trend of these species is consistent with the 

observed experimental coverages: 96% (C6H4-NO2), 54% (C6H3-Cl2) and 20% (C6H4-OMe). 
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Figure 3.13. Effect of co-adsorbed amine ligands on C6H4NO2 adsorption energetics. 

To address the issue of unsaturated surface coverage, presumably due to the insufficient reducing 

potential or equivalents in the reaction mixture, the effect of adding a molecular reductant was 

investigated. This concept was recently validated by the Lewis group who showed that the 

functionalization density of MoS2 by alkyl iodide species could be increased by adding sacrificial 

reductants to the reaction mixture.109 This study demonstrated a strong correlation between the 

strength of the reductant and the coverage of functional groups, supporting our hypothesis that 

each surface functional group equivalent becomes increasingly difficult to generate and is strongly 

dependent on the thermodynamic driving force for both generating the radical species and 

facilitating surface-C bond formation.  

We experimentally validated this hypothesis in our own system by adding equimolar 

concentrations of cobaltocene (relative to diazonium) to our reaction mixtures. The resulting 

differences between batches of Ni2P-C6H4NO2 is shown in Figure 3.14. The TGA data show a 

clear increase in mass loss and suggest that the organic content has increased to roughly 40% of 

the total sample mass. Following our earlier estimate of surface coverage, this would reflect a large 
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excess (225% of surface P sites) of nitrobenzene groups. This super saturation can be rationalized 

by the formation of hyperbranched nitrophenyl oligomers on the nanocrystal surface, as shown in 

Figure 3.14D. 

 

Figure 3.14. A) Reaction scheme showing functionalization of Ni2P using [N2-C6H4NO2][BF4] 

with the addition of cobaltocene as a sacrificial reductant. B) TGA of both samples, showing an 

increase in mass loss percent for samples made with added cobaltocene. Dotted lines show the 

first derivative of the mass loss percent line. C) TEM of Ni2P-C6H4NO2 nanocrystals synthesized 

with no added reductant. Particles are still uniform and maintain their morphological integrity. 

Scale bar is 10 nm. D) TEM of Ni2P-C6H4NO2 synthesized with added cobaltocene. Particles 

show aggregation induced by the extensive aryl-multilayer film formation caused by aryl radical 

hyperbranching. Scale bar is 10 nm. 

Uncontrolled reactivity, or hyperbranching, is a common phenomenon observed in diazonium 

chemistry. It is well known that aryl radicals react readily with sp2 carbons, hence their usefulness 
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in functionalizing graphitic carbons. As such, they are also able to react with the sp2 carbons 

present in surface arenes. This can lead to the formation of large polymeric films, sometimes on 

the order of tens of nanometers thick.110 

3.4.4 Effect of Functionalization on Electronic Structure 

The higher concentration of functional groups in the samples, derived from reactions in which a 

reductant was added, makes observation of functional groups with XPS easier. Spectra showing 

the presence of Cl and NO2 functional groups can be observed in the Figure 3.15.  

 

Figure 3.15. XPS N 1s high resolution spectrum (a) and survey spectrum (b) of Ni2P-C6H4NO2 

and Ni2P-C6H3Cl2, respectively, plotted against Ni2P. The N 1s spectrum in figure (a) shows the 

presence of NO2 functional group at the characteristic binding energy of 406 eV. The lower 

binding energy species, attributed to amines, is likely a combination of remnant oleylamine and 

photo-reduced nitro groups, which is known to occur under X-Ray irradiation. The survey 

408 406 404 402 400 398 396 394 392 390

Ni 2 P
Ni 2 P-C 6 H 4 NO 2

Binding Energy (eV)

In
te

ns
ity

300 280 260 240 220 200 180 160

Ni 2 P
Ni 2 P-C 6 H 3 Cl 2

Binding Energy (eV)

In
te

ns
ity

(b) (a) 

NO2 

NH2 

Cl 

P 

Cl 



 110 

spectrum in figure (b) shows the presence of Cl atoms with the new peak at 200 eV being 

evidence of the 2p photoelectrons. The 2s photoelectron signal is less intense and is barely 

observable through the noise at 270 eV. 

What’s more interesting, is the comparison of the Ni and P 2p high resolution scans between Ni2P-

C6H4NO2 samples made with and without added reductant (Figures 3.16A and 3.16B). Rather than 

distinct peaks indicating the formation of a P-Ar or Ni-Ar bonds, we observe systematic shifts of 

the entire ‘metal phosphide’ signal. Although this result is surprising, it can be interpreted as the 

functionalization perturbing core-level electron density throughout the entire nanoparticle, which 

is reflected in the electronic density of states (DOS) inferred from the DFT calculations (Fig. S25).  

 

Figure 3.16. A) High resolution XPS spectra showing the gradual progression of the Ni 2p3/2 

signal shifting to higher binding energies as the coverage of nitrobenzene groups increases (black 

> red). B) P 2p spectra of the same sample set, showing a similar systematic shift. C) UPS 

spectra of the same samples, showing the increased binding energy of the secondary electron cut 

off point, or work function.  This illustrates increasing difficulty to eject an electron from the 

surface of the material as the coverage of nitrobenzene groups increases. 
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For the bare surface, the partial DOS plot shows that Ni2P exhibits metallic type conductivity with 

the states around the Fermi level consisting largely of Ni 3d-states with only a minor contribution 

from the overlapping P 3p-states. On adsorption of nitrobenzene groups, we observe a clear 

perturbation of these states and redistribution of electrons due to the electron withdrawing 

properties of the adsorbate. Despite our model only considering diazonium species adsorbed on 

the P-top sites, the change in total DOS can be attributed to a shift of both the P 3p-states and Ni 

3d-states as-well-as a local increase in the P 3p-states.  

 

Figure 3.17. Partial density of states (PDOS) per atom comparing 0.00 ML (black) and 1.00 ML 

(blue) coverages of C6H4NO2. The Fermi level is set to 0.00 eV (red dotted line). 
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While we would typically expect this shift in electron density to be localized and correlated with 

the functionalized surface sites, we propose the high level of covalency, and the metallic character 

of these metal phosphide nanocrystals allow localized perturbations to be compensated for by the 

‘bulk’ material. Further, the same trend is reflected in the work function of these materials. The 

work function is made more positive with higher degrees of functionalization, which can be 

interpreted as the highly polar nitrophenyl functional groups inducing a stronger surface dipole 

moment away from the crystal’s core, in-turn requiring more energy to remove an electron from 

valence orbitals to vacuum. 

Although this phenomenon is unexpected when compared to studies of exfoliated MoS2 and black 

phosphorous nanosheets, it is reminiscent of the effects observed when doping metal phosphides 

with metals of varying electronegativity.111 In this study, Mar and coworkers observed a systematic 

shift in the P and Ni 2p3/2 binding energy over the range of ~500 meV. The authors find that as 

more electropositive ions (Co<Fe<Mn<Cr) are doped into the lattice the P 2p3/2 binding energy 

systematically decreases. They rationalize this finding by considering a charge potential model to 

balance the inter and intraatomic effects of dopants on the P atoms in the lattice.112 Based on this 

model, intraatomic effects would lead to a decrease in binding energy due to increased nuclear 

screening and greater negative charge of P core electrons induced by their more electropositive 

environment. In contrast, interatomic effects would lead to a positive shift in binding energy due 

to the general increase in Madelung potential felt by each atom in the more electropositive lattice. 

We believe this rationale supports our interpretation of highly coupled covalent surface functional 

groups being able to perturb the ‘bulk’ electronic structure of the nanocrystal by inducing strong 

interatomic screening effects. The result of which is a systematic perturbation of the core-level 
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binding energies in both Ni and P based on the degree of electron density that is donated or 

withdrawn by the surface functional group.   

We further validate this hypothesis by showing systematic variation of core-level binding energies 

and NC work function across our Hammett series (Figure 3.18). There is a clear linear trend 

observed in both Ni and P 2p high-resolution spectra where a larger Hammett parameter increases 

the core-level binding energy. This effect is most pronounced in the comparison of work functions 

across the Hammett series shown in Figure 3.18C. To ensure this wasn’t purely an electrostatic 

screening effect, we validated our hypothesis against a computational model where the same trend 

is observed (Figure 3.19E). 

 

Figure 3.18. A) High resolution XPS spectra showing the shift of Ni 2p3/2 signal in response to 

the Hammett parameter of the surface functional group. B) P 2p spectra of the same sample set, 

showing a similar systematic shift. C) UPS spectra of the same samples, showing the response of 

material work function to the Hammett parameter of surface functional group. Inlet shows the 

linear correlation between these descriptors. 
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Figure 3.19. Plots showing the planar averaged electrostatic potential along the z-direction for (a) 

The bare Ni2P(0001) surface, (b) Ni2P-C6H4NO2, (c) Ni2P-C6H32Cl and (d) Ni2P-C6H4OMe. (e) 

Plot showing the change in workfunction vs Hammett parameter for each diazonium salt. 

