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ABSTRACT OF THE DISSERTATION

M-N-C Catalysts for Electrochemical Transformation of N-Species to Ammonia and Beyond

by
Eamonn Murphy
Doctor of Philosophy in Chemical and Biomolecular Engineering
University of California, Irvine, 2023

Professor Plamen Atanassov, Chair

Ammonia (NHs) is a critically important molecule, necessary to produce fertilizers and is also
used in a variety of household chemical and as a precursor in pharmaceuticals. Additionally, NH3
has a relatively large energy density and can be liquified at mild conditions, making it appealing
as not only a chemical feedstock but also as an energy storage vector. Unfortunately, the now
century old Haber Bosch (HB) process remains the only way to produce NHs on a large scale.
The HB process is one of the most energy intensive and carbon dioxide emitting processes and is

therefore essential to decarbonize as we transition into a greener future.

The electrochemical transformation of reactive nitrogen-species is a promising, carbon neutral
pathway for NH3z synthesis. Typical approaches utilize di-nitrogen (N2) as a reactant; however,
the success of these systems remains unproven. Utilizing a more oxidized form of nitrogen,
nitrate (NOz3"), presents several advantages such as increased solubility in aqueous electrolytes
and favorable adsorption energies, helping to increase the NOs™ to NH3 selectivity. The
electrochemical nitrate reduction reaction (NOsRR) is a complex 8e" transfer reaction, where the

Xiv



reaction pathway and participation of reaction intermediates is largely unknown. This
dissertation addresses these issues by fundamental studies partitioning the reaction pathway over
distinct catalytic sites in a bi-metallic system. Then moving to develop a series of physically
relevant NO3/NO2RR activity descriptors. Finally, the knowledge gained from the fundamental
studies is applied to create an active particle-active support catalyst system, achieving the

NOsRR to NHz at industrial current densities. Specifically, the studies are outlined below.

1) Highly durable and selective Fe-and Mo-based atomically dispersed electrocatalysts for
nitrate reduction to ammonia via distinct and synergized NO, pathways
An atomically dispersed bi-metallic FeMo-N-C catalyst was developed and was shown
computationally and experimentally that the Fe-Ny sites favor NO2™ to NHz conversion,
while the Mo-Ny sites favor NOz™ to NO2™ conversion. These sites were synergized to
achieve a NOsz- to NH3 efficiency of 94%. Additionally, DFT uniquely demonstrated that
over highly oxyphilic sites, such as Mo-Nx the real active site during the reaction is *O-

Mo-Ny and can simultaneously adsorb multiple intermediates.

i) Elucidating electrochemical nitrate and nitrite reduction over atomically dispersed
transition metal sites
A library of 3d, 4d, 5d and f-metal atomically dispersed Metal-Nitrogen-Carbon catalysts
were synthesized and extensively characterized for their atomically dispersed nature and
M-Ny coordination. Electrochemical NO3RR and NO2RR were performed to obtain
experimental activity descriptors. DFT was used to generate a series of computational
activity descriptors. The experimental and computational activity descriptors were

correlated to develop a set of physically relevant computational descriptors, such that the

XV



NOs/NO2RR activity of M-N-C catalysts could be accurately predicted with a simple
descriptor. Additionally, isotopic doping experiments revealed the complex NO2
production consumption mechanism over the M-N-C catalysts, confirming the 2e” + 6e°

transfer pathway rather than the commonly assumed direct 8e™ pathway.

iii) Synergizing y-Fe>O3z nanoparticles on single atom Fe-N-C for nitrate reduction to
ammonia at industrial current densities
An active particle-active support catalyst system was synthesized by reducing y-Fe2Os
nanoparticles onto an atomically dispersed Fe-N-C support. The catalyst system was
characterized electrochemically to demonstrate the increase in NO3RR performance of
the y-Fe203/Fe-N-C system over a y-Fe203/XC72 system. Uniquely, the y-Fe2Os/Fe-N-C
system showed potential independent behavior on the FEnws, allowing for a reductive
potential up to -1.2 V vs. RHE, while maintaining a 100% FEnwz and a high Yieldnns
over 9 mmol hr't cm. An economic analysis invesitagting the levelized cost of NH3
revealed it is more beneficial to reduce the levelized cost of NH3 to operate at a higher
over potential of -1.0V at a lower energy efficiency, with a very high NH3 partial current
density (1.3 A/cm?). Post-mortem XPS revealed that during the pre-reduction activation
step, a surface layer of Fe?*/Fe® is formed, resulting in the ultra-high NOsRR activity

