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Abstract

The Role of Ensembles in Metal Phosphide
Electrocatalysis for Modulating
Nitrate Electroreduction Behavior

Emily Nishiwaki

Chair of the Supervisory Committee:
Brandi Cossairt
Chemistry

Transition metal phosphides (TMPs) are an exciting class of electrocatalytic materials due to
their active site ensembles, i.e., the surface charge distribution and variety of adsorption sites.
While the importance of surface ensembles has been thoroughly investigated for HER and COq
electroreduction, the mechanism and performance of NisP for the electroreduction of NO3~ to NHj3
remains understudied. In this work, we prepared 5nm NisP nanocrystals using a heat-up colloidal
synthesis and demonstrate a 100% Faradaic efficiency for NO3 ™~ reduction over HER at —0.4V vs.
RHE in neutral, buffered conditions. NHj selectivity is maximized (> 80% FE) at —0.2'V vs. RHE,
where phosphate is the hydrogen source for the hydrogenation of NO* intermediates. Our rate
order analysis and DFT calculations support a sequential deoxygenation-hydrogenation pathway of
NOj3  to NHjs that involves competitive co-adsorption of H* and NO4* intermediates. Encouraged
by the positive impact of active site ensembles on NisP nanocrystals for NO3~ electroreduction
behavior, we explored methods to modify the ensembles via nanocrystal doping. To that end, we
prepared a series of NipyMyP nanocrystals (M = Cu, Co) using a two step, post-synthetic cation
exchange method and evaluated them as NO3 ™~ electroreduction catalysts. We observed that cobalt-
doped NiyP nanocrystals are able to suppress HER to less than 10% Faradaic Efficiency in favor of
NHj3 production (> 80% FE). In contrast, copper-doped NigP nanocrystals favor HER and NOg ™ ;
Hy Faradaic efficiency increases from 0 to 60% and correspondingly, NHjs selectivity decreases by

60% at —0.4V vs. RHE. We rationalize the selectivity trends based on the relative H-binding



strengths of these dopants, where copper introduces more weakly-bound hydrogens on the surface
and inhibits NH3 formation. Conversely, cobalt introduces strongly-bound hydrogens on the surface
that enables hydrogenation of reaction intermediates to form NHs. These works demonstrate the
importance of active site ensembles in the development of earth-abundant, selective catalysts for

NO3~ electroreduction to NH3 and beyond with other electrosynthetic reactions.
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Chapter 1
INTRODUCTION TO METAL PHOSPHIDE ELECTROCATALYSIS

Figure 1.1: A transition metal phosphide surface, which has distribution of e* density and affinity

for hydrogen, can be leveraged to control reaction selectivity.

Portions of this chapter are adapted with permission from: Kuo, D.-Y., Nishiwaki, E., Cossairt, B.

M., et al. ACS Catalysis, 2023, 13, 1, 287-295. [2]

1.1 What is Electrocatalysis?

Electrocatalysis is the use of electricity to make and break chemical bonds (Fig. 1.2). It is the
foundation of renewable clean energy conversion and storage technologies, such as fuel cells and
batteries, that are being development as alternatives to fossil fuel combustion. In these devices,
chemical energy stored in the bonds of molecules (e.g, Ha, HoO, and O3) is converted to electrical
energy (or vice versa), via oxidation and reduction reactions. [3]

Electrocatalytic chemical transformations can also be utilized to synthesize commodity chem-

icals. This idea is not new; the idea of electrosynthesis of ammonia dates back to the 1980s. [4]


https://doi.org/10.1021/acscatal.2c04936
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Figure 1.2: An overview of a few key applications of electrocatalysis.

Traditionally, commodity chemicals (e.g. ethylene, methanol, ammonia) are synthesized with high
temperatures or pressures via heterogeneous catalysis. [5] However, with the chemical industry ac-
counting for ~30% of industrial energy consumption, depleting finite natural resources to generate
heat, and ultimately contributing to ~20% of global greenhouse gas emissions, it is becoming more
critical than ever to find alternative methods of chemical production. [6] In contrast to thermal
catalysis, electrocatalysis uses electricity, rather than heat, to tune the potential of the catalyst
surface to selectively synthesize compounds under mild reaction conditions, which mitigates the

emission of large amounts of COy and makes it a cleaner alternative for chemical synthesis. [7, 8]
1.2 Introduction to a heterogeneous catalyst

Endergonic electrochemical transformations generally require catalysts to facilitate more facile re-
action kinetics. Heterogeneous electrocatalysts are solid materials that adsorb various reaction

intermediates onto active sites, which can react with each other to form the final chemical product.



The activity of these sites, or the thermodynamics of the surface, can be influenced by the tuning of
chemical composition, the geometry of the catalyst, and more. [3,9] Effectively designing a selective
catalyst surface for a certain reaction is a difficult art of tailoring a surface’s coverage of reaction
intermediates. Paul Sabatier and Linus Pauling’s seminal works from more than 70 years ago still

govern modern-day ideology of catalyst design: [10,11]

1) The adsorbent should neither be adsorbed too strongly nor too weakly.

2) The catalyst must bind the transition state more tightly than the substrate.

These principles will be discussed in the context of transition metal phosphide (TMP) electro-
catalysts. To effectively design TMP electrocatalysts, we can draw inspiration from both thermal
and electrocatalytic TMP literature, due to the similarities in reaction mechanism and binding
modes of intermediates. [12—-14]

Nanomaterials are of interest as heterogeneous (electro)catalysts because of their enhanced
activity compared to bulk materials and overall economic viability due to their high surface area to
volume ratio. Furthermore, by modifying the synthetic reaction conditions, the nanomaterial size,
which controls the number of low-coordinated sites, and shape, which influences the faceting of the
surface, can be tuned. [15-17] The systematic tuning of nanoparticle morphology can access more
favorable surface binding for a reaction and enhance catalytic activity. [18] Beyond the particle
itself, the surfaces of a nanomaterial can be passivated with ligands, which can be leveraged to
alter reactant binding energetics as well. [19]

The synthesis of TMP nanocrystals has been well studied and their efficacy as (electro)catalysts
is evident. [1,20-23] In this chapter, we will thoroughly discuss the origin of TMP nanocrystal

catalytic activity and the implications for the future of TMP electrocatalyst design.
1.3 DMetal phosphides: a complex catalyst surface

Transition metal phosphides such as nickel phosphide, cobalt phosphide, and molybdenum phos-
phide, have been historically used as hydroprocessing catalysts in the petroleum industry, enabling

critical hydrodenitrogenation (HDN) and hydrodesulfurization (HDS) reactions. [24-28] Over the



past two decades, TMPs have been attracting extensive attention for applications in energy conver-
sion, [29,30] due to their exceptional activity for the hydrogen evolution reaction (HER). [31-34]

The origin of NioP’s exceptional HER activity is its structural complexity of TMP surfaces,
which introduces several H adsorption sites with varying hydrogen binding energies (AGyx). [35]
The various stoichiometries and structures of TMPs range from metal-rich (e.g., NizP), [36] equal
amounts of metal and phosphorus (e.g., CoP), to P-rich (e.g., NiP3), [37] which are made possible
by the highly covalent nature of metal-P bonds. [20] In addition, the crystal structures themselves
vary significantly, often with multiple distinct metal and/or P sites within a unit cell [38]. These
complex structures make analysis of TMP materials difficult and result in a large range of potential
surfaces with a distribution of adsorption sites for substrates in catalysis. Figure 1.3 demonstrates
the diversity of compositions, surfaces, and adsorption sites in the Ni—P system. Here, we see that
at least three different binding motifs are available on a single surface of NisP, which is also only
one stoichiometry of Ni-P among a variety of different structures. This contrasts with transition
metals whose structures have a tendency to be either body-centered cubic (BCC), hexagonal close-
packed (HCP), or face-centered cubic (FCC) with predominantly low-index surfaces that are much
simpler than those found on TMPs. These simpler surfaces typically have single adsorption sites
that dominate activity, allowing for structure—activity relationships to be readily drawn.

The aforementioned structural complexity is an obvious, key difference between metals and
TMPs: i.e., the relative heterogeneity of the individual surface sites. Li et al. showed that a
metal surface such as Pt(111) only has a few types of adsorption sites that have similar computed
AGyxs. [39] This finding suggests that a single value of AGy+ can represent (or approximate) the
formation energy of all adsorbed hydrogen (H*), including the active intermediates in catalysis.
In contrast, TMP surfaces have a more diverse array of H adsorption sites (metal-metal bridge
sites, metal hollow sites, P atoms, etc.). [35,36,39-41] Therefore, unlike on metal surfaces, HER on
TMPs usually involves two H*s with different AGg+s. For example, Liu et al. demonstrated that
hydrogen is first adsorbed at the Nis-hollow site (AGyx = —0.54¢eV) and then is adsorbed at the
Ni—P bridge site (AGg+ = 0.09¢eV). Their computational result suggested that the incorporation of
P weakens the adsorption energy of a second hydrogen and favors the desorption of an Hy molecule
on NigP(0001). [35] Similarly, Hansen et al. found that the favorable pathway of HER on multiple

facets of NigP involves a second H* with a weaker AGyx. [41] Different stoichiometries of TMPs



Ni,P facets

[eLy Ni,P(0001)

adsorption sites
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Figure 1.3: Complex structure of TMPs: the case of nickel phosphide. (Left panel) Structures
of nickel phosphides with various Ni/P stoichiometries. (Middle panel) Representative low-index

facets of NigP. (Right panel) Representative H adsorption sites on the 0001 facet of NigP.



also have differing dominant H adsorption sites; e.g., NigP mainly adsorbs H via P-sites while NiyP
adsorbs H mainly on Nis-hollow sites. This demonstrates that determining the active site(s) for
HER for a specific TMP is nontrivial and, overall, suggests that the energetics of HER on TMP
surfaces cannot be described by a single value of AGys+, in contrast to metal surfaces. [35,37]

We note that transition-metal catalysts used in applications such as fuel cells usually are
nanoparticles with multiple facets, various step edges, and defects. These features increase the
adsorption site diversity that affects the AGyx on transition-metal surfaces. [42,43] In addition,
the presence of adsorbates may induce surface reconstruction and affect the AGy+ due to adsor-
bate interactions. [44] This complexity associated with catalyst morphology and surface adsorbate
interactions suggests that caution needs to be exercised in applying AGg+ to rationalize activity

trends for HER on transition-metal nanoparticles as well.

1.4 Challenges in TMP Catalyst Design

Electrocatalyst design is often based on the Sabatier principle, which states that the key reaction
intermediate should not be bound too strongly nor too weakly. [9] Despite the diversity in H
adsorption sites, a single value of AGg+ has been frequently used to rationalize the HER activity
trend on TMPs. [31] To measure AGys+, there are several theoretical and experimental methods

are employed, which are discussed below.