 

The workfunction (Φ=>) is calculated by taking the difference in energy between the fermi energy 

(E>;7*?) and the vacuum potential (Φ@9:): 

Φ=> = 	Φ@9: − E>;7*?    (3.24) 
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3.4.5 Electrocatalytic HER Activity 

To test the effect that surface functionalization has on the electrocatalytic activity for HER of the 

Ni2P nanocrystals, 20 µL of a 10 mg/mL solution of Ni2P nanocrystals in toluene were drop casted 

onto a 1.5 mm diameter glassy carbon electrode. Samples were prepared in a glovebox and 

transferred to a vessel of 0.5 M H2SO4 that was sparged with argon and held under a constant argon 

flow. Here we report the current density normalized by the geometric surface area of the glassy 

carbon electrode due to inconsistencies in estimating the electrochemically active surface area of 

the nanocrystal films (Figures 3.20-3.24).113  

 

Figure 3.20. (a) Cyclic voltammograms at various scan rates of glassy carbon electrode in 0.5 M 

H2SO4. (b) Magnitude of capacitive current plotted against the scan rate of the cyclic 

voltammogram. The slope of the fitted line provides the capacitance of the electrode. Magnitude 

taken as difference between cathodic and anodic current at OCP (mid-point). 
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Figure 3.21. (a) Cyclic voltammograms at various scan rates of 200 µg Ni2P deposited on glassy 

carbon electrode in 0.5 M H2SO4. (b) Magnitude of capacitive current plotted against the scan 

rate of the cyclic voltammogram. The slope of the fitted line provides the capacitance of the 

electrode. Magnitude taken as difference between cathodic and anodic current at OCP (mid-

point). 

 

Figure 3.22. (a) Cyclic voltammograms at various scan rates of 200 µg Ni2P-C6H4NO2 deposited 

on glassy carbon electrode in 0.5 M H2SO4. (b) Magnitude of capacitive current plotted against 

the scan rate of the cyclic voltammogram. The slope of the fitted line provides the capacitance of 
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the electrode. Magnitude taken as difference between cathodic and anodic current at OCP (mid-

point). 

 

Figure 3.23. (a) Cyclic voltammograms at various scan rates of 200 µg Ni2P-C6H3Cl2 deposited 

on glassy carbon electrode in 0.5 M H2SO4. (b) Magnitude of capacitive current plotted against 

the scan rate of the cyclic voltammogram. The slope of the fitted line provides the capacitance of 

the electrode. Magnitude taken as difference between cathodic and anodic current at OCP (mid-

point). 
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Figure 3.24. (a) Cyclic voltammograms at various scan rates of 200 µg Ni2P-C6H4OMe deposited 

on glassy carbon electrode in 0.5 M H2SO4. (b) Magnitude of capacitive current plotted against 

the scan rate of the cyclic voltammogram. The slope of the fitted line provides the capacitance of 

the electrode. Magnitude taken as difference between cathodic and anodic current at OCP (mid-

point). 

Metal phosphides are known to have exceptionally high specific capacitance values due to 

pseudocapacitive effects, which typically leads to over estimation of electrochemically active 

area.31,114,115 These pseudocapacitive properties would be affected by alteration of surface charge 

induced by the surface functional groups. This added complication makes it difficult to uniformly 

attribute “capacitive” current to strictly ion adsorption on a metallic surface, which is the base 

assumption in the estimation of electrochemically active surface area.116 This is reflected in our 

inability to find a potential region that reflects a purely capacitive response characterized by a 

square-wave with equal anodic and cathodic current. Instead, we observe variable cathodic current 

around the open-circuit potential with added resistive losses, potentially due to mass-transport 

limitation though the nanocrystal film. Though this may preclude us from reporting the true 

intrinsic activity of our catalysts, we can still compare relative activity within the series. 
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The catalytic activity results are summarized in Figure 2.35 and reflect multiple key results. First, 

we observe over the course of 24 hours and 75 polarization cycles that the catalytic activity does 

not track the Hammett parameter, instead Ni2P-C6H4OMe is the most active catalyst followed by 

Ni2P-C6H4NO2 and then Ni2P-C6H3Cl2 being the least active. This contrasts with previous studies 

by Miller and co-workers on covalently functionalized MoS2, where they found that catalytic 

activity was correlated with the functional group’s Hammett parameter, although the nitrobenzene 

functionalized sample was not measured in that instance.61 Comparisons between these systems 

brings us to our second key result, which is improved catalytic activity in all functionalized 

samples when compared to Ni2P in the first 20 polarization cycles. We propose these discrepancies 

reflect that the influence of covalently tethered ligands is more nuanced than simple electronic 

effects and that their impact may vary depending on the nature of the catalyst’s surface chemistry 

and the density of grafted aryl groups. For example, the documented active site for MoS2 is the 

edge atoms of the 2D sheet while the basal plane surface is relatively inert for HER. Thus, it is 

possible that functional groups that bond at the basal plane surface do not have added steric effects 

because of spatial separation from the catalytically active site. As we show below, that is not the 

case in Ni2P nanocrystals, for which the aryl functional groups bond to atoms directly adjacent to 

active sites. This could allow for the same functional group to result in different effects based on 

the intrinsic reactivity and structure of the underlying material. 
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Figure 3.25. (a) LSV of the 10th polarization cycle for Ni2P and Hammett series electrodes 

collected at 5 mVs-1. (b) Overpotential at 10 mA/cm2 averaged across three separate electrodes 

for each sample over the course of 24 hours and 75 polarization cycles. (c) Calculated free 

energy profile at 0.00 V, pH = 0 and 300 K for the adsorption of H onto the Ni2P(0001) Ni3 

hollow site, with and without surface functional groups. 

For efficient hydrogen evolution, the hydrogen adsorption free energy should be slightly negative, 

so that there is a driving force for hydrogen to adsorb onto the catalyst surface, but the adsorption 

energy is low enough to allow for the subsequent proton coupling steps. As can be seen from 

Figure 3.25C, DFT calculations predict that the free energy for hydrogen adsorption at the 

Ni2P(0001) Ni 3-fold hollow site (possible surface binding sites are shown in Figure 3.26) can be 

modified substantially with surface functionalization of diazonium salts. The trend follows: Ni2P(-

0.47 eV) > Ni2P-C6H3Cl2(-0.26 eV) > Ni2P-C6H4NO2 (-0.22 eV) > Ni2P-C6H4OMe(-0.14 eV), 

which is in agreement with our experimental findings. In turn, this suggests that the adsorption 

energies of H on the nanocrystal surface do not directly follow the electrostatic trend. 
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Figure 3.26. Schematic representation of the available surface sites on the Ni3P2 termination of 

the Ni2P(0001) surface. 

The diazonium salt binding energy (EB) is calculated according to the following equation: 

EB = Etotal– (Esub + Eads)                (3.25) 

Where, Etotal is the total energy of the entire adsorbate-substrate system, Esub is the total energy of 

the clean Ni2P(0001) substrate by itself, and Eads is the total energy of the isolated adsorbate in the 

gas phase. The results are summarized in Table 3.1 with the available surface sites indicated in 

Figure 3.25. C6H4NO2 prefers to diffuse from the high coordination hollow sites to more stable P 

top sites or P/Ni bridge sites. 

Table 3.1. DFT calculated binding energy of C6H4NO2 relative to the P top site. The surface sites 

are depicted in Figure S22. High coordination sites are disfavored for diazonium salt adsorption. 

 

 

 

 

 

Site Site Index DEB / eV 
Hollow – Ni3 1 - 

Hollow – Ni/P 2 - 
Top – Ni 3 0.69 
Top – P 4 0.00 

Bridge – Ni 5 0.57 
Bridge – Ni/P 6 0.25 
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To further probe the origins of the observed trend, we examined the effects of electron transfer 

between the nanocrystal atoms and surface adsorbates by calculating their charge density 

difference (CDD) (Figure 3.26). Figure 3.26A shows, that once adsorbed on the surface, hydrogen 

accumulates electron density from nearby Ni atoms, forming a surface hydride. Interestingly, from 

Figures 3.26B to 2.36D, adsorption of diazonium salts on P top sites exhibit non-local charge 

redistribution at the Ni3 hollow site.  

 

Figure 3.27. Charge density difference plots highlighting the interactions of key species at the 

Ni2P(0001) interface. (a) H adsorbed at the Ni3 hollow site. (b) C6H4-NO2, (c) C6H3-Cl2 and (d) 

C6H4-OMe adsorbed on the P top sites. Red and blue shading represent electron depletion and 

electron accumulation respectively. The iso-surface level is set to 0.013 e/Å3. 

The net effect of functionalization is the tuning of the hydrogen adsorption free energy at the Ni3 

hollow site via electron redistribution resulting in a weaker adsorption energy for H atoms, thus 

making the catalytic landscape more thermoneutral relative to the bare surface. These local 

fluctuations in Ni charge density can facilitate H atom diffusion onto the Ni-Ni bridge site ( Figures 

3.28 and 3.29). 
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Figure 3.28. Heat map highlighting the difference in the Lowden charge on addition of 1.00 ML 

diazonium salts to the bare Ni2P(0001) surface. All three diazonium salts exhibited a similar 

behavior. Blue and red shading represent electron depletion and electron accumulation 

respectively. 