observed.
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Chapter 1

INTRODUCTION

1.1 Motivation

Synthetic ammonia via the nitrogen reduction reaction (NRR) is of critical significance to the
global population and human activity as a key precursor for agricultural fertilizer. With an
annual production of ~175 Mt worldwide accounting for ~70 billion USD market value, the
industrial ammonia manufacturing, also called Haber-Bosch (H-B) process, is so important that
more than 50% of the nitrogen atoms present in the human body originate from this process.*
However, the H-B process is energy intensive due to an over 400 °C and 200 bar reaction
condition, consuming 1-2% of global energy and being ranked as the 2nd most energy intensive
chemical manufacturing process, right after ethylene and co-products. 23 Additionally, the
needed stoichiometric hydrogen (3Hz + N2 = 2NHz) is currently produced from steam
reformation of natural gas that emits ~332 Mt carbon dioxide (3COz per 8NHz), making the H-B
process the 3" largest CO, emitting manufacturing process (1% cement and 2" iron ore). *
Moreover, owning to the harsh reaction conditions and the need for steam reformation, the H-B
process requires centralized infrastructure with a high capital cost and complex product
distribution. Therefore, a sustainable, energy efficient, carbon neutral and decentralized ammonia

synthesis pathway is essential for future energy utilization and chemical manufacturing.

Inspired by the biological enzyme, nitrogenase that utilizes protons (H*) from water to synthesize
ammonia at ambient conditions °, electrocatalysis, particularly in aqueous media, is seen as a
promising approach for green and distributed ammonia synthesis on a large scale. However, the

electrocatalytic nitrogen reduction reaction (N2RR) is extremely challenging, given the low



solubility of N2 gas, its robust triple N=N bond and the prevalent competing hydrogen evolution
reaction (HER), as shown in Figure 1-1. Furthermore, the optimization of such low N2RR
activity is theoretically limited by the ‘linear scaling relationships’ between the adsorption
energies of different surface intermediates 8, such that the parasitic HER dominates the catalytic
activity over the entire potential range (Figure 1-1c).” Therefore, novel catalyst design is critical
to realize such a kinetically and thermodynamically unfavorable process. Atomically dispersed
catalysts, also named as single-atom catalysts (SACs), show unique electronic structure and
catalytic activity as compared to their bulk and nanoparticle counterparts. 8 For example, single-
atom transition metal nitrogen doped carbon (M-N-C) catalysts have long been studied as non-
precious metal catalysts for the oxygen reduction reaction (ORR). %1% Recently, SACs have been
utilized for the carbon dioxide reduction reaction (CO2RR) to produce syngas*! and other value-
added products 213, M-N-C catalysts were also reported to have nitrogen affinity in nitric oxide
reduction. * Meanwhile, in the past three years, SACs supported by a carbonaceous matrix have

been increasingly proposed and reported for their N2RR activities in aqueous electrolyte.
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Figure 1-1. Kinetic and thermodynamic challenges of N2RR. (A) Pressure dependence
of dinitrogen solubility in water as compared to oxygen (Oz), carbon dioxide (CO2) and
nitrate (NO3"). (B) Pourbaix diagram of N2RR and HER in an aqueous system. (C)
Computation-based volcano plot of nitrogen adsorption energy on a transition metal

terrace and rate determining potential of N2RR and HER. Figures were adopted from
References "1°.



Due to the sluggish kinetics and low selectivity of NoRR, especially in protic media, the
benchmark of ammonia yield is extremely sensitive to exogenous contaminations in the form of
either ammonia (NH3) or the oxidized species of nitrogen (NOx). In fact, ammonia is ubiquitous

in our daily life and lab environment '

, which can easily introduce false positives to the NoRR
system. Since 2019, several impactful papers have been published, highlighting the immediate
need for rigorous control in N2RR systems. '®?! Chorkendorf and coworkers proposed that
regardless of Ar or OCV controls, multi-point quantitative isotopic analysis was indispensable.??
In this work, by utilizing a multipoint quantitative isotopic analysis under a purified °N, gas
feed, all metal surfaces (Rh, Ru, etc.) failed to show N2RR activity in a static H-cell. ' Although
later publications often presented a series of control experiments and occasionally included
nuclear magnetic resonance (NMR) results for 1’NH3, a clear and convincing report was still
absent. For example, very few papers reported whether the Ar or OCV control was performed
independently or as a sequential test with same electrode, electrolyte and cell. Another example
is the local bubble build-up on static electrodes (e.g., carbon papers), rendering the commonly

reported plots of LSV showing a gap in the current density under Ar and N> atmospheres,

claiming NRR activity, meaningless. >

Moreover, the contamination of NOx species in catalysts and gas feeds creates a significant
challenge on conducting effective and rigorous NoRR. Furthermore, the adventitious NOx species
are also present in the labelled °N, gas %%, creating ambiguity even in isotopic analysis. In 2020,
Wenzhen Li and coworkers reported a widespread existence of NOx in commercial catalysts 2°,
which was related to the retraction of a 2014 Science paper on electrocatalytic ammonia
synthesis in molten salt °. Nitrogen can exist in multiple oxidation states from N> (0%) to NO3"

(5"), in which the more oxidized forms can be more easily reduced to NH3, Figure 1-2. More



recently, Simonov and coworkers published a critical work on the NOx purification and
verification in both standard and isotopic analysis for NoRR.?! That is, instead of simply claiming
the purification of feed gases (1*N2 and *N»), the NOx level in the N» gas and electrolyte must be
quantitatively verified and reported throughout the whole electrocatalytic process or at key steps.
In the over 100 papers being explicitly evaluated by Simonov, only the lithium-mediated
approach in aprotic media was satisfactory based on their three criteria in terms of reliable yield,
multi-point quantitative isotopic analysis and the quantitative verification and reporting of NOx

species in the N2RR system.