1.4.1 Theoretical A G+ Calculations

First-principles calculation has been the primary method to estimate the AGg+ and energetics of
intermediates in the HER. [45,46] Briefly, the AGy* at a specific adsorption site on a given surface
(often the most stable facet) is calculated and the value is used to represent the energy of the Hyqs
intermediate on the catalyst. However, it is not straightforward to access a single AGy+ on TMP
surfaces that is representative for catalysis due to the structural complexity. For example, the dom-
inant facet of NigP nanoparticles is size-dependent. Papawassiliou et al. found that (0001) surfaces
dominate on NigP ultrasmall nanoparticles (4 nm in diameter), but (1010) surfaces dominate with
larger nanoparticles (12nm in diameter). [47] Even on the same facet (i.e., NipP(0001)), there are
multiple possible surface terminations (e.g., NigPo and NigP terminations). [47,48] In Figure 2,

we summarize the computed AGy+ on NigP(0001) [20,31,35,41,48-51] and CoP(101) [31,52-54]
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Figure 1.4: Hydrogen binding energy on NisP(0001) and CoP(101) from DFT calculations.

surfaces from reported values in the literature. The calculated AGy+ at the Nig hollow site on the
NipP(0001) surface ranges from 0.137eV to —0.543eV. The calculated AGy+ at the Co-bridge site
ranges from 0.38eV to —0.43eV. This huge range may be due to the choice of functional, the slab
structure, and the surface coverage used in the computation. Because of the large spread of the
AGy*, justification of the choice of computation slab structure and validation from experimental
results are recommended. In addition, the variety of different adsorption sites on TMP surfaces
can further complicate the determination of AGyx. Figure 1.4 shows that Ni-P bridge sites and
P top sites both show some distribution in AGpg+ such that there is overlap among these different
adsorption sites. Consequently, an approach embracing the often overlooked complexity of TMP
surfaces and the diversity of surface adsorption sites can help us to better understand key active
sites and energies for the adsorption of H. Such approaches would be comparable to those used for
high-entropy alloys where a distribution of adsorption energy at various sites are commonly used

to understand the surface active sites. [55]



1.4.2  Ezxperimental AGy+ Calculation Methods

Here, we summarize three existing methods to measure (or estimate) the AGy+ experimentally and

their limitations to accessing AGy+ on TMP surfaces.

Hy Temperature-Programmed Desorption (Hp-TPD).

Ho-TPD has been used to monitor hydrogen desorption processes at the gas/solid interface. [56-59]
The activation energy of desorption is governed by the Polanyi—-Wigner equation. Trends derived
from TPD measurements have been used to describe trends in AGyx. [60] Besides metal surfaces,
Ho-TPD has been used to investigate the influence of P coverage on Ni(100) surfaces, where the
incorporation of P reduces the AGyx of Ni. [59] Ho-TPD has also been used to study the interaction
between H species and TMPs (i.e., NigP, CoP) supported on silica, [61,62] where HDS and HDN
activities were attributed to the presence of strongly bound H. [56,63] However, deconvolution
of the Ho-TPD spectrum requires consideration of the delicate interplay of processes and a solid

fundamental understanding based on well-defined surfaces.

Cyclic Voltammetry (CV).

CV has been a common technique for accessing AGy+ on precious metals. [64, 65] It measures
the free energy of electrochemical H formation on the surfaces, also known as underpotential H
deposition. It is a surface-limited process, and the catalyst—H interaction needs to be stronger
than the bond dissociation free energy of gas-phase Hy. This approach has been used to measure
the AGyx+ and explain the pH dependency of HER/HOR activity on noble metal surfaces. [66,67]
Underpotential deposition of H has been observed on RhoP using CV as well. [30] However, to the
best of our knowledge, no direct H adsorption process has been observed on Earth-abundant TMPs
using CV. While underpotential deposition of Cu has been observed and used to estimate the active
surface area for HER on cobalt phosphide, [68] the reason why there has been no observation of H
underpotential deposition on TMPs remains unclear. The low coverage of H on these surfaces may

be a factor.



Chemical Reactivity with Hydrogen Atom Transfer (HAT) Reagents.

The AGy+ can also be estimated by studying the reactivity of a catalyst with a library of HAT
reagents. [69] Delley et al. used this method to determine the hydrogen bond dissociation free
energy (H-BDFE), which is equivalent to AGg+, on CoP nanocrystal surfaces. They found that
the AGyx on CoP ranges from 51 kcal/mol (—0.078 V) to 66 kcal/mol (0.574eV). The AGyx on
a catalyst surface is determined by comparison to the H-BDFE of the HAT reagents, which are
well-documented. [70] If the AGy+ on the catalyst surface is stronger than the H-BDFE of the HAT
reagent, the H in the HAT reagent will be transferred to the catalyst surface, whereas no H atom
transfer occurs if the AGy* is weaker. The AGgx in units of eV can be obtained by subtracting
the H-BDFE of Hy per H atom (52.8 kcal/mol in HpO) [70] from H-BDFE in units of kcal/mol and
dividing it by 23. Chemical reactivity with HAT reagents seems to be a viable method to show the
range of AGg+ on TMP nanoparticle surfaces. However, this method reveals the average AGp«

across adsorption sites rather than the AGgx for the active intermediate of interest.

To accurately access and interpret the AGp+ experimentally requires materials with well-defined
surfaces, which is rare for TMPs, because their nanoparticles are typically multifaceted and spheri-
cal. [71,72] This makes fundamental experimental studies and comparison to computational studies
difficult. We believe that measurements on nanoparticles with well-defined facets will be a path
forward to reveal the range of AGy+ on a given TMP surface and bridge computational and ex-
perimental results. This will require new synthetic methods to access monodisperse nanoparticles
with well-defined facets, which, in turn, requires a detailed understanding of precursor and surface
chemistry.

Given the difficulties in using theoretical calculations to simulate actual catalyst surfaces and
experimental methods requiring well-defined surfaces to extract site-specific AGy+s, we want to
emphasize the limitations these methods as guiding principles for HER catalyst design. We believe
that measurements on TMP nanomaterials with well-defined facets will be a path forward to reveal
the range of AGyx on a given TMP surface and bridge computational and experimental results.
This will require new synthetic methods to access monodisperse nanoparticles with well-defined

facets, which, in turn, requires a detailed understanding of precursor and surface chemistry.
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Figure 1.5: Schematic that shows the role of strongly bound H in hydrogenation reactions vs HOR.
Gray, purple, and white spheres represent Ni, P, and H atoms, respectively. A~ is a strong H

acceptor.
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However, the challenges in using AGy« as a descriptor for TMP HER catalyst design raise ideas
about the origin of a TMP material’s inconsistent ability to catalyze HOR. Despite their remarkable
HER activity, Parra-Puerto et al. showed that Earth-abundant TMPs supported on Vulcan carbon
are inactive for HOR using a rotating disk electrode (RDE) setup. [73] This finding contrasts
with the observation of correlation between HER and HOR on noble metal surfaces. [?,74,75] We
attribute the poor HOR activity on TMP surfaces to HER and HOR not sharing the same key
intermediate. In other words, the H* in the rate-limiting step is adsorbed at different sites in the
two reactions. Previous computational studies suggested that the presence of H with a weaker
AGgx on TMP surfaces (usually adsorbed at the metal-P bridge site) is the key for their HER
activity. [35,41, 48] However, the rate of HOR is more likely limited by desorption of the strongly
bound H (usually adsorbed at the metal site), and its AGg* is often overlooked. Because the
key intermediate binds to different adsorption sites, we believe that a single value of AGyx is not
sufficient to explain HER and HOR activity trends.

We can take this idea further and apply it to rationalize TMP activity for hydrogenation reac-
tions. Although the strongly bound H inactivates a TMP surface for the HOR, it can still serve as a
source of H in hydrogenation reactions. One key example of this is with the thermal hydrogenation
of NO3~ to NHj3. Wei et al. observed that NioP can facilitate the hydrogenation of nitrate to
ammonia under mild temperature conditions. Interestingly, they also found that NisP annealed
under Hs can still hydrogenate nitrate in an inert atmosphere, implying the presence of H* on the
surface of NigP after annealing. [76] This empirical evidence suggests that Hy can dissociate and
form H* on the NiyP surface, and the H-BDFE of ceNi2P is stronger than the H-BDFE of a Hs
molecule (52.8 kcal/mol). [70] We believe that this H is absorbed at a stronger binding site (e.g.,
the Nig hollow site). This hydrogen can be transferred to a substrate with a higher H-BDFE such
as nitrate. The redox potential of nitrate to ammonia at pH 0 is 0.88 V vs. SHE, which suggests
a strong tendency to accept H* from NisP. The regenerated empty site can participate in Hs
dissociation, turning over the catalytic reaction. In contrast, without the H acceptor (e.g., nitrate),
the stronger binding site will be “poisoned” by H* and the reaction will not turn over. This could
be the reason why TMPs are active for hydrogenation reactions but inactive for HOR. There are
several examples of TMP-catalyzed hydrogenation reactions, which will be discussed in the next

section.
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1.5 The role of adsorption site diversity in reactions beyond HER

Metal phosphides have been extensively demonstrated as (electro)catalysts for more complex, multi-
electron (electro)catalytic reactions. Based on our survey of the literature, we postulate that the
presence of a diversity of surface sites is key in catalyzing these chemical transformations. These
surfaces can create local active site motifs that allow groups of adsorbed intermediates to readily
react with each other. Understanding the impacts of these motifs is crucial for more complex
chemical reactions whose mechanisms cannot solely be described by the binding of H. Specifically,
we believe that the diversity in adsorption sites on TMPs is advantageous for complex thermal
(e.g., COq transformations, [77-82] transfer hydrogenation, [83—-85] nitrate hydrogenation, [76] and
HDS [86]), electrochemical (e.g., CO2 reduction [87-90] and NO3~ reduction [91,92]), and photo-
chemical reactions. [93-95] Below we discuss 3 examples of thermal and electrocatalytic reactions

that experimentally demonstrate the key role of adsorption site diversity on TMP catalysts.

1.5.1 Thermal hydrodesulfurization

HDS of thiophenes has been demonstrated with MoP /SiOy,which is almost four times more active
than Mo/SiO2. [96] NigP on various SiOy supports has demonstrated higher activity,compared to
a commercial Ni-based catalyst for HDS. [28] Theoretical work postulated that phosphorus plays
a key role in TMP-catalyzed HDS. A DFT study by Liu et al. has claimed that the combination
of Ni and P sites avoids surface deactivation by strongly bound sulfur. For example, incorporation
of phosphorus creates a Ni—P bridge site, where HoS desorption becomes more favorable by 0.7 eV,
compared to when S is bound to a Niz—hollow site. [86] More recent work on NiyP-catalyzed HDS has
proposed that a phosphosulfide phase on the (1010)—NigP-terminated surfaces may be responsible
for the high activity of NigP for HDS. This facet has reduced S-poisoning due to surface phosphorus

and sulfur substitution and optimized Niz—site geometry that alter binding energetics. [26]

1.5.2 Reverse water gas shift reaction

DFT studies on the NigP- and MoP-catalyzed reverse water gas shift (RWGS) reaction have at-
tributed the ability of these catalysts to favorable dissociation of Hy on these surfaces. [97] Similar

to HDS, we believe it is necessary to think about the role of phosphorus and how it impacts the ad-
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sorption of other intermediates (i.e., COz). Cui et. al. used TPD to measure the affinity of Hy and
COq, for catalyst surfaces. They attributed NisP’s weaker affinity for CO5 and stronger affinity for
Hgy,compared to that of Ni, as the source of higher selectivity for CO over methane. [78] Zhang et al.
showed that NigP/SiOy can achieve 90% CO selectivity from 300-750 °C, [98] corroborating the
results seen by Cui et al. These studies demonstrate the advantage of a diversity in adsorption
sites for catalyzing more complex thermal reactions that require the adsorption of intermediates

with different binding strengths.