 

Figure 3.29. Charge density difference plot for hydrogen adsorbed at the bridge site position. 

Red and blue shading represent electron depletion and electron accumulation respectively. The 

iso-surface level is set to 0.013 e/Å3. 
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 The Ni-Ni bridge site is expected to be a catalytically active site in computational studies but is 

generally only accessed at higher H coverages.40,117 We further note that the transition from a 

surface hollow site to lower coordination sites would be hindered by the Pauli repulsion exhibited 

by the Cl atoms of the C6H3-Cl2 functional groups and the hydride nature of adsorbed H (Hd--Cld-

). Additionally, this charge redistribution depends strongly on the alignment of diazonium species 

above the P top site. Most noticeable is the repulsive interactions exhibited by C6H3Cl2 (Figure 

3.27), which is reflected in the binding energy discussed previously. The Cld--Cld- repulsion results 

in a staggered array of C6H3Cl2 species and a disfavored alignment of the C pz-orbitals with P 3p-

states. To compensate for this, some P atoms are pulled away from the surface plane, resulting in 

significant distortion and a weaker interaction with the surface atoms. The trend in P-atom 

distortions C6H3-Cl2(0.57 Å)> C6H4-NO2(0.31 Å) > C6H4-OMe(0.29 Å) suggests that para 

substitution minimizes adsorbate-adsorbate interactions leading to an optimal surface packing of 

diazonium salts relative to the meta substituted functional groups. Overall, we find that the local 

electronic structure and bonding interactions of the diazonium salts influence the charge density 

across the surface, which we hypothesize being the cause of our observed trend. 

For these calculations, The hydrogen adsorption free energies are calculated using the CHE 

method developed by Norskov.124 Here, we assume that protons  (H+) and electrons (e-) are at 

equilibrium with hydrogen gas (H2(g)) at 1 atm, 298 K, and pH = 0: 

𝐻# + 𝑒$ → %
"
𝐻"(𝑔)      (3.26) 

In the absence of an applied potential (0.00 V) we assume that: 

𝜇1$ + 𝜇;% =
%
"
𝜇1#          (3.27) 

where 𝜇1$, 𝜇;%, and 𝜇1# are the chemical potentials of a proton, electron, and hydrogen, 

respectively. For the adsorption of hydrogen on a Ni2P(0001) surface (𝑆𝑢𝑟𝑓2?#<): 



 125 

𝑆𝑢𝑟𝑓2?#< + 	𝐻
# + 𝑒$ →	𝑆𝑢𝑟𝑓2?#<$1    (3.28) 

The free energy can be calculated as: 

∆𝐺 = 	∆𝐸A>B + ∆𝑍𝑃𝐸 − 𝑇∆𝑆 + ∆𝐺C + ∆𝐺D1   (3.29) 

Where, ∆EEFG, ∆ZPE and ∆S are the changes of the DFT reaction energy, zero-point energy, and 

entropy, respectively. ∆𝐺Cis the free energy contributions related to the applied electrode potential 

U. ∆𝐺D1 = ln(10)𝑘H𝑇𝑙𝑛(𝑝𝐻) is the concertation correction to the H+ free energy, where T = 300 

K and kB is the Boltzmann constant. Here, we apply the same approximations for calculating ∆𝑍𝑃𝐸 

as the work by Wexler et al.125 

 

Figure 3.30. Hydrogen adsorption free energy as a function of aryl radical coverage for (a) C6H4-

NO2, (b) C6H3-Cl2 and (c) C6H4-OMe at 0.00 V, pH = 0 and 300 K. 

3.4.6 Electrocatalytic Stability 

The next key finding is the variation of activity over multiple polarization cycles. The first and 

most important point is that the trend in activity induced by the functional groups is held over 24 

hours of exposure to catalytic conditions. We propose this is strong evidence in favor of covalent 

functional groups being a viable pathway to stable hybrid nanomaterials. Another interesting point 

is the variability, or lack thereof, in activity over time. We observed a gradual increase in activity 
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after successive polarizations for the ligand stripped Ni2P sample, as shown in Figure 3.25B. This 

is presumably due to the removal of remnant oleylamine from the surface, allowing for a better 

wetting of the electrolyte as previously demonstrated in our lab.56 However, we cannot count out 

the possibility of surface reconstruction, which has been theoretically predicted and experimentally 

measured to take place during catalysis.40,42,118–120 If, after prolonged cycling, the dominant surface 

facet is no longer the Ni3P2 (0001) termination it could account for the gradual disagreement with 

the predicted thermodynamic landscape that we observe in earlier cycles (Figure 3.25C). Further, 

this swing in activity is quite large, showing an improvement of 150 mV over the course of our 

measurements. This contrasts with the functionalized samples which show very little variability 

under the same conditions, reflecting a maximum average deviation of only 25 mV. We note that 

although the activity of the Ni2P electrodes did improve over time, they never achieved higher 

current densities or lower overpotential than the Ni2P-C6H4OMe sample, even in the few samples 

we measured out to 100 polarization cycles (Figures 3.31 and 3.32). Another practically relevant 

observation during our analysis was the I-V response during cycling. Consistently, we observed 

wild variations in the current response from Ni2P electrodes, presumably due to the formation of 

hydrogen bubbles. This is reflected in the noisy LSV reported in Figure 3.25A but becomes even 

more apparent at high current densities (Figure 3.32).  
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Figure 3.31. Repeated cycling of Ni2P-C6H4OMe electrode in 0.5 M H2SO4. Polarization 

achieved through 23 cyclic voltammetry cycles at 10 mVs-1. The electrode was not touched 

between cycles. 

 

−0.4 −0.3 −0.2 −0.1 0 0.1

−100

−80

−60

−40

−20

0
Scan 77
Scan 78
Scan 79
Scan 80
Scan 81
Scan 82
Scan 83
Scan 84
Scan 85
Scan 86
Scan 87
Scan 88
Scan 89
Scan 90
Scan 91
Scan 92
Scan 93
Scan 94
Scan 95
Scan 96
Scan 97
Scan 98
Scan 99
Scan 100

Overpotential (V vs RHE)

Cu
rr

en
t (

m
A/

cm
 2   G

eo
 )



 128 

 

Figure 3.32. Repeated cycling of Ni2Ps electrode in 0.5 M H2SO4. Polarization achieved through 

24 consecutive linear sweep voltammograms at 10 mVs-1. The electrode was knocked against the 

cell wall after each polarization curve to remove excessive H2 bubble buildup. 

 

Finally, we were able to observe the retention of key atomic handles by SEM-EDS after repeated 

cycling, presented in Figure 3.33. Critically, this illustrates that the chlorine atoms from the 3,5-

dichlorobenzene functional group remain observable and are specifically observed in regions of 

the image where Ni and P are also detected, rather than randomly scattered across the sample. 
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Figure 3.33. SEM-EDS map of Ni2P-C6H3Cl2 electrode after 100 polarization cycles showing the 

presence and spatial overlap of P (a), Ni (b), and Cl (c) on the electrode after cycling. 

3.5 CONCLUSIONS 

In conclusion, we have formulated synthetic conditions for generating (sub)monolayer coverages 

of substituted aryl functional groups covalently bound to the surface of Ni2P nanocrystals and 

measured the resultant effects on the nanomaterial’s electronic and electrocatalytic properties. 

Through our study we have highlighted the need for further investigation into soft ligand removal 

strategies for colloidal metal phosphide nanocrystals.  We have shown that native ligands can 

participate in side reactions with functionalization precursors and convolute characterization. Still, 

we show that Ni2P nanocrystals can be spontaneously functionalized by substituted aryldiazonium 

salts. Though we did not observe explicit experimental evidence, computation modeling suggests 

this functionalization occurs via formation of covalent P-C bonds. The degree of functionalization 

is dictated by the electron density in the aryl ring, where substituents that withdraw more electron 

density result in higher functionalization densities. We find that the electron donating/withdrawing 

nature of the surface functional group systematically alters core-level electron density and the bulk 

Fermi-level of the materials. Interestingly, we find that the influence on electrocatalytic activity is 

improved by the addition of substituted aryl groups, but the trend does not clearly track the 

electrostatic influence of the substituent functional groups. Though unexpected, these findings are 
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validated by DFT modeling of our system which identifies the same broken trend. Through this 

model we propose that the functional groups have a nuanced effect on activity, which go beyond 

simple surface dipole effects, and can alter the binding energetics at active sites through surface 

deformation and steric repulsion. Further, we find that this trend in altered electrocatalytic activity 

for the HER is maintained over the course of 24 hours and more than 75 polarization cycles, 

signaling the promise for covalently bound ligands to be robust to catalytic conditions. 