One promising work was reported by Duan and coworkers, wherein a unique high pressure
reactor was used to enhance the kinetics and thermodynamics of N2RR on single-atom (Rh, Ru,

Co) sites on a graphdiyne matrix (SA-GDY).?

Under a pressure of 55 atm in an electrolyte

composed of 5 mM H2SO4 and 0.1 M K»SO4 (Figure 1-2), an ammonia yield rate of ~1.7 nmol s’
"' em™ and FE of 20.36% were achieved at the cathodic potential of -0.2 V vs. RHE. But the non-
verified NOx species in this work failed to strictly meet the rigorous criteria set forth by Simonov

et al. Nonetheless, this work demonstrated a promising systems optimization approach, utilizing

increased N2 pressure and thus favorable kinetics in an attempt to increase N2RR activity.
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Figure 1-2. (A) Electrocatalytic pathways towards ammonia via the reduction of dinitrogen,
gaseous NOx molecules and ionic NOy species. (B) High pressure reactor for NoRR in aqueous
electrolyte. (C) Time course study of ammonia yield via isotopic analysis with °N; gas feed.
Figures were adopt from references 2'’.

Several recent works have synthesized catalysts inspired by the biological enzyme nitrogenase,
which consists of Mo and Fe cofactors, however, it should be noted that, not only for
nitrogenase, Mo and Fe atoms are also the cofactor centers of natural nitrate/nitrite reductase. 3
Our recent work on nitrate reduction showed significant activity of Fe- and Mo-based SACs
towards the electrocatalytic conversion of NO3/NO>™ to ammonia with high Faradic efficiency.
However, when dinitrogen gas (N2) was fed, in the absence of any NOx species, no detectable
ammonia was observed at potentials between 0 V and -0.7 V in a static H-cell filled with PBS,
KOH, HCI or H>SOg4 electrolyte. Therefore, following the rigorous benchmarked protocol is
essential to demonstrate unambiguous NoRR activity of all proposed catalysts. As mentioned in

Simonov’s work 2!, N2RR is such a kinetically and thermodynamically difficult process and thus

it is not reasonable to see that such a variety of catalysts, including SACs, can effectively



promote N>RR. After carefully reviewing the most recent and influential papers for single-atom
N2RR catalysts, we believe it does not enrich the discussion to make a typical comparison table

with faradaic efficiency (FE) and ammonia yield for these catalysts.

As an alternative route to circumvent the significant challenges faces in the electrochemical
reduction of N2, a more oxidized form, nitrate (NOz") presents a promising pathway. Although
the reduction of NOz™ to NHz is an 8e" transfer process, 5 more e~ per NHz molecule than N2
(Figure 1-3), there are several advantages to the nitrate reduction reaction (NOsRR). In direct
contrast to N2, NO3™ has a solubility in aqueous electrolytes 5 orders of magnitude higher as
shown in Figure 1-1. The NO3z™ molecule only has a N=0 double bond, making the activation and
cleaving of this bond much easier than the highly stable N=N bond. Additionally, it has been
shown that the adsorption energies of NOs™ on atomically dispersed M-Ny sites is more favorable
over competing H*. Both advantages allow the NO3™ reactant to easily reach the catalytic active
site and compete against the HER. A unique advantage of atomically dispersed catalysts for the
NOzRR is the isolation of M-Ny sites, which prevent the coupling of N-N intermediates (N2),

favoring the formation of mono-nitrogen products (NHz).

NOz" is an environmental pollutant often found in wastewater runoffs, largely due to
overfertilization practices and in industrial waste streams at concentrations up to 2M.?® For
wastewater reutilization, NO3™ must be reduced and is typically done so though enzymatic
denitrification treatments, reducing the NOs™ to benign N2. By employing the NO3RR, the waste
NOz" can not only be reduced for water remediation purposes, but a value added NHs is
generated, providing dual benefits, while enhancing the efficiency of the nitrogen cycle.
Importantly, the origin of the nitrogen in NOs", is from the HB process, creating an NH3

molecule used in the production of nitrogen-based fertilizers. Therefore, the NO3RR through



waste streams is not independent of the HB process but does allow for a more efficient use and
recycling of nonutilized NHz. To create a NHs synthesis pathway fully decoupled from the HB
process, low temperature plasma methods to oxidize N2 into NOx (NOz") species is gaining
interest. Currently the limiting factor of this technology is the high energy cost in the overall
process of N2 plasma oxidation and subsequent electrochemical NOs™ reduction. However,
current state of the art techniques places this green NHz pathway at an equivalent energy cost as

Li-mediated pathways, highlighting its technical feasibility.