1.5.8 Electrochemical COgy reduction

Considering intermediates other than H* is important in electrochemical COq reduction as well,
where a common theory is that a binary surface creates local hydride sources for facile CO2 hydro-
genation. [99] This concept has been used to rationalize electrochemical COy reduction on nickel
and iron phosphides, where experimental studies have shown that the application of low overpoten-
tials can mitigate HER and direct selectivity toward multicarbon and oxygenated products. [87,90]
DFT studies on NigP have claimed that,compared to bare metal surfaces, the binary surface of
a TMP can facilitate CO2 hydrogenation by promoting migration of H* to Ni sites with weaker
AGy*s. Additionally, the presence ofa multitude of H adsorption sites results in exergonic C-C
coupling via - HoCO self-condensation, which drives selectivity toward multicarbon and oxygenated
products instead of Ha. [99] The complexity of TMP surfaces is a tuning knob for CO4 reduction re-
action selectivity that distinguishes them from monometallic materials. We note that other factors,
such as Ni:P ratio and the identity of the catalyst support can also playa role in reaction kinetics,
mainly by modulating surface energetics. [93,98] However, we believe that the role of local active

site motifs present on TMP surfaces is crucial when considering their (electro)catalytic behavior.

1.6 Motivating the study of NOj3™ electroreduction

We chose to study NOj3~ electroreduction catalyzed by NisP nanocrystals due to literature prece-
dent that demonstrated that NigP can thermally catalyze NO3~ hydrogenation fo NHs. [76] We
propose that analogous to previous studies on nickel phosphide-catalyzed COs electroreduction, the
mechanism of NOj3~ electroreduction will rely on the local co-adsorption of a nitrogenous species

(NOy) and H* to generate ammonia (Fig. 1.6).
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Figure 1.6: A proposed mechanism of NOj3  electroreduction on a NisP surface that demonstrates

the critical role of co-adsorption.

Practically, ammonia is an essential fertilizer that supports global food demands and is in-
dustrially produced via the Haber-Bosch process (No + 3Hs — 2NHj), which combines gaseous
nitrogen and hydrogen at high temperatures and pressures with an iron-based heterogeneous cata-
lyst. [100] However, the enormous scale of ammonia production and deployment has disrupted the
nitrogen cycle. Imbalances of NO3 ™~ in wastewater and extraneous nitrous oxides emitted into the
atmosphere from burning fossil fuels for Ho production have resulted in ecosystem destruction and
climate change. [101,102] Anthropogenic disturbances to the nitrogen cycle motivate alternative
ammonia generation methods that do not exacerbate these imbalances. One alternative is the the
electroreduction of NO3 ™, which can upcycle NO3~ to NHs and assist in restoring balance to the
N cycle. [103]

Interestingly, a cost analysis using a Ru-based catalyst estimates that NOs~ electroreduction
to NH3 would only be $200 more expensive than the Haber-Bosch process, demonstrating the
viability of this reaction on an industrial scale. However, there are numerous practical challenges
of NO3~ electroreduction, such as the acquisition of sufficiently concentrated NO3 -contaminated
wastewater, the separation of NHs from water streams, and the large amounts of Ho produced as a
side product and reducing the overall efficiency of the process. While these challenges have yet to be
resolved, the potential for sustainable ammonia synthesis without the use of fossil fuels is enticing.
Furthermore, this method opens up the potential for smaller scale, decentralized ammonia synthesis,

which can provide easier access to ammonia-based fertilizers in developing countries. [103,104]
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Beyond the engineering challenges in commercializing this process, there is a lack of cost-
effective, earth-abundant catalysts that can compete with the industrial Haber-Bosch process.
Therefore, we aptly chose to investigate whether TMP nanomaterials are potential catalysts for
NOs3 ™ electroreduction. By doing so, we sought to bridge knowledge from thermal and electrocatal-
ysis literature to 1) evaluate the role of active site ensembles in this reaction and 2) demonstrate

the catalytic abilities of TMPs for this reaction.
1.7 Conclusions

We have discussed the influence of adsorption site diversity and inherent in the structural complexity
of TMPs on catalysis. The array of adsorption sites with a wide range in AGy+ creates a more
energetically favorable pathway for HER on TMP surfaces; however, it challenges whether a single
value of AGy+ can describe an activity trend. We argue that a single value of AGy+ is not
sufficient to rationalize HER and HOR activity trends, because hydrogen may adsorb at different
sites. The diversity of adsorption sites also introduces challenges in bridging computational and
experimental results, because of large discrepancies in calculated TMP AGpg+ values and difficulties
in characterizing the surface of a catalyst. Most importantly, the diversity of sites present on TMP
surfaces is crucial in understanding mechanisms of more complex reactions involving hydrogen,
such as COy or NO3 ™~ reduction. The number of literature reports that attribute catalytic activity
to phosphorus creating local active site motifs that simultaneously adsorb different intermediates
indicates the applicability of these concepts across a wide variety of TMP catalysts. Experimentally,
we posit that controlled synthetic design of TMP-based materials with desirable active site motifs
can move us closer to designing and understanding the origin of activity for various electrocatalytic
reactions. We believe that such efforts to develop a systematic understanding of the role that a

diversity of sites plays in complex reactions is critical to advancing catalyst design.
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Chapter 2

AN IN-DEPTH STUDY ON Ni,P’S ELECTROCATALYSTS FOR NOj;~
ELECTROREDUCTION

This chapter is adapted from: Nishiwaki, E., Cossairt, B. M., et al. NioP Active Site Ensembles
Tune Electrocatalytic Nitrate Reduction Selectivity. Chemical Communications, 2024, 60, 6941-
6944. [105]

Figure 2.1: NigP nanocrystals are electrocatalysts for aqueous NO3 ™~ electroreduction. The reaction

mechanism involves the co-adsorption of intermediates and leverages NisP active site ensembles.

2.1 Introduction

As discussed thoroughly in Chapter 1, metal phosphides are known to have active site ensembles

of adjacent strongly and weakly H-binding sites. [106] On these surfaces, strongly bound H can
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hydrogenate NOy*, which can bind on a vacated site that only weakly adsorbs hydrogen. [2] Den-
sity functional theory (DFT) calculations have suggested that active site ensembles of strongly
and weakly binding hydrogen sites are responsible for NioP’s HER activity. [32,35,107,108] The
importance of these ensembles has also been realized in more complex electrocatalytic reactions
such as COs electroreduction, where several metal phosphides have demonstrated the ability to
form oxygenated hydrocarbons. [87,90,99,109,110] The binary surfaces of metal phosphides result
in an increased number of unique surface sites and a distribution of adsorbate-binding energetics,
which enhance their ability to co-adsorb different species.

We sought to extend these principles and investigate NisP’s as an electrocatalyst for NOg~
electroreduction. State-of-the-art catalysts for this reaction include noble metals, [111-115] while
current electrocatalyst design research focuses on using earth-abundant metals to achieve similar
current densities. [116-118] Several studies have proposed a NOjs~ electroreduction mechanism
that involves the co-adsorption of hydrogen (H*) and nitrogenous species (NOy*) and the sequential
deoxygenation-hydrogenation to convert NO3~ to NHj3 on transition metal surfaces. [119-121] TMP-
catalyed NOj3~ electroreduction has been demonstrated with numerous types of nanomaterials,
which justifies the need for a more thorough mechanistic investigation with these materials. [92,
122-129]

Thermal NO3~ hydrogenation studies with NigP and Ni nanocrystals showed NizP’s near unity
selectivity toward NH3 under mild conditions, while Ni nanocrystals had almost no conversion of
NOg3 . [76] This confirms the importance of a multi-elemental catalyst and motivates the investiga-
tion of nickel phosphide materials as electrocatalysts for NO3 ™~ electroreduction. Although previous
theoretical work on NigP electrocatalysts for NO3 ™~ electroreduction has highlighted the critical role
of NigP’s ability to co-adsorb NO3 ™ and H, [125,128] corroborating experimental data has not yet
been reported.

In this study, we investigate the nitrate electroreduction behavior of NigP nanocrystals as a
case study to elucidate the role of metal phosphide active site ensembles on NO3 ™~ electroreduction
behavior. Our rate order analysis suggests a mechanism with competitive adsorption, which we
use to understand the selectivity of NigP for nitrate electroreduction over a range of reductive

potentials.



18

2.2 Catalyst preparation

2.2.1 Synthesis and characterization of NigP nanocrystals

1) Degas 120 °C, 1hr, oleylamine 1) P(NEt,);, 4.0 equiv.

NiCl, -+ Ni,P-oleylamine

2)50 °C, N, 2) 250 °C, 1hr, N,

Figure 2.2: Reaction scheme for the synthesis of oleylamine-capped NigP nanocrystals. P(NEtg)s3

= tris(diethylamino)phosphine.

NiCl, and tris(diethylamino)phosphine were used as received. Oleylamine (70%, technical
grade) was purified via vacuum distillation. All reagents were dried and kept under inert con-
ditions. NisP nanocrystals were synthesized with a Schlenk line under inert conditions according
to previous methods developed in our lab. [1,20] 5.46 mmol of NiCly (1 eq.) and 109.5 mmol of oley-
lamine (21 eq.) were degassed at 120 °C for 60 minutes. The temperature was lowered to 50 °C and
21.6 mmol of tris(diethylamino)phosphine (4 eq.) was injected. The temperature was ramped to
250 °C and was held for 60 minutes. The nanoparticles were purified via centrifugation in the glove
box with a pentane/IPA mixture (4x, 7830 rpm, 10 minutes each spin) and toluene/acetonitrile
mixture (1x, 7830 rpm, 10 minutes).

X-ray diffraction (XRD) and transmission electron microscopy (TEM) measurements show

monodisperse, 5.4 £+ 0.8 nm nanocrystals.

2.3 Catalyst ink preparation

* 0.3
samplemass = massve * 22 (2.1)
massfrac

NisP nanocrystals were deposited onto Vulcan carbon (NigP/C) to prevent aggregation dur-
ing annealing. Previously reported methods were used with modifications. [130] 30 wt% of Ni2P
(excluding ligand mass) was deposited onto Vulcan carbon. For the deposition, 100 mg of Vulcan

carbon was dried in a 100 mL Schlenk flask at 100 °C overnight. Vulcan carbon was transferred into
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— Ni:P ref PDF 04-003-1863
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Figure 2.3: a) XRD and b) TEM images of NisP nanocrystals (5.4 £ 0.8 nm) capped by oleylamine
ligands. The reported size is the diameter of the particles. The diameter of 200+ particles were
measured in two orthogonal directions for each particle (400+ total measurements). The measure-

ments were averaged and the “4” indicates the standard deviation.

a) | — NiPIC (30 wit)
—— Ni>P/C ref PDF 04-003-1863

Figure 2.4: a) XRD and b) TEM images of NisP nanocrystals deposited on Vulcan carbon and

annealed (NigP/C).
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Figure 2.5: A sample FFT image of a NigP nanocrystal. Measurements of a sample of nanocrystals
showed a predominant lattice spacing of 0.22 nm, indicating the majority of particles are (111)-

faceted.
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a glovebox and dispersed in 20 mL pentane then sonicated for 5 minutes. The carbon dispersion
was stirred at 1500 rpm and the desired amount of a 5 mg/mL NiyP stock solution in chloroform
was added dropwise. The exact amount of stock solution used was determined via back-calculation
from the mass% of the nanocrystals, as determined by TGA (2.D.1, 2.1). The mixture was then
sonicated for 5 minutes and transferred back to a glovebox stirring at 1500 rpm overnight. The
next day, 15 mL of acetonitrile was added slowly while the suspension was stirred at 800 rpm. The
mixture was centrifuged at 7830 rpm for 10 minutes and the clear supernatant was decanted. The
precipitate (NigP/C) was re-dispersed in 10 mL isopropanol. The NisP/C was annealed at 450 °C
for 2 hours under 95:5 No:Hy gas. All sample handling was performed under inert conditions to
preserve the NioP nanocrystals.