3.6 OUTLOOK 

Though sterically rigid aryl functional groups are likely not the key ingredient for making an earth 

abundant catalyst rival the activity of platinum, the utilization of this well-studied class of surface 

functionalization agents is a promising starting point. We propose that building models and further 

refining this relatively simple system will lay the groundwork for the development of synthetic 

procedures to produce elegant systems of covalently tethered proton relay ligands that fully utilize 

secondary and outer coordination sphere effects. However, there is still much work to be done as 

a community before such a system can be conceived. For example, exploring the range of 

electro/nucleophilicities required to form bonds with surface atoms so we can move away from 

harsh and difficult-to-control radical chemistry. These ideas lead to a further question: would we 

install an already synthesized complex ligand on the surface, or build it from the bottom-up using 

post-synthetic transformations once a suitable reactive fragment is bound to the particle surface? 

Surendranath and co-workers have covalently tethered organometallic catalysts to the edges and 

defect sites of carbon materials.121,122 In those systems, the authors were able to leverage native o-

quinone moieties that irreversibly condense with diamines to form their covalent linkages. Though 

such native defects are not as well documented in nanocrystalline phosphide or other more 

complex materials, a better understanding of the chemical nature of these materials’ surface atoms 
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should allow for the development of more elegant functionalization strategies. In fact, 

collaborative studies between our group and the Mayer group have taken aim at building a more 

molecular understanding of colloidal metal phosphide nanocrystals.123 This concept and line of 

study will directly bolster our on-going efforts to refine surface functionalization procedures and 

create better defined hybrid nanomaterials. 
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Chapter 4. A MULTI-FUNCTIONAL INTERFACE DERIVED FROM 

THIOL-MODIFIED MESOPOROUS CARBON IN 

LITHIUM–SULFUR BATTERIES 

Significant portions of the following chapter have previously been published by: 

Yun Li‡, Ian A. Murphy‡, Ying Chen, Francis Lin, Xiang Wang, Shanyu Wang, Dion Hubble, Sei-

Hum Jang, Karl T. Muller, Chongmin Wang, Alex K.-Y. Jen*, and Jihui Yang*. J. Mater. Chem. 

A, 2019, 7, 13372-13381. 

4.1 ABSTRACT 

Lithium-sulfur (Li-S) batteries hold great promise as a next-generation energy-storage technology. 

Their practical application, however, is hindered by the rapid capacity fade associated with the 

dissolution of lithium polysulfides (LiPSs) into the organic electrolytes. In this work, we 

successfully impede these losses by anchoring thiol (-SH) functional groups to the nonpolar 

surface of a mesoporous carbon host. This new strategy increases the surface polarity of the 

conductive carbons and traps LiPSs inside the cathodes. By utilizing various spectroscopic 

methods, we investigate the mechanisms of LiPSs trapping, which originate from the electrostatic 

and covalent interactions of the thiol functional groups with Li+ from the electrolytes and with S 

from the LiPS chains, respectively. Here, we for the first time identify the multiple bonding modes 

that are induced by a small molecular interface upon cycling and correlate them with the 

electrochemical behavior. The fundamental insight on the thiol functionality suggests a further 

rational design of multi-functional interfaces to achieve better Li-S performance. 
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4.2 INTRODUCTION 

Energy storage devices with high energy density are of increasing importance due to the growing 

demand for smart grid energy storage systems and long-range electric vehicles.1,2 Lithium-sulfur 

(Li-S) batteries have attracted broad interest due to their high theoretical specific capacity (1672 

mAh g−1, an order of magnitude greater than that of the current commercial LiCoO2 cathode 

material), low environmental impact, and low cost.3 However, the commercialization of Li-S 

batteries has been hindered by multiple failure mechanisms which result in rapid capacity fading 

upon extended cycling.4 This capacity fade is mainly caused by the dissolution of soluble lithium 

polysulfides (LiPSs) redox intermediates generated during the complex multi-step 

charge/discharge reactions.5,6 Approaches which aim simply to lower LiPS solubility would 

introduce new performance deficits such as reduced reaction kinetics and poor active material 

utilization.7,8 So as not to sacrifice general performance for the sake of cyclability, the design of 

cathode host materials which can better retain solvated LiPSs has become an area of intense 

research.9  

Initial work on LiPS trapping was focused on designing nanostructured carbon materials such as 

mesoporous carbon particles, carbon nanotubes (CNTs), graphene/graphene oxide sheets, etc.10–15 

Carbon materials were preferentially investigated as a means to physically confine solvated LiPSs 

in the host matrix due to their high electrical conductivity, large specific surface area, and ability 

to modulate the pore volume available for sulfur infiltration. Although these materials greatly 

improve cell performance, it has been found that physical confinement alone is not sufficient to 

prevent large capacity losses, as LiPSs will still gradually diffuse out of the porous network due to 

the polarity difference between non-polar carbon and polar LiPSs.16 The non-polar carbon also 

introduces a new challenge, namely a poor electrolyte wetting for the thick electrodes.16,17 Thus, 
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research efforts have trended towards implementing chemical functionality to further improve a 

host material’s ability to trap LiPSs. Most approaches implement inherently polar materials such 

as heteroatom-doped carbon structures,18,19 polymer coatings,20,21 metal-organic frameworks,22,23 

metal-chalcogenide blends,24,25 etc. Although these approaches have realized some success in 

improving cyclability, they often rely only on limited electrostatic interactions, suffer reduced 

electrical conductivity, or involve heavy/expensive nanostructures, which sacrifice the potential 

advantages of Li-S chemistry.10,26,27  

With all the challenges in mind, a light-weight sulfur host material with a good electrical 

conductivity and improved wettability to the electrolytes, that not only confines LiPSs physically 

but also contains a very high accessible fraction of LiPS chemisorption sites, is well-suited to 

realize long-life and high-loading Li−S batteries. To achieve the goal, we suggest to chemically 

functionalize the relatively nonpolar surface of nanostructured carbon materials. Functionalizing 

graphene materials such as graphene oxide sheets decorated with hydroxyl and epoxide functional 

groups has been reported to possess chemical interactions with polysulfides.28–30 However, due to 

the complexity of graphene materials such as the random orientation of graphene sheets and their 

discrepant defects, these functional groups are often unstable and it is also difficult to control their 

contents, which impede the mass production of functionalized graphene materials.31–33 CNT 

represents another promising nanostructured carbon for use in the Li-S batteries owing to its 

exceptional electrical, thermal, and mechanical properties.34–37 However, the surface modification 

of CNTs suffers from tedious synthetic procedure or limited scalability and the harsh reaction 

conditions would introduce large amounts of structural damages in carbon framework and 

compromise the intrinsic properties of CNTs.34 
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In this work, we select to modify a commercially available mesoporous carbon material with a thin 

layer of phenylthiol small molecules via a one-pot reaction where we in-situ generate aryl-

diazonium ions.38 This approach has many benefits including simplicity, scalability, tunability, 

and general applicability to any surface with the sp2 hybridized carbon functionality. Due to the 

widely-studied interconversion between the thiol (S-H) and disulfide (S-S) bonding modes through 

intermediate thiolates (-S-) and thiyl radicals (-S•),39–42 thiol groups are chosen to potentially allow 

for covalent tethering of LiPSs to the surface of mesoporous carbon hosts. Furthermore, the thiol 

modifier could enhance the electrolyte wettability of electrodes by creating a more polar electrode 

surface, inducing electrostatic interactions with the solvated Li+ ions of dissolved LiPSs, as well 

as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt in the 1,3-dioxolane/1,2-

dimethoxythane (DOL/DME) based electrolytes. This effect has important implications for high-

sulfur-loading cathodes, which are required for commercially viable cells and is often overlooked 

when discussing cathode additives/strategies.16,17 The thiol-functionalized carbon host has not 

been studied probably because thiol functionality was predominantly consumed as reactive groups 

to prepare crosslinked organosulfur polymers in Li-S batteries.43–45 These sulfur-rich polymers 

usually suffer from inherently low conductivity and require larger amounts of inert conductive 

additives, in addition to the inert mass added by the organic structures themselves, which detracts 

from the overall energy density. However, the successful cycling of these systems does provide 

precedent for the electrochemical formation and cleavage of S-S bonds. 

This type of multifunctional interfaces between the mesoporous carbons and solvated active 

materials not only represents a new strategy for improving cell performance, but also raises 

additional questions about their roles and challenges associated with the cell performance. In Li-S 

batteries, it is quite challenging for most materials to identify the specific role of individual species 
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in cell function owing to the complexity in characterizing amorphous structures and versatile ionic 

species.46 In this work, we successfully utilize solid-state Nuclear magnetic resonance (NMR) 

spectroscopy, X-ray photoelectron spectroscopy (XPS), and electrochemical impedance 

spectroscopy (EIS) to monitor the molecular motion and surface interactions of the thiol groups 

with active materials inside cathodes upon cycling. Moreover, we conduct a systematic study of 

the influence of multi-functional thiol surfaces on high-sulfur-loading (4 mg cm-2) cathodes by 

controlling the concentration of thiol groups on the surface. Though ultimately successful in 

improving cyclability, our analysis reveals some inherent limitations of this particular surface 

modification strategy, including a slight increase in cell overpotential and kinetic limitation during 

discharge. We thus present future steps that might be taken to mitigate these challenges. 