NOz" not only enables an electrochemical pathway to NHz synthesis, but also provides an
opportunity for electrochemical carbon-nitrogen bond formation. Electrochemical C-N bond
formation is an extremely new field, which is quickly gaining attention, for the high value
chemicals which could theoretically by synthesized. NOz™ is an ideal nitrogen reactant due to its
high solubility in aqueous electrolytes, while its carbon-based reactant counterpart carbon
dioxide / carbon monoxide with low solubility can be present in the gas phase. By employing a
gas diffusion electrode (GDE), gaseous CO2/CO can directly reach the solid surface of the
catalyst, where the aqueous phase NOs" reactant is simultaneously present, at the triple phase
boundary. Electrochemical C-N formation enables the direct synthesis of urea. Typically, 80% of
produced NHs undergoes a second energy intensive, thermal reaction with NH3 and CO> to
produce urea (CO(NH2)2). The direct electrochemical synthesis eliminates emissions from both
the HB process and secondary intensive reactions, decentralizing the synthesis of urea. The
electrochemical synthesis of urea from NOz3" is a complex multi proton electron transfer process
(16€°) as seen in Figure 1-3. Ideally, CO2 and N2 could be coupled, drastically reducing the

required e (6e°), however, to date success has only been confirmed when utilizing NOs".
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Figure 1-3. Landscape of electrochemical N-transformation pathways with N2 and NO3™ to NH3
and coupling of carbon and nitrogen species for urea synthesis.

1.2 Dissertation focus

The electrochemical nitrate reduction reaction is a complex reaction with numerous (desorbable)
intermediates. Only recently has interest been resurging for the NOsRR, where most studies
investigate extended metal surfaces, leaving atomically dispersed catalyst largely unexplored.
This dissertation utilizes experimental and computational efforts to investigate the NO3RR
reaction mechanism and reveals role of the NO>™ intermediate, following a complex 2e” + 6e

transfer pathway.

In chapter 2 a novel bio-inspired atomically dispersed FeMo-N-C catalysts is synthesized and it
is demonstrated computationally and experimentally that the Mo-Ny sites follow a dissociative

adsorption pathway, dissociating NOs™ to NO2’, while the Fe-Ny sites follow an associative



adsorption pathway for NO3™ to NHs. The Fe-Ny sites also demonstrate extreme activity to the 6e”
reduction of NO2 to NHs. Therefore, by synergizing the Mo-Ny and Fe-Nx sites, a cascade
pathway for NO3z™ to NH3 at high efficiency is demonstrated. Additionally, in this work it is
revealed that the Mo-Ny sites cyclically generate NO2™ by simultaneously adsorbing reaction

intermediates (yielding a *O-Mo-Ny active site).

In Chapter 3, aiming to address the lack of experimentally supported NO3RR activity descriptors
in the literature, a library of 3d, 4d, 5d and f-metal atomically dispersed M-N-C catalysts were
synthesized and extensively characterized. Experimental activity descriptors such as the reaction
onset potential, NOsRR and NO2RR descriptors are extracted, while DFT was used to create a
series of computational activity descriptors. The experimental and computational descriptors are
then correlated to find the most relevant. Throughout this work, isotopic ®NO2" doping
experiments revealed the complex 2e” + 6e” transfer pathway over all M-N-C catalysts,
demonstrating the difficulty in claiming a direct 8e” pathway, even when little to NO-" is detected
in the bulk electrolyte. Lastly, correlating the experimental and computational data revealed that
over highly oxyphilic active sites, the true active site which must be considered for the NO3RR is

the oxo-form, where oxygen is bound as a fifth ligand (*O-M-Ny).

Chapter 4 extends beyond a mechanistic study to achieve the highest possible NOsRR
performance in terms of NHs3 partial current density (at maximum FEnn3). A novel active
particle-active support system (y-Fe2Os/Fe-N-C) is synthesized and characterized. Through
highly localized and bulk measurements, electronic interactions between the nanoparticles and
single atom support are evaluated. Optimized NO3sRR performance reaches 1.95 A/cm? at near
100% FEnnz. An economic analysis evaluating the tradeoff between energy efficiency (applied

potential) and partial current density is performed, demonstrating an optimal operating potential



at -1.0 V vs. RHE. The high durability of the y-Fe.Os/Fe-N-C catalyst is shown over 24 hours at
-1.0 V vs. RHE, maintaining 100% FE and a current of 1.3 A/cm?. Additionally, post-mortem
XPS reveal the importance of the pre-reduction activation step, where surface Fe*" is reduced to

highly active Fe?*/Fe®, resulting in the ultra-high NOsRR performance.