XRD and TEM measurements of NipP/C demonstrate the retention of the NigP crystal structure
post-annealing with mild ripening to 5.8 £ 1.5 nm (Fig. 2.4). Fourier transform analysis of
the particle lattice fringes reveals predominantly (111)-faceted nanocrystals after the annealing

treatment (2.5).
2.4 Electrochemical methods

All measurements were performed in a H-cell, where a Nafion membrane separated the cathodic and
anodic compartments (Fig. 2.A.1). 0.1 M phosphate buffer (pH 6.9) was prepared via a 1:1 ratio of
KH2PO4:KoHPO4. All measurements were conducted with an Ag/AgCl reference electrode and Pt
counter electrode. Carbon paper working electrodes (FuelCell Store, AvCarb MGL190) with NiyP
nanocrystals were prepared by sonicating and then immediately drop-casting 30 uL of a 10 mg/mL
solution of NisP/C onto a 1 cm x 1 cm carbon paper electrode (90 ug of NigP on each electrode).
Carbon paper electrodes were 0.88 cm? £ 0.1 cm?. Ni/C electrodes were prepared with identical

methods.

2.5 Identifying the non-innocent role of electrolyte

We performed cyclic voltammetry using NigP/C with varying concentrations of KNO3 to demon-
strate NigP /C’s activity for NOg ™~ electroreduction (Fig. 2.4a). We attribute the two features to the
catalytic activity being mediated by two different sources: HoPO4~ and HoO. With 0 mM KNOgs,

we can isolate the catalytic activity to HER. Under these conditions, HER activity first exhibits a
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Figure 2.6: a) Cyclic voltammograms of NisP/C in 0.1 M KHoPO4/Ko;HPO, buffer at a series

of KNOj3 concentrations. b) Potential-dependent NO3~ rate order. The region highlighted in

blue (—0.25 V) indicates a competitive Langmuir-Hinshelwood mechanism. c¢) Potential-dependent

selectivity with 100 mM of KNOg
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diffusion-limited response near —0.3 V due to the H-source being HoPO4  (pKam,po,- <pKam,0).
As the potential increases and the water dissociation potential is reached, the HER current resem-
bles the expected catalytic wave, indicating that the H-source is HpO. [131] As we increase the
concentration of KNQOj3, we observe diffusion-limited NO3 ™~ electroreduction at low cathodic poten-
tials in the phosphate-mediated region. In both regions, there is a decrease in onset potential and
an increase in current density associated with an increased concentration of KNOj3, demonstrating

NipP/C’s activity for NO3 ™~ electroreduction.
2.6 Microkinetic analysis of NO3~ electroreduction mechanism on Ni2P nanocrystals

The series of cyclic voltammagrams can also be utilized to probe the mechanism of NOj3  elec-
troreduction via microkinetic modeling. This method breaks down a complex reaction into several
elementary steps to elucidate kinetics on a catalyst surfaces rather than substrates freely colliding
in space or in a liquid. [132] Previous literature has developed a microkinetic model for NOg -

electroreduction, which work will be summarized briefly here in the context of this chapter. [131]

2.6.1 FEzxplanation of the microkinetic model

Carvalho and coworkers postulated that a rate limiting step involves the reduction of NO3* to

NO2* and derived a rate expression based on this assumption (Eq. 2.2, 2.3):

NOj +2H* < NOS + Hy0 + 2 (2.2)

rate = an?Q%IHNOg (2.3)
By defining a rate-limiting step, they solved for the coverage terms (61, Ono3) using the other

elementary steps of the overall reaction (2.4 and 2.5):

_ KHCLH(l — 0N03)
exp(fn)(Knam+)

Knosanosz(1 —0y)
(14 Knoszanos)

Ono3 =
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From these expressions, we can see that coverage of H* and NO3* are dependent on numerous
factors: concentration, the relative equilibrium binding constants of the substrates, and therefore
the relative binding strengths of two. There is also a potential dependence on H* coverage, which
indirectly causes Ono3 to be potential dependent as well. By using microkinetic modeling it is clearly
demonstrated how coverage of reaction intermediates is difficult to control and clearly dependent
on the relative binding strengths of the intermediates. In the context of metal phosphide materials,
our goal was to understand whether active site ensembles are playing an active role in mechanism
of NO3  electroreduction, i.e., that there is co-adsorption occurring.

Previous literature has demonstrated that in a competitive adsorption, or Langmuir-Hinshelwood
mechanism, a plot of the rate order as a function of potential will result in a peak-like shape. [131,
133] We generated this plot by extracting the data from the cyclic voltammagrams in Fig. 2.6
Specifically, the NO3g ™~ rate orders were extracted from the logarithmic relationship between the

current at a given potential and the concentration of KNOg3 (Fig. 2.B.1, Egs. 2.6, 2.7).

rate = k[NO3~]* (2.6)

log(i) = xlog([NO37]) + log(k) (2.7)

2.6.2 Application to NigP nanocrystals

By varying the concentration of KNOg3 and determining the nitrate rate order over a range of poten-
tials, we gained insight into the adsorbate dynamics on the catalyst surface. In the HoO-mediated
region (> —0.25V, highlighted in blue in Fig. 2.6b), we observe an inverted-parabolic shape, which
suggests that NO3~ electroreduction is proceeding via a Langmuir-Hinshelwood mechanism, where
adsorbed hydrogen (H*) and nitrogenous species (NOx*) are co-adsorbed intermediates, and the
coverage ratio between the two dictates selectivity between NOgs ™~ electroreduction and HER. This
conclusion assumes that the rate-limiting step is the reduction of NO3* to NOs*, which has been
proposed in previous studies. [119,134] The potential of maximum rate order (> —0.5V) occurs
when the H*:NO,* coverage ratio is optimized for selective NO3 ™~ reduction.This potential is more

negative for NipP than previously measured for copper and nickel foils, [131] suggesting that NigP
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Figure 2.7: Chronoamperometry of NigP/C from —0.1 V to —0.6 V vs. RHE.

can suppress HER over a wider potential window. We propose that NioP’s active site ensembles
enable more optimal relative binding of H* and NO,*, which is reflected by the shift in the potential
of maximum rate order to more cathodic potentials.

We also observe a decreasing NO3 ™~ rate order in the phosphate-mediated region (> —0.25V)
as we move to more negative potentials. We attribute this decrease to the rate being limited
by HoPO4 ™ ([HT] or coverage of H*) instead of NO3~, which is supported by the presence of
the HoPO4  deprotonation peak in Fig. 2.6a. This rate order analysis assumes that the rate of
NOj~ electroreduction and HER are independent; however, assuming they are dependent results
in identical conclusions (2.B.1).

Excitingly, this rate order analysis supports our hypothesis that NigP/C can simultaneously
co-adsorb multiple intermediates required to reduce NOg~ to NH3. We use this as a foundation to

understand the selectivity of NigP over a range of potentials, which is discussed in the next section.
2.7 Investigating the selectivity of NiaP/C

We conducted chronoamperometry with the NisP nanocrystals and quantified the reaction prod-

ucts (2.6¢, 2.7). NH3 and NOs~ were quantified with previously reported UV-visible colorimetric
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methods (Fig. 2.A.2, 2.A.3 see SI). After considering three possible reaction pathways for NOs~
electroreduction to NHg, [120, 135] DFT calculations suggest that NHs is formed by an 8 e se-
quential deoxygenation and hydrogenation pathway with a NOs ™~ intermediate (Fig. 2.9). In situ
mass spectrometry measurements confirmed that the sole gaseous product is Hy at —0.6 V from
the competing HER (Fig. 2.A.4). We believe Hy is the sole gaseous product over the entire range
of potentials due to the lack of Ny and NoO (which should have more sluggish kinetics than the
other thermodynamically accessible products) at the most cathodic potential in the series.

Bulk electrolysis results reveal that NigP/C has > 60% Faradaic efficiency (FE) toward NO3 ™
electroreduction at all tested potentials and nearly 100% FE at —0.4 V. As potential decreases, NHj
selectivity decreases and the production of Hy and NOy  increases. We propose that the reaction
selectivity is dictated by the ratio of H* and NOy* on the surface, which is tuned by the applied
potential. At low cathodic potentials (> —0.2 V) where NO3~ reduction is mediated by HoPO,4 ™,
we observe {80% NHs FE and 15-20% Hy FE, with minimal NOs~ production. We propose that the
diffusion-limited nature of HoPO4~ allows NO,* to saturate the surface and decreases the ratio of
H*:NO,*. This coverage ratio favors the hydrogenation of NO,* species to NH3 over the formation
of NOs~ and Hs. [136,137]

In the HpO-mediated region (< —0.3V), we observe near 100% FE toward NO3  electroreduc-
tion at —0.4V, which suggests a surface coverage that almost completely inhibits HER activity,
i.e., an ideal ratio of H*:NO,* for selectively performing NOg3  electroreduction. Deviation from
the ideal H*:NO* ratio results in lower NO3~ electroreduction selectivity. At —0.3'V, we observe
a rise in NOy~ selectivity relative to —0.2V due to H*:NO,* being too low. Conversely, as po-
tentials become more cathodic of —0.4V, the H*:NO,* ratio increases and favors Hy formation by

promoting H-H coupling over NO,* hydrogenation, decreasing overall NO3 ™~ reduction selectivity.
2.8 Supporting DFT Calculations

Complementary to the experiments, we also performed DFT calculations on a NisP surface to dis-
entangle the influence of NO* and H* co-adsorption on their respective energetics and reaction
selectivity. Systematic exploration of various nitrogenous species reveals that co-adsorption of ni-
trogenous species and H* modulates AGyx, the key binding mode of nitrogenous species, and the

overall free energy profile of the reaction (2.8, 2.9), which is consistent with previous work. [138]
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Figure 2.8: a) Calculated free energy profile at 0.00 V vs. RHE, pH = 6.9, and 300 K for the

adsorption of H* onto the Nis hollow site of the NigPs terminated surface, with and without surface

functional groups. b) Plot showing the relative hydrogen adsorption free energy as a function of

co-adsorbed species relative to AGy+ on the bare NigP surface (*), at pH = 6.9 and T = 300 K.

The colors correspond to the co-adsorbate subtypes consisting of NO-R (blue), N-R (grey) and

NH-R (red) containing species.
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Figure 2.9: Various reaction pathway for NO3~ electroreduction on NisP at —0.4 V vs. RHE.

AGy* can be modulated by as much as 0.40 eV, where oxygenated, unhydrogenated nitrogenous

species (i.e., NO3g*, NOg*) strengthen AGyx.