4.3 EXPERIMENTAL DETAIL 

4.3.1 Preparation of [SH]-Thiol MJ430 Carbon 

As-received MJ430 (Porous Carbon CNovelTM; TOYO TANSO USA, INC.) was purified by acid 

wash with 2M HCl in ethanol. Purified carbon powders were mixed with 5,10,15, 20, and 50 mol% 

4-aminophenylthiol (Sigma Aldrich) and sonicated in anhydrous tetrahydrofuran for 20 min. This 

mixture was then placed in an ice bath before adding a stoichiometric equivalent of isoamylnitrite 

(Sigma Aldrich) and double stoichiometric equivalent of HCl to initiate in-situ diazotization. 

Initiation of the reaction should produce N2 gas, which bubbles out of the solution. Once the gas 

generation has ceased, reaction mixture was heated to 70 ◦C and stirred vigorously for 12 h. 

Reaction products were cleaned and filtered with subsequent washes of (2:1) ethanol:ammonium 

hydroxide, tetrahydrofuran, water, and finally acetone. Cleaned products were then vacuum dried 

under high-vacuum at 90 ◦C for 12 h. 
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4.3.2 Material Characterization 

Thermogravimetric analysis (TGA) was measured under a nitrogen flow of 50 mL/min with a 

heating rate of 10 ◦C min-1 to 800 ◦C by using a Mettler Toledo TFA/DSC 3+. Surface area of the 

samples was determined from the isotherms collected with a QUANTACHROME NOVA 2200e 

gas sorption system by using the BET method. The BJH method was used for the porosity and 

pore size analyses. Surface chemical characteristics of the samples were examined using XPS 

spectra were taken on a Surface Science Instruments S-Probe photoelectron spectrometer. This 

instrument has a monochromatized Al Ka X-ray source which was operated at 20 mA and 10 kV, 

and a low energy electron flood gun for charge neutralization. Pass energy for survey and detail 

spectra (to calculate composition) was 150 eV. Data point spacing was 1.0 eV/step for survey 

spectra, and 0.4 eV/step for detail spectra. Pass energy for high-resolution spectra was 50 eV, with 

a data point spacing of 0.065 eV. The samples were mounted on double-sided tapes that run as 

insulators. X-ray analysis area for these acquisitions was approximately 800 �m across. Pressure 

in the analytical chamber during spectral acquisition was less than 5 x 10-9 torr. The take-off angle 

(the angle between the sample normal and the input axis of the energy analyzer) was 0°, (0° take-

off angle @ 100 Å sampling depth). Service Physics Hawk version 7 data analysis software was 

used to calculate the elemental compositions from peak areas measured above an inelastic 

scattering (Shirley) background. Powder samples were transported to instrument in air. Cycled 

cathode samples were disassembled in an Ar atmosphere glovebox, transferred to instrument in 

sealed vials, then mounted in ambient conditions. The physiochemical structures were examined 

using a Renishaw inVia Raman Microscope. Electrical conductivity was measured by the four-

point method using a IV SourceMeter (2450, Keithley). The MJ430-S and SH-MJ430-S films were 

fabricated by slurry casting method on polyethylene naphthalate (PEN). Morphology and structure 
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of the materials were characterized using SEM (Phillips XL-30 Sirion FE-SEM with EDAX). 

Microstructures and compositions were analyzed by S/TEM (FEI Titan 80-300kV, USA).  

4.3.3 Preparation of MJ430-S and [SH]-MJ430-S Composites 

To impregnate sulfur into MJ430 or [SH]-MJ430 carbon for preparing MJ430-S or [SH]-MJ430-

S, a mixture of 100 mg carbon and 100 mg sulfur was heated at 155 °C for 24 h in a sealed vacuum 

tube under Ar. 

4.3.4 Electrochemical Measurements 

The MJ430-S or [SH]-MJ430-S composite was mixed with Carbon Nanotubes (CNTs, Sigma-

Aldrich) and poly(vinylidene difluoride) (PVDF; MTI Cop.) as the binder in a weight ratio of 

80:10:10, in N-methyl-2-pyrrolidone (NMP; Sigma-Aldrich) as a dispersant. The slurry was cast 

on an Al foil current collector and dried overnight at 60 °C under vacuum. A thick cathode with 4 

mg S cm-2 loading was prepared similarly. The slurry was casted on a C-coated Al foil current 

collector (MTI Corp.). 2032 coin-type cells were assembled using lithium metal (250 �m thick, 

Alfa Aesar) as the anode, polypropylene (PP) Celgard2500 (Celgard, LLC Corp) as the separator, 

and 1 M LiTFSI (Sigma-Aldrich) and 1 wt% LiNO3 (Alfa Aesar) in DOL/DME (Sigma-Aldrich, 

v/v =1:1) as the electrolyte for each cell. The electrochemical performances of the cells were 

evaluated at 30 °C in a voltage window of 1.9-2.8 V vs. Li+/Li at various C-rates using a battery 

tester (BT-2043, Arbin). 

4.3.5 Spectroscopic Characterization 

Electrochemical impedance spectroscopy (EIS) of Li-S cells at different discharge stages were 

examined using an AMETEK VersaSTAT4 Potentiostat/Galvanostat in the frequency range of 10-

2-106 Hz by applying a 5 mV ac oscillation. 7Li, 19F, and 13C MAS NMR were performed on a 
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Varian Inova spectrometer with a 600 MHz (14.1 T) magnet, using 1.6 mm rotors operating at a 

spinning speed of 36 kHz. The 90˚ pulse width was 3 µs for 7Li, 1.5 µs for 13C, and 5 µs for 19F. 

The 7Li spectra were obtained with 640 scans, using a flip angle of 9° (a pulse width of 0.3 µs) 

with a recycling delay of 5 s for quantitative comparison. The 19F spectra were obtained using a 

spin-echo pulse sequence with 48 scans and a recycling delay of 5 s. Due to the low sensitivity of 

13C in the naturally abundant materials, 10240 scans were used with a 30˚ pulse and a recycling 

delay of 5 s. Temperature was maintained at 25 ˚C for all NMR measurements. For the preparation 

of the first set of samples, 0.6 ml of 0.1M Li2S8 in DME was added to 20 mg MJ430/20% SH-

MJ430 carbon material to form a homogenous slurry. Both slurries with MJ430/20% SH-MJ430 

carbon material were dried for 12 h in a glove box to form concentrated samples and then packed 

into the NMR rotors. For the second series of samples, the cycled coin cells were disassembled at 

different voltage stages in a glovebox, and the composites were scratched off from the cathodes 

immediately and filled into the NMR router. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Introduction of SH-MJ430 

As a platform to investigate our multifunctional interface, a commercially available mesoporous 

carbon host referred to as MJ430 was utilized, with an average surface area of 689 m2 g-1. A 

schematic depiction of our approach to confine active materials in the MJ430 pores using a 

multifunctional thiol surface modifier (SH-MJ430) is shown in Fig. 1. In our proposed strategy, 

there are three unique interactions occurring at the cathode interface which contribute to an 

increase in cell performance. The first is an electrostatic “lithium bond” between solvated Li+ in 

the LiTFSI electrolyte and lone pairs on the reduced phenylthiolate moiety (-S-). The second is a 

similar lithium bond involving the solvated Li+ tails of dissolved LiPS. Finally, the third interaction 
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is described as covalent disulfide bonding that is formed between -S- (or phenylthiyl radicals -S•) 

and LiPSs. Evidence supporting each of these proposed interactions are present in the following 

sections. 

 

Figure 4.1. Schematic depiction of the multiple interactions of thiol surface modifiers with 

solvated active materials. Proposed mechanisms include electrostatic interactions with Li+ (left, 

middle), covalent disulfide bonding (right), and the subsequent attraction of solvent molecules to 

these aggregated charges. 

4.4.2 Characterization of Functionalized SH-MJ430 Cabron 

 
The functionalization of conductive carbon surfaces is made possible by a one-pot synthetic 

strategy that utilizes in-situ generated diazonium ions from common and inexpensive organic 

precursors.38 We prepared a series of samples in which the concentration of surface modifiers was 

varied between 0 and 20 wt%. A mechanistic schematic of this reaction is shown in Figure 4.2. 
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Figure 4.2. Schematic of in-situ functionalization of modifiers (“R”=SH) onto the surface of 

MJ430 carbon via diazotization. The diazonium ions dissociate into N2 gas and a phenylthiol 

radical, which can react with sp2-hydridized carbon frameworks to form sp3 C-C bonds. This 

approach is advantageous for many applications because of the ability to tune the functionality of 

grafted small molecules, as well as controlling the degree of functionalization. 