Chapter 5 closes by discussing the existing challenges of the NOzRR which must be addressed in
transitioning this technology forward to realize green NH3 synthesis through electrochemical
pathways. Additional comments on the progression of N2RR are discussed. The catalytic systems
developed in this dissertation were applied to neighboring CO- reduction and O> reactions and is
briefly mentioned. Finally, the outlook of NOs™ as a reactant for the electrochemical C-N bond

formation is discussed.
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Chapter 2
Highly durable and selective Fe- and Mo-based atomically dispersed
electrocatalysts for nitrate reduction to ammonia via distinct and synergized

NO; pathways

2.1 Overview

Production of ammonia (NH3).3%3! NH;3 is critical to produce N-based fertilizers and shows
promise as an energy vector and carbon free liquid fuel.>>323* Currently, the near century old
Haber-Bosch (H-B) process is the only industrial NH3 manufacturing approach. However, the H-
B process operates at high temperatures and pressures and utilizes grey hydrogen.®® As a result,
the process consumes 1-2% of global energy and produces 1-2% global CO, emissions.3*3
Electrochemical methods offer carbon-neutral pathways for NHs synthesis, at ambient conditions
and in a distributed manner. To date, the electrocatalytic nitrogen reduction reaction (N2RR) from
dinitrogen gas, is the most heavily researched. However, N2RR faces several challenges such as
low solubility in aqueous electrolytes, competition from the more facile hydrogen evolution
reaction (HER) and large thermodynamic activation barriers.>’=° As a result, the faradaic
efficiencies (FE) and yields of NHs in aqueous systems remains low — even proving difficult for

reliable analytical detection.1620.2

To circumvent these challenges, oxidized nitrogen species, such as nitrate (NO3") can be utilized
as feedstock for efficient electrocatalytic NH3 production. NO3z™ is the second most abundant form
of nitrogen as an environmental pollutant present in industrial waste streams and water runoff at
concentrations up to 2 M.%0#2 Nitrate’s appeal is owed to its large solubility in aqueous electrolytes

and relatively low bond dissociation energy (204 kJ/mol), facilitating significantly more favorable
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kinetics compared to N.RR processes.***® The electrocatalytic nitrate reduction reaction (NOsRR)
has been studied extensively for denitrification and water purification.**#44¢ Early NOsRR
research focused on selective reduction of NO3™ to %N, via a 5e” transfer pathway (E° = 1.25 V vs.
RHE)**" and has been validated on a variety of bulk metals, heterogeneous catalysts (Ru, Rh, Pd,

Ir, Pt, Cu, Ag and Au) and their alloys.*8-%

Recently, significant attention has been shifted to selectively reducing NOs™ to NH3 via an 8e
transfer pathway (E° = 0.82 V vs. RHE). The 8e" transfer pathway is highly complex, involving
many potential reaction intermediates (NO2, NO2", NO, N20, N2, NH3, NH20H and N2Hjs, etc.).
The initial 2e” transfer reduction of adsorbed *NOz™ to *NO- is thought to be universal in the
NO3RR pathways and is regarded as the rate limiting step.>”° Further reduction to *NO is
regarded as the selectivity determining step on extended catalyst lattice surfaces. From *NO, the
reaction pathways diverge selectively towards NHz or N2, depending on electrolyte conditions and
intermediates’ adsorption strength on catalyst surfaces. Several recent computational studies have
examined the selectivity of the *NO to subsequent reaction products (N2, NH2OH and NH3) over
a variety of transition metal surfaces.®®-%? By contrast, single atom catalysts (SAC) provide an
intrinsic advantage favoring NHs production over N2 products. By creating isolated single atom
active sites, the possibility for two mono-nitrogen moieties to be activated on adjacent sites and
form coupled N2 products (N20, N2, N2H4) is minimized, narrowing product selectivity largely to
NH3.5 Recent work reported the feasibility of Fe-based SACs for NOsRR and some theoretical
work indicated that single atom active sites preferentially adsorb NOs over H*, reducing
competition from the HER.%3%" Although good progress has been made in the field of nitrate
reduction for NHs production, developing well-established reaction mechanisms and

electrocatalysts with long-term operational stability remain a significant challenge.?®
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In nature, the NOsRR pathway is carried by enzymatic cascades, wherein the conversion of NO3
to NO2 and subsequent reduction of NO2™ to NHs are catalyzed by the nitrate reductase Mo-
cofactor and the nitrite reductase Fe-cofactor, respectively.%®%° Analogously, in this work, we
demonstrate a highly efficient synthetic electrocatalytic cascade utilizing chemical dissociation of
the NO3™ ion to NO2™ over single-atom Mo sites. Followed by a kinetically fast 6e” transfer

reduction of NO2" to NH3s at 100% FE over single-atom Fe sites.