We hypothesize that stronger values of AGyx may direct NigP/C’s selectivity toward NHj
even at negative reductive potentials (i.e., —0.6 V). At these potentials, despite a strong driving
force toward HER, NO4* intermediates could be strengthening the adsorption of H*, which in-
hibits the Tafel step of HER and promotes the hydrogenation of NOy*. [137,138] In general, the
observed difference in AGpg+ due to co-adsorbed H* can be rationalized in terms of the electron-
donating/withdrawing propensity and steric effects of the co-adsorbates, where in our system,
the H* on a NNigz-hollow site exhibits electrostatic repulsion effect on species such as NO3~ and
NO32 . [20,139,140] The impacts of H* and NOx™ on each other’s surface energetics imply that the
rates of NO3 ™~ electroreduction and HER are inherently dependent, corroborating our conclusions
from the rate-order analysis that NOy™* and H* are co-adsorbing on NigP/C’s active site ensembles

during NO3 ™~ electroreduction.
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2.9 Comparison study with Ni nanocrystals

We hypothesize that monometallic nanocrystals are less able to co-adsorb different substrates due
to the lack of active site ensembles and therefore, should be less selective toward producing NHj
and prefer products such as NOy ™~ and Hy. To that end, we compared the NO3 ™~ reduction behavior

of NisP and Ni nanocrystals.

2.9.1 Synthesis and preparation of catalyst

We prepared the Ni nanocrystals by combining Ni(acac)2 (1 mmol) and oleic acid (1 mmol) and
degassing in oleylamine (45.6 mmol) at 110 °C for 1 hour, reducing the temperature to 90 °C and
injecting borane tertbutylamine (2.8 mmol) and subsequent heating for 1 hour. [141] The nanocrys-
tals were deposited them on Vulcan Carbon (Ni/C) and tested them in identical conditions to our
NiyP/C measurements (Fig. 2.10). Many Ni nanocrystal syntheses use trioctylphosphine (TOP) as
a capping ligand to achieve small, monodisperse nanocrystals; however, we found that annealing
TOP-capped Ni nanocrystals at high temperatures produced NioP and had remarkably similar
catalytic selectivity for NO3~ electroreduction. (Fig. 2.C.4). [142, 143, 143] Therefore, we took
care to choose a phosphorus-free synthesis to ensure no convoluting effects from trace phosphorus

contamination (Fig. 2.11).

2.9.2 Selectivity and Outlook

Chronoamperometry reveals that although Ni/C is initially relatively inactive for NO3~ electrore-
duction, the current increases dramatically overtime (Fig. 2.12a) as compared to the stable NigP/C
catalyst. This behavior is unique to nanoscale Ni; identical experiments with Ni foil yielded stable
current over 1 hour (Fig. 2.C.3). Based on these results, we believe the increase in current is due
to the transformation of the Ni nanocrystal surface to a more active species, such as a phosphate-
containing Ni surface, that imitates NiaP/C. Post-catalysis P XPS of Ni/C electrodes shows that no
phosphide formation (Fig. 2.D.4); however, we believe that a phosphate-species could be made in
situ and cannot be distinguished from the phosphate-containing electrolyte signal. Previous reports
have shown that phosphodized Ni electrocatalysts can be made by applying reductive potentials

in aqueous solutions containing phosphate salts on timescales similar to our experiments, which
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Figure 2.10: TEM of Ni/C showing Ni nanocrystals with 4.4 + 0.9 nm diameter deposited on

Vulcan carbon.

supports our hypothesis that phosphate may be interacting with the Ni nanocrystals. [144,145] Fur-
thermore, Ni/C has a NH3 Faradaic efficiency of ~80% at —0.3V vs. RHE (Fig. 2.12b), which is
comparable to that of NigP/C and contrary to previous reports of Ni’s poor activity and selectivity
for NO3~ electroreduction. [125,128,131,146] We propose that this is more corroborating empirical
evidence that a phosphorous-containing species being generated on the surface during the reaction.

While we were unable to verify our active site ensemble hypothesis by comparing NiyP/C
and Ni/C, these results reinforce the importance considering the morphology of the material;
most reports of Ni being a poor catalyst are on the micro- to macro-scale in size. Furthermore,
phosphodized-Ni nanoscale catalysts may be of interest for future nitrate reduction studies in neu-

tral conditions.
2.10 Conclusion

This work demonstrates NigP/C’s activity and selectivity for NO3~ electroreduction at a range
of potentials, where NO3~ electroreduction FE ranges from 60% to nearly 100%, with selectivity
for NHs maximized in the HoPO,4 -mediated region (> 0.25V). DFT calculations and rate order

analysis demonstrate NigP/C’s ability to co-adsorb nitrogenous and hydrogen intermediates and
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Figure 2.11: XRD spectra of a) Oleylamine-capped Ni nanocrystals (Ni(OAm)x) as synthesized and

after annealing on the Vulcan carbon support and b) TOP-capped Ni nanocrystals (Ni(TOP)x) as

synthesized and after annealing on the Vulcan carbon support.

selectively produce NHj3 over the range of potentials. We rationalize the potential-dependent selec-

tivity of NigP/C by changes in the surface coverage of adsorbates, where the ratio of H*:NO,* at

—0.4V is ideal for performing NO3~ electroreduction over HER. This work is a case study of the

importance of active site ensembles on metal phosphide surfaces that drive nitrate reduction selec-

tivity toward NHs. This motivates future work in the electrocatalyst design of metal phosphides

by tuning stoichiometry, doping, and morphology to dictate catalytic selectivity. We pursue this in

Chapter 3.
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CHAPTER 2 APPENDIX

2.A Product quantification methods and data

All electrochemical measurements were performed in a separated H-cell from Pine Instruments,
with a Nafion membrane separating the anodic and cathodic compartments (Fig. 2.A.1).

Faradaic efficiency is the ratio of charge passed for a certain product to the total charge passed
for the reaction 2.8. cnm, is charge passed for NH3] production, i is current, and t is the time. The

total charge (ciota1) is the integration of the chronoamperometry trace.

FE(%):CNH3:n><[NH3]><V><F

- x 100 (2.8)
Ctotal 1 Xt
where V is the volume of electrolyte in the of the cathodic compartment, and n is the number

of electrons required for the reaction (n = 2 for NO2 , n = 8 for NHj).

2.A.1 Product quantification

Calibration curve and quantification of NHs. NHs was quantified via the indophenol blue method
using salicylic acid instead of phenol. [147] 100 mM (NH4)2SO4 solution was prepared with 0.1 M
phosphate buffer solution and (NH4)2SO4. 5 mM (NH4)2SO4 solution was prepared by mixing
0.5 mL of 100 mM (NHy4)2SOy4 solution with 9.5 mL of 0.1 M phosphate buffer. 2500, 1250, 625,
312.5, 156.25 uM of (NH,)2SO4 solutions were prepared by sequential dilution with 0.1 M phosphate
buffer. A 0 uM of (NH4)2SOy4 solution was also prepared (100 pL). The reference solutions were
diluted 10 times with Millipore water by taking 100 uL of original solution and adding 900 uL of
Millipore water. After dilution, the concentration of reference solutions were as followed: 250, 125,
62.5, 31.25, 15.625 uM of (NH,4)2SO4 with 20 M of potassium phosphate. The actual concentration
of NHj3 should be doubled: 500, 250, 125, 62.5, 31.25, 0 uM.

To each tube, 1000 L 1 M NaOH solution was added (1000 pL reference solution: 1000 pL
1 M NaOH. The tubes were shaken vigorously. 500 uLL of coloring agent, 50 uL of 0.034 M sodium
nitroprusside dihydrate (Sigma-Aldrich, > 99%), and 50 uL of NaClO solution (4.00-4.99% chlorine,
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Figure 2.A.1: H-cell set up.

Sigma-Aldrich, reagent grade) were swirled to ensure a homogeneous mixture, and then added to
the 15 mL centrifugation tube sequentially. The coloring agent was prepared by dissolving 3.6 mmol
of salicylic acid (Sigma-Aldrich, > 99.0%) and 1.8 mmol of potassium sodium tartrate tetrahydrate
(Sigma Aldrich, 99%) in 3.6 mL of 1 M NaOH solution and diluted it to 10 mL with Millipore water.
For product quantification, the electrolyte was diluted to an appropriate concentration within the
calibration curve range with 0.1 M phosphate buffer. To that, the same amounts of NaOH, coloring
agent, sodium nitroprusside, and NaClO were added. UV-visible spectrometry was used to measure
the absorption of the colored complex at 660 nm to construct the calibration curve and calculate
the concentration of NHj3 in an electrolyte.

Calibration curve and quantification of NOgs . NOy~ was quantified via the Griess method, as
reported by previous studies. [148] 0.2% N-(1-naphthyl)ethylenediamine dihydrochloride solution
was prepared by dissolving 0.1 g of N-(1-naphthyl)ethylenediamine dihydrochloride (Merck, ACS
grade) in 50 mL of Millipore water. The 2% sulfanilamide solution was prepared by dissolving 1 g
of sulfonamide (Sigma-Aldrich, 98%) and 2.94 g of H3PO4 in 50 mL of Millipore water.

1 mmol of KNO; (85.1 mg) was dissolved in 10 mL of 100 mM phosphate buffer solution. 1 mM
KNOg solution was prepared by mixing 0.1 mL of 100 mM KNOg solution with 9.9 mL of 0.1 M
phosphate buffer. 500, 250, 125, 62.5, 31.25, 0 uM of KNO, solutions were prepared by sequential
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dilution with 0.1 M phosphate buffer. 500 L reference solution and 500 pL. Millipore water were
added to a 15 mL centrifugation tube. The tube was shaken vigorously. 1 mL of 2% sulfanilamide
solution was added, and the tube was incubated for 5 min at RT, protected from light. Then
1 mL of 0.2% N-(1-naphthyl)ethylenediamine dihydrochloride solution was added, and the tube
was further incubated for 10 min at RT, protected from light. The final concentrations are 500,
250, 125, 62.5, 31.25, 0 uM before any dilution by water.

For product quantification, the electrolyte was diluted to an appropriate concentration within
the calibration curve range with 0.1 M phosphate buffer. To that, the same amounts of sulfanilamide
solution and N-(1-naphthyl)ethylenediamine dihydrochloride solution were added. UV-visible spec-
troscopy was used to measure the absorption of the colored complex at 540 nm to construct the

calibration curve and calculate the concentration of NO2 ™~ in an electrolyte.

2.4.2 Data
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Figure 2.A.2: NHj calibration curve and corresponding UV-visible absorption spectra.
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Figure 2.A.3: NOo calibration curve and corresponding UV-visible absorption spectra.
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Figure 2.A.4: Mass spectrometry measurements taken after 1 hour of bulk electrolysis at —0.6 V

vs. RHE (purple trace). Significant increase in the Hg signal and no change in the Ny signal from

the background indicates Hs production and negligible No production. The increase in Og signal

is due to OER at the counter electrode.