 

 We sought to confirm the functionalization by both physical and spectroscopic analyses, all of 

which are reported in Figures 4.3 and 4.7. For these experiments, all “pristine” control samples 

were exposed to the same reaction conditions, barring the organic nitrite reagent which is necessary 

for diazotization. This was done to ensure the presence of functional groups was due to covalent 

anchoring to the surface, rather than physisorption or trapping of thiol precursors in the carbon 

pores. The addition of mass to carbon particles after a series of surface modification was tested by 

TGA (Figure 4.3a). It was found that a maximum of ~ 20 wt% of mass could be added to pristine 

particles, as attempts to push reaction equilibrium even further towards functionalization (e.g. by 

adding 50 mol% diazonium precursors) yielded little additional mass increase (Figure 4.4) 
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Figure 4.3. Characterization of functionalized [SH]-MJ430 carbons ([SH] = 0, 5, 10, 15, 20 

wt% SH), controlled via reaction conditions. (a) TGA analysis, (b) surface area and total pore 

volume attained from the N2 isotherms analysis, and (c) XPS S2p spectra of a series of [SH]-

MJ430 carbons. (d) Raman spectra of MJ430 and 20% SH-MJ430 carbons. 
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Figure 4.4. TGA of resultant modified MJ430 carbons from mixing purified MJ430 with 20 and 

50 mol% diazonium precursors, respectively. The former displays a 25 wt% of overall mass loss 

(20 wt% among which comes from the modifiers), while the latter only shows a 3% increase of 

overall mass loss with overwhelmingly addition of diazonium precursors. 

 

This finding may be attributed to a combination of precursor reactivity and the finite surface area 

readily available for attachment,47 which would be optimized in the future such as by selecting 

other promising nanostructured carbons. Next, we confirmed that modifiers lined the pores of the 

host substrate through analysis of N2 adsorption/desorption isotherms at 77K (Figure 4.5). 
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Figure 4.5. The N2 isotherms at 77 K for the (a) MJ430, (b) 5% SH-MJ430, (c) 10% SH-MJ430, 

(d) 15% SH-MJ430, (e) 20% SH-MJ430 carbon and (f) their relating pore size distribution. The 

distribution plot of MJ430 reveals that mesoporous carbon MJ430 has three pore types. These 

pore types originated from capillary condensation in micropores (from the carbon walls), 

primary mesopores, and secondary mesopores (from interparticle capillary condensation),1 with 

pore diameters of approximately 3.8, 7.4, and 13.5 nm, respectively. After surface modification, 

the primary mesopores decrease from 7.4 to 5.4 nm, as shown with the arrow. 

 

From these N2 isotherms with Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 

analysis, an average surface area decreases from 689 to 310 m2 g-1 and a total pore volume 

(including all types of pores) decrease from 1.96 to 1.19 cc g-1 was observed after maximal 
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modification (Figure 4.3b). The pore size distribution plots reveal a gradual decrease in the primary 

mesopore size from 7.4 to 5.4 nm (Figure 4.5f). Moreover, the surface chemical composition of 

[SH]-MJ430 carbons was determined by XPS. The comparison of S2p XPS spectra (Figure 4.3c) 

clearly shows an increase in the S signal (observed at 164 eV) as the concentration of precursors 

is increased. Figure 4.3c is a detailed scan with a relatively low resolution (150 eV pass energy), 

which is meant to illustrate the intensity of the S signal. The high-resolution S2p spectra (50 eV 

pass energy) are shown below in Figures 4.6c and 4.6e.  

 

Figure 4.6. (a) XPS wide spectra of MJ430 and 20% SH-MJ430 (O1s 529-535 eV, C1s 284-289 

eV, S2s ~ 220 eV, S2p 161-169 eV). High-resolution C1s and S2p spectra of (b,c) MJ430 and (d,e) 

20%SH-MJ430 carbon. 

They suggest that only after exposure to the diazonium ions, a doublet peak centered at 164 eV 

can be observed, reflecting the anticipated spin-orbit splitting of an aryl-thiol species after 

modification.48 In Figure 4.6a, characteristic peaks of C and O atom clearly appear in both MJ430 

and 20% SH-MJ430 spectra, which is to be expected from mesoprorous carbons. Upon further 
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analysis of high-resolution C1s spectra (Figures 4.6b and 4.6d) a larger contribution of C-C signal 

in the 20% SH-MJ430 sample presumably results from the addition of C-C from the phenylthiol 

modifiers to MJ430. Finally, we tested for the degree of defects or disorders in the MJ430 

mesoporous carbon before/after thiol modification by Raman spectrum in Figure 4.3d. The 

intensity ratio of the D (~ 1357 cm-1) and G (~ 1590 cm-1) bands, ID/IG, slightly increases from 

0.54 to 0.76 after the thiol modification, representing an increased defects/disorders of the 

mesoporous carbon and a decreased average size of the sp2 conjugated domains in the carbon.37,49 

The relatively low increase in ID/IG value implies that our method results in limited damage to the 

conjugated structure of the pristine carbon matrix.34,38 After thiol functionalization, the electrical 

conductivity of the cathode decreased slightly from 1.51 to 0.50 S cm-1, but this value is still 

sufficiently high to make an electrochemically active electrode.50 

Additional insight into how modification affects the physical nature of carbon particles was gained 

by imaging them using scanning electron microscopy (SEM) and scanning/transmission electron 

microscopy (S/TEM). No significant difference in carbon morphology was observed by SEM after 

modification, as is shown in Figures 4.7a and 4.7d. TEM images show that the transparent 

mesopores in MJ430 (Figures 4.7b, 4.7c, and 4.8a) have turned into slightly turbid mesopores with 

thicker carbon walls after the thiol modification (Figs. 4.7e, 4.7f, and 4.8b), revealing a thin multi-

layer of phenylthiol modifiers. This multi-layer structure likely results from hyper-branching of 

diazonium intermediates during modification, a known process in this type of reaction.51 The 

average thickness of the carbon walls was visibly seen to increase by about 1.4 nm, from 1.82 nm 

to 3.22 nm, which agrees reasonably well with the reduced pore size presented in Figure 4.5f. 



 157 

 

Figure 4.7. SEM and TEM images of (a-c) MJ430 and (d-f) 20% SH-MJ430. 

 
Figure 4.8. More TEM images of (a) MJ430 and (d) 20% SH-MJ430. 
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4.4.3 Electrochemical Performance of Li-S Batteries with SH-MJ430-S 

Cathodes 

After characterization of the functionalized [SH]-MJ430 carbon, sulfur was infused into MJ430 

and [SH]-MJ430 carbon to form MJ430-S and [SH]-MJ430-S composites. The exact weight 

content of sulfur in the composites was determined by TGA as shown in Figure 4.9. 

 

Figure 4.9. TGA of a series of [SH]-MJ430-S composites with an increasing weight percentage 

of the thiol modifier from 0% to 20%, controlled via reaction conditions. 

 

 The discharge/charge voltage profiles of MJ430-S and 20% SH-MJ430 cathodes at 0.05 C for the 

first 2 activation cycles and at 0.25 C for the following cycles (1C=1672 mA g-1) are shown in 

Figure 4.10. Initially, a sulfur loading of ~ 1 mg cm-2 was utilized to compare with reported work 

on Li-S batteries, most of which use very thin (< 2 mg cm-2) S electrodes.10,24,43,44 The voltage 

profile features of the electrodes reflect those expected of a Li-S system, consisting of two 

discharge plateaus at 2.4 V and 2.1 V.52 It is generally accepted that the upper plateau is related to 

a solid-liquid two phase conversion from elemental S8 to long-chain Li2S(8,6), while the lower is 
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associated with a transition from liquid to solid-phase species as soluble chains are reduced to 

insoluble discharge products, Li2S(2,1). In the initial charge process, the MJ430-S cathode shows 

an obvious overcharging behavior at 2.37 V, which is attributed to the occurrence of redox 

shuttling of dissolved LiPSs.53,54 Briefly, the dissolved LiPSs escaping from the cathode, are 

continuously reduced at the anode and oxidized at the cathode, shuttling back and forth between 

each event. This behavior is inhibited in the 20% SH-MJ430-S cathode indicating an efficient 

protection of LiPS diffusion from the cathode to the Li anode, due to the interactions of the SH 

modifiers with LiPSs. Figure 4.10b compares the corresponding long-term cycling performance 

of MJ430-S and 20% SH-MJ430-S cathodes. As expected, the modified cathode displays an 

obvious improvement in capacity retention. The capacity of the unmodified MJ430-S decreased 

from 812 to 486 mAh g-1 at 0.25 C (a capacity retention of 60%) after 300 cycles. Over the same 

number of cycles, the 20% SH-MJ430-S cathode shows a capacity retention of 89%, with the 

discharge capacity dropping from 838 to 745 mAh g-1. 