Enzymatic NOsRR:

_ Mo—cofactor _ Fe—cofactor
NO; ———————NO; ————— NH;,4

FeMo-N-C NOsRR:

. Mo—-N-C Fe—N-C
Catalytic cascade: NOg ———— NO, —— NH;
Chemical -
. - Fast 6e
dissociation

This biological process indicates the unique role of different metal elements for nitrogen
transformation. Herein, we report for the first time, an in-depth study of atomically dispersed
mono- and bi-metallic Fe- and Mo-based electrocatalysts for the NOsRR. Distinct NO3™ to
*NO2/NO;" intermediate pathways were identified both computationally and experimentally. The
initial NO3™ adsorption was found to be dissociative on Mo sites and associative on Fe sites,
showing great biological similarity. By integrating both Mo and Fe sites on a bi-metallic catalyst,
the two reaction mechanisms were synergized, and the synthetic catalytic cascade achieved a
NOsRR faradaic efficiency (FE) for NH3 of 94% and a yield of 18.0 umol cm™ hr! (153 pgnms

mg e hrt). Moreover, durability studies showed a well-maintained faradic efficiency above
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90% over a 60-hour electrolysis. These findings pave the road for synergizing distinct reaction

pathways on atomically dispersed electrocatalyst for highly selective and efficient NHz synthesis

2.2 Methods

2.2.1 Synthesis of Fe/Mo/FeMo-N-C SAC

The Fe, Mo and FeMo catalysts are synthesized via the sacrificial support method (SSM). Details
of this method are reported in detail in previous work.”® Iron nitrate nonahydrate and ammonium
molybdenum tetrahydrate are selected as the iron and molybdenum precursors, selectively. First,
a calculated amount of metal nitrate precursor (Fe-N-C precursor = 0.6 g, Mo-N-C precursor =
0.26 g) is combined with a silica of varying surface area, consisting of inhouse Stdber spheres,
LM-150 and OX-50 (0.5 g, 1.25 g and 1.25 g, respectively). Nicarbazin (6.25 g) is added to the
precursor mixture. For the molybdenum containing catalysts, a calculated amount of urea was
added to assist in reducing the molybdenum precursor. The amount of metallic precursor is
calculated such that the number of metal atoms between the mono- and bi-metallic catalysts is
constant. Next, MilliQ water was added to the precursor ratio and sonicated for 30 min. The
viscous mixture was then set at 45 “C under constant stirring until dry. The material is then ground
and ball-milled for 1 hr at 45 Hz. A first pyrolysis is performed at 650 °C for 45 min under a
reductive 7% H: - 93% Ar atmosphere. The material is then etched 4 days in a 40 wt% hydrofluoric
acid mixture (2:1) HF/H20. The material is then washed until a neutral pH, before being dried and
again ball milled. Next the material undergoes a second pyrolysis at 650 “C for 30 min under a

10% NH3z — 90% Ar atmosphere, followed by a final ball-milling.

2.2.2 Scanning Transmission Electron Microscopy & Energy-Dispersive X-ray Spectroscopy
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The surface morphology, nanostructure, and atomic distribution of the catalysts were analyzed
by aberration-corrected scanning transmission electron microscopy and energy-dispersive X-ray

spectroscopy (EDS) using a JEOL ARM300CF at an accelerating voltage of 300 kV.

2.2.3 Scanning Electron Microscopy

The surface morphology was further examined by scanning electron microscopy (SEM) on an

FEI Magellan 400 XHR SEM.

2.2.4 X-ray Diffraction (XRD)

XRD patterns were collected on a Rigaku powder X-ray diffractometer.

2.2.5 X-ray Photoelectron Spectroscopy (XPS)

The surface valence and chemical bonds of the catalysts were analyzed by X-ray photoelectron
spectroscopy (XPS) performed on a Kratos AXIS Supra spectrometer with a monochromatic Al
Ka source. CasaXPS software was used to analyze the XPS data. An asymmetric 50%
Gaussian/50% Lorentzian setup was applied for sp2 carbon. A 70% Gaussian/ 30% Lorentzian

setup was used for all other data.

2.2.6 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
The metal content in each catalyst was quantified by inductively coupled plasma mass
spectrometry (ICP-MS) on an Agilent 5110 (Appendix A.1).

2.2.7 Nitrogen Physisorption

N2 adsorption—desorption isotherms were recorded on a Micromeritics 3Flex Analyzer at 77 K,

with a low-pressure dosing mode (5 cm?®/g). The surface area was calculated by the
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Brunauer—Emmett—Teller (BET) method, and pore size distribution was obtained using the

nonlocal density functional theory model (NLDFT)

2.2.8 Raman Spectroscopy

Raman spectra were taken using an InVia Renishaw Corp., U.K., system to quantify the graphitic

and amorphous carbon content.

2.2.9 Electrochemical Measurements

The working electrode was a carbon paper (AvCarb MGL 370, Fuel Cell Store) cut to a geometric
surface area of 0.45 cm?. The carbon paper was pre-treated to increase the hydrophilicity of the
paper with an oxygen plasma treatment, followed by acid washing in 0.5 M H2SO4 and finally
washed with MilliQ water. The catalyst ink was prepared by dispersing 5 mg of the M-N-C catalyst
in 300 pL of MilliQ water, 670 uL of isopropanol and 30 uL of a 5 wt% Nafion solution and
ultrasonicated for 1 hour. 100 pL of the catalyst ink was drop cast onto the carbon paper for a total

catalyst loading of 0.5 mg/cm? and dried in a vacuum oven at 60 °C overnight.