2.B Rate order discussion

Fig. 2.6b is a plot of the rate order vs. potential (i.e., the slopes of the log(i) vs log([KNO3]

plots at a range of potentials) under the assumption that 100% of the current is toward NOg~
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electroreduction. We acknowledge that is not the case and that HER is a competing side reaction.
Therefore, we correct for this to the best of our ability and demonstrate a similar quantitative
trend in 2.B.1b to the one observed in 2.6. The datapoints in 2.B.1b are the slopes of log(i) vs
log([KNO3] plots (such as the ones in Fig. 2.B.1a), where the current at 100 mM KNOj3 (labeled
in orange) is multiplied by the total FE of the NO3 ™~ electroreduction products measured at that
potential (Fig. 2.6c). For example, at —0.1V vs. RHE, the total FE toward NH3 and NOs~ is
83.6%. The i measured at this potential is multiplied by a factor of 0.836 to isolate ino,~ reduction
and the NO3 ™~ rate order. This analysis was propagated at all the potentials where products were

quantified (—0.1V to —0.6 V vs. RHE).
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Figure 2.B.1: a) Sample log(i) vs. log([KNOg] plots at a range of potentials. The 100 mM datapoint
is corrected to only account for ino,- reduction (Orange), which was identified by product quantifica-
tion from bulk electrolysis experiments b) Corresponding rate order plot only with voltages where

INO3~ reduction 1S corrected.
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Figure 2.C.1: Activation of NigP/C prior to chronoamperometry by taking CV from —0.1V to

—0.2V vs. RHE at 50 mV /s (6x) and 5 mV /s (6x). Dashed lines indicate scans at 50 mV /s, solid

lines indicate scans at 5 mV/s. Activation was performed for every electrode until the CV trace

stabilized.

Material Total charge passed (c)
Carbon Fiber (CF) -0.05
Carbon Fiber (CF) + Vulcan carbon (VC) -0.38
NizP/C 21.1

Table 2.C.1: Charge passed at —0.3V vs. RHE. Negligible product formation without catalyst

observed at this potential.
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Figure 2.C.2: Chronoamperometry at —0.3'V vs. RHE with NiyP/C, a carbon fiber electrode with

no catalyst, and a carbon fiber electrode with vulcan carbon but no catalyst.
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Figure 2.C.3: Chronoamperometry at —0.4V and —0.6V vs. RHE with nickel foil as a working

electrode.
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Figure 2.D.2: SEM/EDS of NiyP electrode. Green indicates phosphorus, red indicates Ni. The
long, web-like structure is the carbon paper electrode and the dispersed white powder-like features

is Vulcan carbon with deposited NisP nanocrystals.
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Figure 2.D.3: Ni 2p3/2 (a, b) and P 2p (c, d) XPS spectra of NioP/C on carbon fiber, pre and post

catalysis. Phosphonium signal is present from the original synthesis, which is a known by-product

in the procedure. [1] The change in the phosphate and phosphide peak ratio is attributed mainly

to leftover electrolyte (KH2PO4/KoHPOy,) on the electrode that could not be washed off easily.
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Figure 2.D.4: XPS spectra showing the P 2p signal of Ni/C electrodes post NO3 ™~ electroreduction.
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Chapter 3

SYNTHESIS OF DOPED Ni,P NANOCRYSTALS TO MODULATE NOj"
ELECTROREDUCTION SELECTIVITY

This chapter is being prepared for publication, with contributions from Emily Nishiwaki, Emily

Miura-Stempel, Quinn Brouhle, Reed Worland, and Brandi Cossairt.

Figure 3.1: Post-synthetic doping of NisP nanocrystals can be utilized to systematically modulate

NOj3 electroreduction behavior

3.1 Introduction: Continuing the metal phosphide journey

As discussed in the previous chapter, NisP catalyzes NO3  electroreduction across a series of
potentials with high ammonia selectivity due to its surface active site ensembles. This study is in
agreement with the extensive literature of NioP’s active catalytic ability for a variety of reactions
such as HER, [71] COg electroreduction, [87,99] and high NHj selectivity over NO2~ and Hy at
low cathodic potentials. [105,125]

As synthetic chemists, this made us consider how we could use synthetic levers to augment
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NigP’s eletrocatalytic abilities. This led us to study how we can synthetically modify NioP’s active
site ensembles through transition metal doping to tune electrocatalytic behavior by altering sur-
face energetics, adsorbate coverage, and ultimately reactivity and selectivity. [149] Doping metal
phosphide electrocatalysts to achieve desired selectivity and enhanced activity has been demon-
strated extensively for the hydrogen and oxygen evolution reactions [150-152], as well as for NO3 ™

electroreduction. [153,154]

3.2 d-band theory

To fundamentally understand how doping impacts a catalyst surface, we must consider the elec-
tronic structure, or more precisely, the density of states of the catalyst upon the adsorption of a
substrate. d-band theory was proposed by Hammer and Ngrskov two decades ago, but it is still used
heavily to explain activity trends in heterogeneous electro(catalytic) reactions. Here, we explain
briefly the concepts of d-band theory and how it informs catalyst design. [155]

Prior to bonding, a transition metal’s d band is a narrow distribution around the Fermi level.
However, once a substrate chemisorbs to a transition metal surface, the d band splits into bonding
and antibonding states. The relative energies of the destabilized, antibonding states with respect
to the Fermi level will dictate the strength of the adsorbate bond. Hammer and Ngrskov calculated
the chemisorption energy trends of several transition metals (Cu, Ag, Au, Ni, Pd, Pt, and Ru) prior
to and post chemisorption to oxygen. They determined that there are periodic trends in the bond
strengths of O to a transition metal surface and that the bands themselves can be characterized
by the center of the band, ¢5. As we move left in the periodic table toward transition metals
such as nickel, palladium (and cobalt), the antibonding adsorbate-metal d states reside above the
Fermi level and are therefore empty. The opposite is true for the noble metals (Cu, Ag, Au),
whose antibonding states are below the Fermi level and filled, which explains the strong adsorption
of nickel and cobalt and the weak adsorption capabilities of copper. €4 trends linearly with O
chemisorption energy and is expected to be applicable to all simple atomic adsorbates (H, C, N,
etc.). Ultimately, their work demonstrates how the electronic structure directly correlates with
adsorbate binding energy.

Hammer and Ngrskov’s seminal work has been pivotal in the strategic design of catalysts in the

21st century. Today, there is work that builds upon their model with complex materials, reaction
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conditions, and even extends their model with machine learning to predict the d-band center of
bimetallic compounds. [156-160] In this study, we use d-band theory to inform our choice of dopant
into NigP: copper, which binds H weakly, and cobalt, which binds H strongly. Previous work by
Downes et al. doped NisP with various different transition metals, including copper and cobalt,
and found that HER activity followed a volcanic relation and was tuned by the dopant cation’s
AGyx. [108] Cobalt and copper resided at opposite ends of their volcano, which motivated the use
of these transition metals in our study to see the most overt modulations in reaction selectivity due

to differences in AGy.
3.3 Post-synthetic cation exchange

To synthsize doped NisP nanocrystals, we used a post-synthetic cation exchange method, which
replaces cations in a host nanocrystal while preserving the anion sublattice. In bulk solids, cation
exchange reactions typically have high activation energies and unfavorable thermodynamics. In
contrast, cation exchange with nanomaterials operates with more facile, molecule-like reaction
kinetics. Furthermore, due to their low-coordinated, defect-rich, and strained surfaces that have
high-energy sites for ion exchange reactions, nanomaterials are ideal platforms to test the boundaries
of this method to synthesize target materials. However, the process is not as simple as it sounds;
there are many factors at play, such as the thermodynamics of the bonds in the nanocrystal lattice
and the kinetics barriers of cation incorporation. [161-163]

More specifically, cation exchange has been thoroughly studied with colloidal quantum dot sys-
tems to achieve desired morphologies and crystal structures that are not accessible via conventional
synthetic methods, [164-166]. Cation exchange has also been used for the rational design of electro-
catalysts and is a method to achieve a desired electronic structure for a certain electrocatalyst. [161]
There are a few examples of syntheses of doped TMPs that use a two-step synthesis to perform
cation exchange. In these methods, a dopant metal precursor is added to a pre-formed, amor-
phous metal phosphide nanocrystal and subsequently heated to a higher temperature (> 300 °C').
Aghabozorgi, Brock, and coworkers synthesized managnese-doped nickel, cobalt, and iron phos-
phides as electrocatalysts for the oxygen evolution reaction with this method and achieved up
to 75% manganese incorporation with nickel phosphide while maintaining the morphology of the

original host NigP nanocrystals. [152] Downes et al. doped NigP with Co, Cu, Rh, Ru, Pd, and
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Mo and found that HER selectivity could be systematically tuned based on the secondary cation
present. [108]

Generally, post-synthetic cation exchange with nanocrystals is a topotactic transformation,
where the overall morphology of the nanocrystal can be retained and only the cationic composition
is modified. With this knowledge and the proven challenges of synthesizing doped metal phosphide
nanocrystals bottom-up, [167] we decided to utilize cation exchange with the same NigP nanocrys-
tals as our host material from our previous work, which were already in the “amorphous” state as
reported by the two-step syntheses discussed above. Furthermore, this allows us to make direct

comparisons with the mechanism and reaction selectivity observed with that system.

In this study, we synthesized Nig \MyP (M = Cu, Co) nanocrystals, where copper and cobalt
were chosen as dopants that would significantly impact the AGy+ based on previous literature
calculations and d-band theory. [155,160] We then conducted NOj3 ™~ electroreduction with the
doped NisP nanocrystals and observed enhanced NHj selectivity with higher cobalt concentrations
and conversely, lower NH3 and higher Hs selectivity at with higher copper concentrations, which is

in agreement with what we would expect based on d-band theory.
3.4 Nanocrystal synthesis

Further information about synthetic procedures can be found in the Supplemental Information.
NigP nanocrystals were synthesized according to previous methods in our group using a one pot
heat-up synthesis. [1,20] Briefly, NiCly (1 equiv.) and oleylamine (21 equiv.) were degassed at
120 °C and subsequently the reaction mixture was lowered to 50 °C. Tris(diethylamino)phosphine
was injected (4 equiv.), and the temperature was raised to 250 °C for 1 hour. The resulting
nanocrystals were purified in a glove box using centrifugation: the crude reaction mixture with
isopropyl alcohol (1x), the reaction mixture dissolved in minimal amounts of pentane with isopropyl
alcohol (3x), and then a final spin with the reaction mixture dissolved in minimal amounts of toluene
with acetonitrile (1x). Powder X-ray diffraction (XRD) and Transmission electron microscopy
(TEM) images reveal phase-pure NigP nanocrystals with an average size of 4.3 £+ 0.6 nm.
Previous work in our group and others has demonstrated NisP nanocrystal formation at 250 °C,

with crystallinity increasing at temperatures above 300 °C. [168] Doped NisP can be synthesized
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1) Degas 110°C, 30 min
1:1 OAm : Hexadecane
Ni,P(OAm) + MCL, + PPh, R Ni,M,.P
1 equiv. Ni 2) 300°C, 1hr
0.08 - 0.26 equiv. MCl, (M = Cu, Co) and PPh;

Figure 3.2: Synthesis of doped NisP nanocrystals (OAm = oleylamine). More detailed information

about molar ratios can be found in the Supplementary Information.

bottom up via a metal co-reduction at temperatures <250 °C and subsequent phosphidation at
temperatures above 300 °C. [152,167,169] With this knowledge, we synthesized our nanocrystals
with a two-step, cation exchange procedure with minor modifications from literature (Scheme
3.2). [108] We took our purified, oleylamine-capped NisP nanocrystals (NiaP(OAm)), MCl, (M
= Cu, Co), and triphenylphosphine and redispersed them in a 1:1 mixture of oleylamine and
hexadecane (see Tables 3.A.1 and 3.A.2 for molar quantities). After degassing at 110 °C, the
temperature was ramped rapidly to 300 °C and held for 1 hour. The particles were purified via
centrifugaion in a glove box by splitting the crude reaction mixture between two falcon tubes and
adding ~ 30 mL of isopropyl alcohol to each and centrifuging them for 10 minutes at 7830 rpm.
The sample was then dissolved in a minimal amount of pentane and 30 mL of ethyl acetate (1x)

and then again with pentane/isopropyl alcohol (2x), each spin being for 10 minutes at 7830 rpm.
3.5 Nanocrystal characterization

Elemental analysis was carried out with ICP-OES, which demonstrated the successful incorporation
of copper (8% and 15%) and cobalt (16% and 26%) into the NigP nanocrystals (Tables 3.A.2. 3.A.1).
XRD data for cobalt-doped-NizP shows the formation of the known Ni,Co,P hexagonal material,
while copper-doped NigP XRD data demonstrate retention of the NigP hexagonal lattice (Fig. 3.3a,
3.3b).