The enhanced capability of LiPS trapping in the 20% SH-MJ430-S cathode (1 mg S cm-2) due to 

our modified surface allows us to address critical concerns in developing high-S-loaded Li-S cells, 

providing an effective means to increase areal capacity of the resultant batteries. The thiol modifier 

could also enhance the electrolyte wettability of electrodes by creating a more polar electrode 

surface, which is equally beneficial for the high-sulfur-loading cathodes. This point is addressed 

in more detail later on. The electrochemical performance of MJ430-S and 20% SH-MJ430-S 

cathodes with a high sulfur loading of 4 mg cm-2 is evaluated in Figures 4.10c and 4.10d. In Figure 

4.10c, the thick MJ430-S and 20% SH-MJ430-S cathodes deliver higher discharge capacities than 

the thin electrodes in Figure 4.10a, due to the improved electrical conductivity of C-coated Al foil 

current collectors used in our high loading cells. More interestingly, the decreased coulombic 



 160 

efficiency of MJ430-S and 20% SH-MJ430-S cathodes (Figure 4.10d) suggests a severe 

dissolution of LiPSs in the thick cathodes. After 180 cycles, the MJ430-S cells show a poor cycling 

retention of 56% at 0.25C (556 mAh g-1, Figure 4.10d), whereas the capacity retention in the 20% 

SH-MJ430-S cells remains at 87% (865 mAh g-1, Figure 4.10d). We attribute the enhanced 

capacity retention of 20% SH-MJ430-S cells to the improved wettability and the restriction of 

LiPS dissolution in the modified cathode. 

The rate capability of MJ430-S and 20% SH-MJ430-S cells is exhibited in Figures 4.10e and 4.10f. 

The discharge capacities of 20% SH-MJ430-S at 0.05, 0.25, 0.5, 1, and 2C are 1121, 956, 811, 

537, and 270 mAh g-1, respectively. Upon close examination of the discharge curves of MJ430-S 

and 20% SH-MJ430-S cells, we can find an increased polarization in 20% SH-MJ430-S compared 

to MJ430-S especially for the second discharge plateau. This difference of the second discharge 

plateau is consistent with the distinction in the cyclic voltammogram of MJ430-S and 20% SH-

MJ430-S cells (Figure 4.11). After modification, a distinction is recognized that the second 

reduction peak (~ 2.05 V for the MJ430-S) becomes broad and is shifted to ~ 2.02 V, which 

indicates that the thiol interface plays a significant role on the reduction of soluble LiPSs. The 

mechanism by which LiPSs dissolve and disproportionate will be further explored in following 

sections. Furthermore, to investigate the relationship between the thiol modifiers and the resultant 

electrochemical overpotentials, the electrochemical performance of [SH]-MJ430-S cathodes 

([SH]= 0, 5, 10, 15, 20 wt% SH) is investigated in Figures 4.12a and 4.12b. A gradual reduction 

in overpotential was observed as the concentration of SH modifier decreases (Fig. S6b, ESI†), 

whereas 20wt% SH-MJ430-S still displays the highest discharge capacity after long-term cycling 

(Figure 4.12b). Moreover, the SEM images of cycled 20% SH-MJ430-S cathodes (Figure 4.13) 

show less pulverization of carbon particles upon repeated cycling, suggesting that the amorphous 
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surface film produced by our modifiers can also enhance the long-term mechanical integrity of the 

electrode. 

 

Figure 4.10. a) The discharge/charge voltage profiles of MJ430-S and 20% SH-MJ430-S 

electrodes based on a S loading of 1 mg cm-2 at the initial activation cycle (0.05 C) and the 10th 

cycle (0.25C) and (b) the corresponding cycling performance within the first 300 cycles. (c) The 
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discharge/charge voltage profiles and (d) the corresponding cycling performance of MJ430-S 

and 20% SH-MJ430-S electrodes based on a S loading of 4 mg cm-2. The discharge/charge 

voltage profiles of (e) MJ430-S and (f) 20% SH-MJ430-S electrodes at various rates 

 

Figure 4.11. CV of the Li-S cells using MJ430-S and 20% SH-MJ430-S cathodes at the seep rate 

of 0.02 mV s-1. 

 

Figure 4.12. (a) Charge/discharge voltage profiles and (b) cycling performance of [SH]-MJ430-S 

composite electrodes with thiol modifeier loadings of 0-20%. 
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Figure 4.13. SEM images of (a) MJ430-S and (b) 20% SH-MJ430-S cathode discharged to 1.9 V 

after long-term cycling. 

 

In the future, we will explore the surface modification of other highly sp2-hybridized carbons (e.g. 

CNTs) to provide an interconnected conductive scaffold, reduce polarization, and achieve higher 

energy densities in particular for the long-term cycle performance of Li-S batteries. In this work, 

however, considering the complexity of surface modification of CNTs and graphene as mentioned 

in the introduction, we adopt the mesoporous carbon matrix as the platform to isolate the additional 

effects of CNTs and graphene on the SH-modified cells, even though the mesoporous carbon 

matrix would compromise the overall cycling performance of Li-S batteries. 
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4.4.4 Spectroscopic Analysis of Interactions between Solvated Active 

Species and Electrode Surface 

 
Figure 4.14. a) 7Li MAS NMR spectra of Li2S8 solution interacting with the MJ430 and 20% 

SH-MJ430. (b) 7Li MAS NMR spectra of cathode materials with the MJ430-S and 20% SH-

MJ430-S from Li-S cells that are discharged to different voltages, with experimental data in solid 

lines, deconvolution peaks in dot lines, and the sum of deconvolution peaks in dash lines. High 

resolution S2p XPS spectra of (c) MJ430-S and (d) 20% SH-MJ430-S cathodes, obtained from 

Li-S cells discharged to 1.9 V after 100 cycles, where solid and dashed lines represent the high 

and low spin-orbit doublets, respectively.  EIS analysis of (e-f) MJ430-S and (g-h) 20% SH-

MJ430-S cells at different stages of discharge within 40 cycles. 

 

4.4.4.1 NMR and Contact Angle Analysis 

 
 
As discussed above, the improved capacity retention of MJ430-S cathodes with thiol modifiers is 

presumed to strongly correspond to the multifunctional interactions on the thiol surface, especially 

during the second discharge stage. To verify our postulated electrostatic interactions of the thiol 

groups with active materials, solid-state magic angle spinning (MAS) NMR was performed on 
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various samples to reveal the changes in the atomic environments. Here 7Li, 13C, and 19F NMR 

were collected on two sets of samples to probe the various possible interactions. In the first set, 

the 7Li spectra shows the interactions of MJ430/20% SH-MJ430 carbon with a concentrated Li2S8 

solution in DME. In Figure 4.14a, the spectra of both samples can be fit using two Lorentzian 

peaks. Here we assign the upfield resonance at -1 ppm to long chain Li2Sn (n = 6, 8), and the 

downfield resonance at around 0 ppm to its short chain byproducts Li2Sn (n = 2, 4) of the dynamic 

equilibrium in LiPS solutions.55 It has been both theoretically and experimentally documented that 

Li+ coordinated by the Lewis-basic donors results in a downfield shift of around 0.5 ppm.56 As 

such, the 0.5ppm shift observed in Figure 4.14a (from MJ430 to 20% SH-MJ430) was attributed 

to be the formation of electrostatic Li bonds between the terminal Li in LiPSs and the filled p-

orbitals of S from the thiol surface. This result suggests that our surface modifiers can interact with 

LiPSs in organic solvents even without applying an external bias to electrochemically drive 

disulfide bonding.  

To further understand the effect of a thiol surface on battery performance, our second set of 

samples are cathode materials from cycled cells discharged to different voltages (1.9 V and 2.1 V). 

All the samples are acquired without them being washed to capture both soluble and insoluble 

species. Figure 4.14b shows 7Li MAS NMR spectra after normalizing to the weight of active 

materials packed in rotors. While the resonances at 2.5 ppm and 1.2 ppm are attributed to solid 

Li2S and solid Li2Sn, respectively,57 the relatively broad peak at -1 ppm includes the signals from 

solution Li2Sn and LiTFSI that is confined on the carbon surface or inside the nanoscale pores.7 

19F signal at around -80 ppm and 13C signal at -121 ppm in Figure 4.15 both confirm the presence 

of confined LiTFSI solution.  
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Figure 4.15. 19F (left) and 13C (right) MAS NMR spectra of cathode materials with the MJ430-S 

(top two) and 20% SH-MJ430-S (bottom two) from Li-S batteries that are discharged to different 

voltages. 