2.2.10 Nitrate Reduction Reaction (NO3RR)

Electrochemical nitrate reduction measurements were carried out in a customized glass H-cell,
separated by a Nafion 211 membrane (Fuel Cell Store) at ambient conditions. Before the
electrochemical test, the membrane was pretreated by boiling in 5% H20- for 1 hour, followed by
boiling in H20 for 1 hour and then 0.5 M H2SO4 and finally washed with Millipore water.
Electrochemical measurements were recorded using a Biologic VMP3 potentiostat. A standard
three-electrode system was used with a reversible hydrogen electrode and a graphite rod as the
reference and counter electrode, respectively. The electrolyte used for all nitrate reduction

experiments is 0.05 M phosphate buffer solution (PBS) with a concentration of 0.16 M NO3z
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(KNO:3), providing a pseudo infinite, but industrially practical concentration of NO3z™ in the bulk
throughout all experiments in this study. Prior to electrochemical test, N2 gas (research grade
99.9995% - PraxAir) is purged in both the working and counter chambers for 30 min at 80 sccm,
which contain 30 mL and 25 mL of electrolyte, respectively. Potentiostatic tests are performed for
4 hours under constant stirring at a constant N> gas flow rate of 30 sccm to the working chamber.
Potentiostatic tests were performed at potentials of -0.2, -0.35, -0.45, -0.55 and -0.70 V vs. RHE.
Time-course tests are performed at -0.45 V vs. RHE for 24 hours at identical conditions. Similarly,
consecutive long-term stability tests are performed at -0.45 V vs. RHE for 12-hour periods, after
which the electrolyte is refreshed and another cycle is performed. LSV was performed at a rate of

10 mV/s, also under constant stirring and a gas flow rate of 30 sccm to the working chamber.

2.2.11 Nitrite Reduction Reaction (NO2RR)

Electrochemical nitrite reduction experiments were performed analogously to nitrate reduction
experiments, utilizing the same H-cell and three electrode system. The electrolyte is 0.05 M PBS
with a concentration of 0.01 M NO2" (KNO>), giving a concentration of NO2" in the bulk on the
same order of magnitude as that observed in the NOsRR experiments. Potentiostatic tests were
performed for 30 min and LSV was obtained at a scan rate of 10 mV/s. Potentiostatic tests were

performed at potentials of -0.2, -0.35, -0.45, -0.55 and -0.70 V vs. RHE.

2.2.12 Isotopic Doping Experiments

To verify that the source of the electrochemically synthesized NH3 originates from the NOz™ feed,
several control experiments were performed. The first control removed the driving force for
catalysis, nitrate electrolysis was performed analogously to typical nitrate reduction experiments

as described above, however, without an applied potential. After 4 hours at open circuit voltage
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(OCV), the electrolyte was sampled, and no ammonia was found as shown in Appendix A.2. The
next control experiment is to perform the nitrate reduction without the addition of an NO3™ source.
4-hour nitrate reduction electrolysis was performed using standard 0.05M PBS electrolyte. In the
absence of a NOz™ source, the sampled electrolyte showed no ammonia produced, as shown in
Appendix A.2. Furthermore, isotopically labeled experiments were conducted as described in
detail below.

Isotopic *°N labeling experiments were performed by using K*®NO3 (99% - Cambridge Isotopes)
as the isotopic nitrate source, utilizing analogous experimental procedures to the nitrate reduction
tests. The electrolyte used for the isotopic labeling experiments is 0.05 M PBS with 0.16 M
isotopically labeled potassium nitrate. Potentiostatic tests were performed at -0.45 V vs. RHE for
6 hours, under constant stirring and a N2 gas flow of 30 sccm to the working chamber. The
electrolyte was collected at the start of the test, after 1 hour, 2 hours, 4 hours, and 6 hours and the

15 NHjs is quantified by *HNMR.
2.2.13 Yield and Faradaic efficiency calculations

The nitrate (NO3") and nitrite (NO2") reduction to ammonia yield rate was calculated by Eq.1.

Cnhg ¥V 1

3 w A
M NH3 * T * electrode

The nitrate (NO3) and nitrite (NO2) reduction to ammonia Faradaic efficiency was calculated by
Eq. 2.

nxFxcyy, xV 2
Mwyy, * Q

FENH3 =

The nitrate (NO3") to nitrite (NO2) reduction Faradaic efficiency was calculated by Eqg. 3.
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nxFxcyos xV 3
Mwyo; * Q

FENOZ_ =

Where cyy, is the concentration of NHs(g) (ug / mL), V is the volume of the electrolyte (mL),
Mwypy, is the molar mass of NH3 (17.031 g / mol), tis the electrolysis duration (hr), Aelectrode is the
geometric surface area of the working electrode (0.45 cm?), n is the number of electrons transferred
(n = 8 for nitrate reduction to ammonia, n = 6 for nitrite reduction to ammonia and n = 2 for nitrate
reduction to nitrite), F is the Faraday constant (96485 C / mol), cyo; is the concentration of NO2’
(ng / mL), Q is the total charge passed during the electrolysis and Mwyo; is the molecular mass

of nitrite (46.005 g / mol)

The turnover frequency (TOF) was estimated using Eq. 4.