By Scherrer analysis and TEM images, while there are minimal changes to the cobalt-doped
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Figure 3.3: XRD data of a) cobalt-doped and b) copper-doped NiyP nanocrystals.

particle morpology post-cation exchange, copper-doped incorporation, particularly at higher con-
centrations, results in rod-like structures (Fig. 3.4, Fig. 3.5. This was unexpected; previous doping
experiments with copper and NisP nanocrystals showed little change in particle size and morphol-
ogy (Fig. 3.C.2, 3.C.1).

We hypothesize that the quality of the starting NisP nanocrystal batch is important. The
cobalt-doped NisP nanocrystals shown in Fig. 3.4 and previous copper-doping experiments shown in
Fig. 3.C.2 were synthesized from the same batch of NigP nanocrystals. However, the copper-doped
NigP nanocrystals shown in Fig. 3.5 were synthesized from a different batch of NigP nanocrystals,
which may have had poorer crystallinity or more polydisperse and caused a change in morphology.
While we do not have direct evidence of the differences between the two starting NisP nanocrystal
batches, we recall that the purification process was much more difficult in more recent synthetic

batches and hypothesize that this could be related to the quality of the nanocrystals despite the
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Figure 3.5: TEM images of copper-doped NisP nanocrystals.
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synthetic procedures being identical.

We also note that for the synthesis of the spherical cobalt-doped NisP and copper-doped NisP,
we used a 1:1 ratio of oleylamine to 1-octadecene (instead of hexadecane), but the copper-doped
particles that ended up with some rod-like morphologies used a 1:1 ratio of oleylamine to hex-
adecane. Hexadecane was used because it was easier to work up (1l-octadecene polymerizes at
temperatures near 300 °C and makes it difficult to remove), and we doubted that there would
be a large impact on the reaction due to it being a simple, aliphatic molecule. However, future
work should take care to use an appropriate a consistent solvent mixture. That being said, we
hypothesize that it is more probable that the quality of the starting NisP batch (i.e., crystallinity,
morphology) affects the doped nanocrystal morphology, but solvent could also play a role.

In the future to ensure the yield similar particle morphologies, the same batch of starting
nanocrystals should be used for all experiments. However, since the goal of this study was to evalu-
ate the NOg3~ electroreduction behavior of these materials, we deposited the spherical cobalt-doped
NiyP and polydisperse copper-doped NisP on Vulcan carbon and after annealing, observed similar
particle size and morphology. Therefore, we proceeded and used these materials to study the im-
pacts of doping NisP on NO3 electroreduction selectivity, ensuring that there was identical loading

between these doped materials to make an accurate comparison between the reaction selectivities.

3.5.1 A brief aside: pushing the limits of cation exchange with NisP nanocrystals

Given that previous doping reactions occurred with an approximate 1:1 substitution of Ni:Cu/Co,
we were interested in seeing the limits of this post-synthetic cationic exchange method with NisP,
we added higher concentrations of MCly precursors. To draw a clear comparison between the
reaction selectivities of 26%-doped copper and cobalt NisP, we added 0.26 equiv. of CuCly with
respect to nickel. However, elemental analysis revealed 36% doping into NisP, which we attribute
to a copper-rich particle (Table 3.A.1). Our proposal of a copper-rich surface is supported by the
~1 nm growth in particle diameter. Furthermore, after analysis of the XRD data, the asymmetric
peaks that begin to form are likely due to the formation of a hexagonal CusP phase on the surface,
which is supported by characterization after the materials have been annealed at 450 °C under 95:5

Nj:Hs. Post annealing, a clear hexagonal CusP phase is present with the 36%-doped copper-doped
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= Ni3P/C Cu-doped 15% === Co-doped 26%
Cu-doped 8% Co-doped 16%

Figure 3.6: XRD data of copper and cobalt-doped NigP catalyst inks.

NipP/C (Fig. 3.C.4a). Copper’s inability to incorporate as well as cobalt was unexpected; based
on the relative atomic radii of the three metals (Ni &~ Cu < Co) we expected higher amounts
of copper to incorporate into NisP via cation exchange. However, the stable bimetallic hexagonal
nickel cobalt phosphide phase and CosP have similar lattice parameters to that of NioP’s (a = 5.86,
¢ = 3.37) with same symmetry (P62m) while CusP, has much larger lattice parameters (a = 6.95,
¢ = 7.12) and different symmetry (P63cm). We hypothesize that upon incorporation of 0.26 equiv.
of CuCls, it is preferential to form CusP over cation exchange with nickel.

Similarly, after adding 0.84 equiv. of cobalt with respect to nickel), we were only able to obtain
a slightly higher doping percentage (31%). This indicates that 31% doping is toward the upper limit
of the amount of cobalt we can put onto these NisP nanocrystals. Furthermore, Scherrer analysis
reveals ~ 1 nm of particle growth in 31% cobalt-doped NisP, indicating that cobalt is unable to
diffuse completely into the NisP lattice and remains at the surface, or cannot incorporate at all at

these concentrations (Fig. 3.C.4b, Table 3.C.1).
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Figure 3.7: TEM images of the doped catalyst inks: a) NiCoP-16/C b) NiCoP-26/C ¢) NiCuP-8/C

and d) NiCuP-15/C. Nanocrystal diameters are given in nm.

3.6 Doped catalyst ink preparation

We prepared our catalyst inks by depositing the doped nanocrystals onto Vulcan carbon and anneal-
ing them at 450 °C under 95:5 No:Hy for 30 minutes. XRD data of the catalyst inks demonstrates
the retention of the NigP hexagonal crystal structure with only slight particle growth (Fig. 3.7, 3.6,
Table 3.C.2). We also used X-ray photoelectron spectroscopy (XPS) to investigate the dopant in-
corporation post-annealing at high temperatures (Fig. 3.8. XPS data of the 8% copper-doped NiyP
catalyst ink (NiCuP-8/C) reveals a single Cu 2p3/, peak corresponding to Cu', which we attribute
to complete copper incorporation into the NioP lattice. With the higher 15% copper-doped NiyP
catalyst ink (NiCuP-15/C), a feature corresponding to Cu?* is also present, which we attribute to

surface copper being more prone to oxidation, especially since the ligands were removed due to the
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Figure 3.8: XPS of a) NiCoP-16/C, b) NiCoP-26/C, ¢) NiCuP-8/C, and d) NiCuP-15/C.

annealing treatment. [170] Similarly, XRD of the cobalt-doped NiyP catalyst inks (NiCoP-16/C,
NiCoP-26/C) demonstrate a phase pure NiyCoyP crystal structure with minimal particle growth
(Fig. 3.7). XPS data suggests poorer incorporation of cobalt at similar doping concentrations in

comparison to copper after annealing treatment, which is reasonable based on the atomic radii of

the dopants (Co > Ni ~ Cu). [171]
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Figure 3.9: Chronoamperometry data of a) copper-doped and b) cobalt-doped NiaP/C at—0.4V
and —0.6 V vs. RHE.

3.7 NOj3 electroreduction selectivity

As discussed previously, doping is widely used to synthetically tune catalysts by modulating ad-
sorbate coverage and the resulting reaction selectivity. Notably, HER studies with doped NisP
nanocrystals showed a volcano-like trend in activity, where strongly binding (Co) versus weakly
binding (Cu) metals at the catalyst surface both demonstrated higher overpotentials for HER. [108]
We hypothesized that we could leverage the ability of cobalt and copper to tune AGy+ and the
resulting NO3~ electroreduction selectivity between NOo ', NHj, and Hy from the competitive
HER side reaction. To that end, we evaluated the NOgs ™ electroreduction selectivity for these
materials by conducting bulk electrolysis in aqueous conditions with a separated H-cell, 1:1 0.1 M
KH2PO4:KoHPO4 buffer (pH 6.9), and a catalyst loading of 90 ug, exclusive of the Vulcan carbon
support (Fig. 3.9, Chap. 2, Electrochemical Methods). We conducted bulk electrolysis at two poten-
tials based on NiaP’s selectivity without doping: —0.4 V, where HER is almost entirely outcompeted
by NOj ™ electroreduction, and —0.6 V, where HER begins to outcompete NO3 ™~ electroreduction.
The concentrations of NHs and NOs~ were quantified with a well-precedented colorimetric assay

method as discussed in 2.10.
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Figure 3.10: NO3~ electroreduction selectivity of NiCoP-16/C and NiCoP-26/C at —0.4 and —0.6 V
vs. RHE. Grey bars indicate total NO3~ electroreduction selectivity. All measurements have error

bars from three repeat experiments.

3.7.1 Cobalt-doped NisP selectivity

After conducting bulk electrolysis with NiCoP-16/C and NiCoP-26/C at —0.4V and —0.6V vs.
RHE, we observe a preference for NHs production over NOy ™ and Hs (Fig. 3.10). In particular,
at —0.6 V vs. RHE, where we begin to see HER dominate kinetically over NO3 ™~ electroreduction
in the case of pure, undoped NisP, we see the suppression of HER (< 10% FE) and the drastic
increase in NHj selectivity (> 80% FE) and decrease in NOg ~ selectivity with cobalt incorporation.
We hypothesize that this phenomenon is due to cobalt’s ability to strongly bind H, which would
allow the 8 e reduction of NO3 - to NH3 to outcompete HER. This effect is less pronounced
at —0.4V; however, a mild increase in NHj selectivity and decrease in NOs ™~ selectivity at the
highest doping concentration aligns with this hypothesis. This finding is in agreement with previous

work with cobalt-containing metal phosphide materials, which shows a preference for NH3 over
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NO2 ™ formation. [91,92,126] Moreover, Fan and coworkers discuss the critical role of H* in NO3~
electroreduction on cobalt phosphide materials and propose that the H* coverage needs to be
controlled to tune reaction pathways between NOy hydrogenation and Hy formation. [172] We
believe this concept is applicable to our system, where cobalt incorporation is tuning H* coverage

to effectively suppress HER and promote NOy* hydrogenation relative to the undoped NiyP/C

material.

3.7.2 Copper-doped NigP selectivity
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Figure 3.11: NO3  electroreduction selectivity of NiCuP-8/C and NiCuP-15/C at —0.4V and
—0.6V vs. RHE. Grey bars indicate total NO3~ reduction reaction selectivity. All measurements

have error bars from three repeat experiments.

In contrast, there is a 4-fold reduction in NHj selectivity and an increase in Hy selectivity from
nearly 0% with pureNisP/C to ; 60% at —0.4V as the copper concentration increases (Fig. 3.11).