 

The relatively sharp 7Li signal at around -1 ppm (Figure 4.14b) shown only in 20% SH-MJ430-S 

suggests the existence of mobile Li+ species surrounded by solvent molecules in the modified 

cathodes. As a result, the existence of mobile Li+ species implies that the surface modification 

improves integration of electrolyte into the cathode matrix, probably due to the dipole-dipole 

interaction of thiol groups with solvated Li+ and with polar molecules or moieties from the 

electrolyte. The improved wettability was further confirmed by the contact angle analysis in Figure 

4.16, which suggests stronger adhesion between the electrolyte and the 20% SH-MJ430-S than 

that at the electrolyte and the MJ430-S interface.  
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Figure 4.16. contact angle analysis of (a) MJ430-S and (b) 20% SH-MJ430-S cathode with 

LiTFSI-DOL/DME electrolyte, as well as (c) MJ430-S and (d) 20% SH-MJ430-S cathode with 

H2O. The photographs were obtained by dropping the same amount of electrolyte or H2O onto 

the MJ430-S/20% SH-MJ430-S electrode. The angle at the electrolyte/MJ430-S electrode 

interface is 24°, while that at the electrolyte/20% SH-MJ430-S electrode interface is 8°. This 

suggests stronger adhesion between the electrolyte and the 20% SH-MJ430-S than that at the 

electrolyte and the MJ430-S interface, which would significantly confine the LiTFSI-DOL/DME 

electrolyte with dissolved LiPSs inside the cathode. The different contact angle at the 

H2O/MJ430-S and H2O/20% SH-MJ430-S interface also verify the improved wettability of 

modified SH-MJ430-S cathode. 

 



 168 

This effect could lead to improved utilization of active materials during cycling, since better access 

to the electrolyte within pores would aid in solvation and confinement of solvated LiPSs. It is 

consistent with the integration area of each deconvolution peak in Figure 4.14b, which shows that 

the amount of LiPSs and LiTFSI increases by 50% in the modified electrode when discharged to 

2.1 V and these LiPSs are further reduced to solid Li2S at 1.9 V increasing the accumulation of 

Li2S. The downfield chemical shift at -1 ppm in the powder materials (Figure 4.14a) is not 

observed in the cycled cells (Figure 4.14b), perhaps due to the fact that Li+ is in great excess to the 

SH-thiol modifiers in the cycled cells (~ 1 Li+ to 0.1 SH). Therefore, the electrostatic Li bond does 

not contribute as significantly as in the powder materials where Li+ is comparable to the SH-thiol 

modifiers (~ 1 Li+ to 1.6 SH). 

4.4.4.2 XPS 

With strong evidence to support the reaction mechanisms through changes in Li+ environment, we 

utilized XPS to spectroscopically identify changes of sulfur speciation in cycled cathodes. 

Although S2p high-resolution analysis can determine the difference between S-S bonds (S0; 164eV) 

and S-Li+ bonds (S-1; 161eV),58 it cannot distinguish between physiosorbed and chemically 

anchored S species. Thus, to minimize convolution from non-surface bound sulfur species, cycled 

cathodes were thoroughly washed with DOL/DME to remove any soluble sulfur species, which 

presumably includes all polysulfides not bound to the surface. The comparative photoelectron 

spectra of modified and pristine cathodes are shown in Figures 4.14c and 4.14d. The successful 

removal of non-surface-bound sulfur species was confirmed by the unmodified cathode spectrum, 

Figure 4.14c. Only very minor photoelectron signals at 161 or 164 eV, which correspond to the 

tail and core sulfur species of LiPS, respectively, are detectable, indicating that virtually all free 

LiPSs has been removed. This is in contrast with the spectra in Figure 4.14d, which shows a large 
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signal for both states of sulfur, suggesting that despite thorough washing, LiPS chains remain 

tethered to the electrode surface with the thiol modifiers via covalent disulfide bonds. Further, the 

absence of Li2S (S-2; 160eV)59 from the washed electrodes lends support to our proposed bonding 

mechanism in scheme 1, where polysulfide chains are bound between phenylthiol and a Li+ tail. 

During repeated discharge/charge processes, the thiol modifiers are primarily regarded as thiolates 

(-S-) and thiyl radicals (-S•) in the electrochemical system.41 The oxidized species in both XPS 

samples were not studied the same extent; however, thiosulfate species have been documented to 

have binding energies of 167 eV, which agree nicely with the observed peak at 167.5 eV.58, 59  In 

these studies, Nazar et al. showed that the introduction of these species is reliant on cathode 

additives having a sufficiently positive oxidation potential, within the range of 2.4-3.05V vs Li/Li+. 

They found that graphene-oxide formed thiosulfate species, which may explain the observation of 

such species in Figure 4.14c. We speculate that this phenomenon is enhanced, based on the much 

larger intensity in Figure 4.14d, by the phenylthiol modifiers which also have a sufficient oxidation 

potential of ~3.1V vs Li/Li+.60 Lastly, we expect that the signal at 169.5 eV is from persistent 

LiTFSI.61 

4.4.4.3 Electrochemical Impedance Spectroscopy 

In our cells, we observe an additional rate-dependent overpotential in modified cathodes (Figures 

4.10a and 4.10c), which is indicative of a kinetic-limiting chemical reaction occurring as a result 

of thiol modification. To further discern this influence, EIS was performed on the cells 

with/without SH modifiers at different stages of discharge within 40 cycles. The Nyquist plots are 

shown in Figures 4.14e-h and Figures 4.17a-f. In order to obtain mechanistic insights from these 

plots, we fitted the impedance data using an electric equivalent circuit (EEC) and the element 

values derived from the EEC fit are summarized in Figures 4.17g and 4.17h. 
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Figure 4.17. EIS analysis of (a-c) MJ430-S and (d-f) 20% SH-MJ430-S cells at different stages 

of discharge within 40 cycles. Fitted values of (g) the interface resistance Ri and (h) the charge 

transfer resistance Rct of MJ430-S and 20% SH-MJ430-S cells at different voltage stages. The 

electric equivalent circuit (EEC) used to fit impedance data is an inset in (g). 

 

By comparing the plots of as prepared cells held at the open circuit (Figures 4.14e and 4.14g), we 

observed that the high-frequency interphase resistance (Ri) of 20% SH-MJ430-S cathode (Ri,fresh,SH 

=104.5 W) is three-fold higher than that of the cells with MJ430-S cathodes (Ri,fresh =31.8 W). The 

large increase in Ri,fresh after the modification is primarily ascribed to the reduced lithium diffusion 

in the thicker surface film produced by the modification. After two formation cycles, Ri of both 

MJ430-S and 20% SH-MJ430-S cells dramatically decreased, likely attributable to the 

redistribution of sulfur species on the surface of the carbon host, allowing for better interface 

contacts. In contrast, the mid-frequency charge transfer resistance (Rct) of 20% SH-MJ430-S 

cathode quickly increases (Rct,fresh,SH =17.7 W vs. Rct,2nd,SH = 49.4 W) and continues growing to 70-
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80 W in the following cycles, while Rct of the cell with MJ430-S cathode remains constant (~ 15 

W) upon cycling. The growth of Rct,SH is likely related to the kinetically limiting formation of 

covalent disulfide bonds with thiol modifiers. Additionally, we notice a ~ 10 Ω increase in Rct,SH 

when the 20% SH-MJ430-S cell is discharged from 2.1 to 1.9 V (Figure 4.14h). We hypothesized 

that the increased resistance at lower potentials may be caused in part by an increasing activation 

barrier for further reduction of polysulfide chains tethered to the surface. Therefore, we suggest 

that the kinetic limitation after the modification is partially due to the need to drive additional 

surface reactions (formation of disulfide bonding), and partially due to a thickening of the dynamic 

semi-solid layer of active material within cathode pores (a result of more, and stronger, interaction 

modes with LiPSs), which hinders Li+ diffusion within the carbon matrix. 

4.5 CONCLUSIONS 

In summary, the utility of a thiol-based, multifunctional, redox-active interface has been 

demonstrated for LiPS trapping and improved electrolyte wetting in C/S composite electrodes for 

Li-S batteries. This was achieved through a highly flexible synthetic method which grafts organic 

molecules onto the surface of conductive carbon host materials, allowing for variability in both 

desired functionality and degree of functionalization. In this study, we showed that thiol surfaces 

can interact with solvated active materials in multiple ways, including covalent interactions and 

electrostatic lithium bonding. Although the surface interaction increased the Rct,SH and cell 

overpotential, these side-effects can be balanced by fine-tuning the modifier concentration. We 

will plan to explore the potential of altering the molecular structure of modifiers to improve 

reaction kinetics with LiPSs in future studies. For example, since forming additional covalent 

disulfide bonds has been identified as the rate-limiting step during redox reactions, a dithiol 

molecular functionalization could be considered to address the issue, as several dithiols have been 
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reported to catalyst the reduction of polysulfides in chemical or biochemical systems.35,42 

Additionally, the polar, nucleophilic surface introduced by thiol modifiers allowed for a better 

wetting of the electrode surface by the electrolytes due to the dipole-dipole interaction of thiol 

groups with Li+ from the electrolyte. This improved wettability allowed for better sulfur utilization 

in high loading (4 mg cm-2) cells while maintaining the tethering of solvated LiPSs to the cathode 

surface. The thick cells were discharged at a relatively low rate to prevent the tremendous problems 

of Li anode during cycling at elevated discharge/charge current densities, including dendrite 

formation, pulverization, and solid electrolyte interphase buildup.16 Future work associated with 

the Li-metal anode will be pursued to allow high discharge/charge current densities for high-sulfur-

loading cells. In this work, the realization of multiple performance enhancements from a single 

functional group suggests the possibility of further rational molecular design of cathode systems 

based on small molecule interfaces. 
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