We attribute this to copper’s weak hydrogen adsorption capability, where the introduction of
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weakly-bound hydrogen causes the 8 e reduction of NO3~ to to NHs to be unable to kineti-
cally compete with HER. Notably, previous work with copper-based nanomaterials in phosphate
buffered electrolytes also observed high HER activity, which could indicate a non-innocent role of
the phosphate ions, i.e. adsorption to the catalyst and assisting in the dimerization of adsorbed H
and ultimate Hy production. [173] We also propose that the presence of weakly-bound hydrogens is
also the origin of the steady increase in NOs~ selectivity with copper concentration at —0.6 V. By
introducing weakly-bound hydrogen on the catalyst surface, hydrogenation of adsorbed NOs~ to
NHj is inhibited, which aligns with previous work demonstrating that copper catalysts effectively

catalyze the reduction of NO3z~ to NOg ™. [120]

3.7.3 A brief aside: more copper-doped NigP reaction selectivity
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Figure 3.12: NOj3 electroreduction selectivity of 10% and 20% doped NisP/C at —0.4V and —0.6 V
vs. RHE. Grey bars indicate total NO3 ™~ electroreduction selectivity.

If we measure the reaction selectivity of the 10% and 20% copper-doped NiyP nanocrystals,
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which have different catalyst loadings than the previously discussed copper and cobalt-doped
NiyP/C materials, we observe analagous trends to the ones with the 8% and 15% samples: a
significant increase in Hy and decrease in NHs (Fig. 3.12). Although the catalyst loadings in these
experiments are different than those of the previously discussed copper-doped NioP, the selectivity
trends are remarkably similar. If we recall from the previous section, we discussed the differences
in particle morphologies between the copper- and cobalt-doped NisP nanocrystals, which could
impact the reaction selectivity. However, after being deposited on Vulcan carbon and annealed, the
resulting particle morphologies of the copper-doped NisP nanocrystals are similar, regardless of the
morphologies of the starting batch of nanocrystals (Figs. 3.C.3, 3.7c & d), which enables us to make
a viable comparison of the product selectivity of the four previously discussed samples. Ultimately,
we believe that comparing doped materials with identical catalyst loadings is more scientifically
rigorous and chose to compare cobalt and copper-doped NisP nanocrystals with identical loadings.
However, the consistency in the catalytic behavior of the 10% and 20% copper-doped NisP batches,

despite different loadings, fortifies our experimental findings.

3.8 Conclusions and outlook

Ultimately, the reaction selectivity with both copper and cobalt-doped NisP nanocrystals demon-
strates how NigP’s NO3~ electroreduction (and HER) selectivity can be significantly modulated by
tuning the H-affinity of surface via doping. We utilized two-step, cation exchange synthesis to pre-
pare a series of doped Nig xMyP (M = Cu, Co) nanocrystals. The hexagonal NisP crystal structure
was retained and demonstrated stability up to 450 °C. We evaluated the NO3~ electroreduction
selectivity of these materials and observed a direct impact of modulating H-affinity of the material
on the reaction selectivity. Cobalt-doped materials show a stronger ability to produce NHg and
are notably able to suppress HER even at —0.6V vs. RHE; Hs selectivity goes from > 20% to
< 5% after cobalt doping. In contrast, copper-doped materials were less able to produce NH3 and
more prone to producing NOs~ and Hs, which we attribute to more weakly-bound H present in
comparison to the undoped NigP surface. This work demonstrates the utility of using transition
metal doping to tune the activity and selectivity of metal phosphide catalysts and sets the stage

for developing cost-effective, selective catalysts for NOj3~ electroreduction and beyond.
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SUPPLEMENTAL INFORMATION FOR CHAPTER 3

3.A Synthetic Details

3.A.1 Reagents

Technical grade oleylamine (70%, Sigma-Aldrich) was dried by stirring over CaHg overnight. The
next day it was purified via vacuum distillation and then stored in the glove box. NiCly (98% an-
hydrous, Strem Chemical), tris(diethylamino)phosphine (97%, Sigma-Aldrich), triphenylphosphine
(99%, Sigma-Aldrich), CuCly (anhydrous, > 98%, Millipore-Sigma), CoCly (anhydrous, > 98%,

Millipore-Sigma), and hexadecane (anhydrous > 99%, Sigma-Aldrich) was used as received.

3.A.2 Reaction Conditions.

The amount of MCly precursor was varied to achieve desired doping concentrations. Other than
the amount of MCl,, the same reaction conditions were used for all doping experiments. Dopant
percent was calculated via ICP-OES with Equation 3.1, where all concentrations are in mM.

M
Doping % = [+] x 100 (3.1)

NigP (mmol) Mass % NiasP mmol CuCly equiv Cu w.r.t Ni | Cu dopant % of
nanocrystal added final material
0.27 0.81 0.04 0.07 8
0.27 0.81 0.08 0.15 15
0.27 0.81 0.14 0.26 36
Table 3.A.1: Reaction conditions for the copper-doping of NioP nanocrystals.




61

NigP (mmol)

Mass % NisP

mmol CoCly

equiv Co w.r.t Ni

Co dopant % of

nanocrystal added final material
0.21 0.81 0.06 0.15 16
0.21 0.81 0.13 0.29 26
0.21 0.81 0.34 0.84 31
Table 3.A.2: Reaction conditions for the cobalt-doping of NisP nanocrystals.

3.B Deposition of NiaP onto Vulcan carbon

30 wt% of the nanocrystal (excluding ligand mass) was deposited onto Vulcan carbon XC-72. For

the deposition, 100 mg of Vulcan carbon was dried in a 100 mL Schlenk flask at 100 °C overnight.

Vulcan carbon was transferred into a glovebox and dispersed in 20 mL pentane then sonicated for

5 minutes. The carbon dispersion was stirred at 1500 rpm and a 5 mg/mL nanocrystal solution in

chloroform was added dropwise. The mixture was then sonicated for 5 min and transferred back to

a glovebox stirring at 1500 rpm overnight. The next day, 15 mL of acetonitrile was added slowly

while the suspension was stirred at 800 rpm. The mixture was centrifuged at 7830 rpm for 10

min and the clear supernatant was decanted. The precipitate (NigP/C) was re-dispersed in 10 mL

isopropanol. The NisP/C was annealed at 450 °C for 2 hours under 95:5 No:Ho gas flow.




3.C Materials characterization

Material Diameter (nm)
NipP 4.3 £0.6
NiyP-Co (16%) 45+ 04
NisP-Co (26%) 4.9 £ 0.2
NiyP-Co (31%) 5.4 + 0.2
NigP-Cu (8%) 46+ 0.2
NisP-Cu (15%) 46 + 0.4
NigP—Cu (36%) 5.4 £0.3

Table 3.C.1: Particle diameters of the series of doped NisP materials.

Material Diameter (nm)
NisP/C 6.5 £ 0.7
NisP-Co/C (16%) 6.4 + 0.7
NisP-Co/C (26%) 6.2+ 2.8
NigP-Cu/C (8%) 11.4 + 0.4
NisP-Cu/C (15%) 5.1+ 0.8

Table 3.C.2: Particle diameters of the series of doped NigP/C catalyst inks.
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Figure 3.C.2: TEM images of copper-doped NioP nanocrystals that used different starting batch

of NisP nanocrystals than the cobalt-doped NigP.
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Figure 3.C.3: TEM images of copper-doped NiyP/C catalyst inks with a different starting batch of

NigP nanocrystals.
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Figure 3.C.4: a) XRD of 36% copper-doped NisP, where additional CusP features grow in after

the catalyst ink annealing process. b) 31% cobalt-doped NisP.
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3.D Product quantification

Identical product quantification procedures were used to the ones discussed in the Chapter 2 ap-

pendix.
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Figure 3.D.1: UV-visible absorption data and calibration curves for NOy~ quantification (a, b) and

NHj; quantification (c, d)
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Chapter 4
CONCLUSIONS AND OUTLOOK

4.1 Conclusions

This thesis is a thorough discussion of the utility of metal phosphides as catalysts for various
electrochemical reactions. We discussed the complexity of a transition metal phosphide surface
that arises from the various stoichiometries, facets, and surface sites, which makes it difficult
to predict their catalytic abilities. This becomes apparent when looking at the range in DFT-
calculated NigP(0001) and CoP(0001) AGy+ values and the inconsistent reports of TMP HOR
activity. However, we note the capabilities of metal phosphides, particularly nickel phosphide, to
perform reactions that involve thermal or electrocatalytic hydrogenation and postulate that these
active site ensembles on NigP play a critical role during these reactions.

In Chapter 2, we evaluated this hypothesis by studying the ability of NisP nanocrystal to cat-
alyze NO3~ electroreduction. With a microkinetic analysis, we presented experimental evidence
of a competitive adsorption between nitrogenous species and hydrogen, which solidifies the impor-
tance of active site ensembles in NisP’s NO3~ electroreduction reaction mechanism. We use this
as a foundation to rationalize the selectivity across a series of potentials and note the high NHjz
selectivity at low cathodic potentials.

In Chapter 3, we continued our study in Chapter 2 by using synthetic levers to tune the active
site ensembles on NisP nanocrystals. After considering what is known about hydrogen binding
affinities on transition metals (i.e., d-band theory), we developed a two-step synthesis that involves
cationic exchange with the host nickel cation, copper, and cobalt. Contrary to our intuition based
on the relative atomic radii of the three transition metals, copper was less capable of incorporation
into NioP compared to cobalt. We conducted bulk electrolysis with these doped nanocrystals and
found that, as we expected based on their relative H-binding affinities, cobalt-doped NisP favored
NHjs formation and suppresses HER, while the introduction of weakly-bound H* on copper-doped

NigP increased Hs selectivity.
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4.2 Outlook

I would like to recall the two guiding principles for a heterogeneous catalyst from Paul Sabatier

and Linus Pauling: [10, 11]

1) The adsorbent should neither be adsorbed too strongly nor too weakly.

2) The catalyst must bind the transition state more tightly than the substrate.

From my point of view, Pauling’s principle remains true and neatly supports our proposition that
the presence of strongly-bound hydrogens onNisP is the reason for high NHjs selectivity in NOs~
electroreduction. While the Sabatier principle is generally applied in the context of descriptors and
a volcano plot, I have realized that it is also applicable in the context of more complex systems.
On a transition metal phosphide surface, achieving the optimal coverage to selectively produce one
product over another is achieved by the adsorbates having ideal adsorption energetics relative to
one another: not too strong nor too weak. This may mean that an adsorbate should be bound “too
strongly”—so that it can be utilized to make multi-electron products.

Needless to say, identifying what an ”ideal” catalyst surface is difficult, especially with multi-
elemental materials, whose mechanisms are often complex. We hope that our work in Chapter 2
will inspire more experimental mechanistic studies with metal phosphide materials with NOs ™~ elec-
troreduction and beyond. Additionally, the high NHjs selectivity at low overpotentials is intriguing
and raises the question whether we could investigate other nickel phosphide stoichiometries, or even
conduct NO3 ™~ electroreduction with a series of solvents and electrolytes with varying pKas to tune
NHj selectivity by explicitly controlling hydrogen concentration in the system.

Lastly, there is room for more investigation with the doping of NioP nanocrystals via cation
exchange. Understanding the limits of dopant incorporation, the extent of dopant incorporation
into the host lattice, and how to maintain morphology are all questions that remain unanswered.
While we did see catalytic trends with these materials based that aligned with what we would
expect based on d-band theory, probing the H-affinity with these materials with techniques such

as Ho-TPR and Hy-TPD would be informative to further these conclusions.
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