_ YieldNH3 4
- SD

Where Yieldyys is the yield rate of NHz (umol / cm? st) and SD is the site density of metal per

geometric area of the working electrode (umol metal / cm?).

2.2.14 Product Detection

For typical, non-isotopically labeled nitrate and nitrite reduction experiments, products were
detected and quantified using an ultraviolet-visible (UV-Vis) spectrophotometer (Shimadzu, UV-
2600). Ammonia was detected by the spectrophotometer using the indophenol blue method.’? Due
to the large concentration of ammonia produced, working electrolyte solution was diluted such

that the colorimetric result would fall within the range of the calibration curve. Specifically, 2 mL
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of the electrolyte (or diluted electrolyte if needed) was placed in a vial. To this,2 mL ofal M
NaOH solution that contains 5 wt% salicylic acid, and 5 wt% sodium citrate was added. Then, 1
mL of a 0.05 M NaClO and 0.2 mL of a 1 wt% CsFeNeNa20 (sodium nitroferricyanide) was added
to the solution. The solution was incubated in the dark at room temperature for 1 hr and then then
UV-Vis spectra were taken. The concentration of NHz is determined using the maximum
absorbance at a 655 nm wavelength. Standard UV-Vis calibration curves and linear calibration is
provided in Appendix A.3.

Nitrite concentration was detected by the spectrophotometer using a commercial nitrate assay kit
(Spectroquant), based on the Griess test. Due to the large concentration of nitrite produced,
working electrolyte solution was diluted such that the colorimetric result would fall within the
range of the calibration curve. Specifically, 2 mL of the electrolyte (or diluted electrolyte if needed)
was placed in a vial. To this, 22 mg of the assay reagent was added to the electrolyte and incubated
in the dark for 10 min. After incubation, the UV-Vis spectra were taken, and the concentration of
nitrite was determined at a maximum absorbance of 540 nm. Standard UV-Vis calibration curves

and linear calibration is provided in Appendix A.4.

Nuclear magnetic resonance (NMR) spectroscopy was used to detect and quantify the ammonia
produced from NOsRR and NO2RR experiments. Dimethylsulfoxide-d6 (DMSO) and 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) were used as the locking solvent and
internal standard, respectively. The NMR test solution was composed of a mixture of 580 uL of
the electrolysis electrolyte, 25 puL of DMSO, 20 pL of 3 M H2S0O4, and 75 pL of 6 mM DSS (made
with Millipore water). The NMR spectrum was obtained on a Bruker CRYO 500 MHz
spectrometer. The signal from H>O was restrained for better accuracy by applying the solvent

suppression method during acquisition. Topspin 4.0.8 software was used to process the NMR data.
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Standard UV-Vis calibration curves and linear calibration for normal *NHs and isotopically
labeled *®NHj3 are shown in Appendix A.5 and Appendix A.6, respectively.

2.2.15 Computational Details

All the density functional theory (DFT) calculations were performed using a generalized gradient
approximation approach and projector augmented-wave pseudopotentials’>™ as implemented in
the Vienna Ab initio Simulation Package™'’. An optB86b-vdW functional was used to account
for the van der Waals forces’®! with a gamma centered 8x8x1 k-mesh and Fermi-smearing; sigma
was set to 0.03. In all cases, the plane-wave basis cutoff was set to 400 eV. Fe-N-C and Mo-N-C
catalysts were modeled using 4x4 orthorhombic single-layer graphene cells with the dimensions
of 9.84 x 8.52 A and a vacuum region of 15 A. Active sites were modeled by removing two
adjacent C atoms in the cell and filling the internal edges with 4 N atoms after which the resulting
structure was coordinated to Fe and Mo atom creating a M-N4 structure. Computational models
for these sites are extensively tested in our previous work.8285 All structures were then optimized
by allowing all atoms to relax, but the lattice was kept fixed at the DFT optimized value for
graphene. The criteria for the convergence of the electronic energy were set to 1 x 10~ eV, while
the forces were converged to 0.01 eV/A. For details regarding the calculations of the associative

and dissociative adsorption over Fe-N4 and Mo-Ng sites, see the Appendix A.27 and Table 1.

2.3 Distinct *NO2/NOz" intermediate pathways over Fe and Mo active sites

In biological NOs™ reduction pathways, Mo-based active centers reduce NO3z to NO,” and Fe-based
active centers further reduce NO2 to NHs (or N2). To evaluate the catalytic activity of atomically
dispersed Fe and Mo sites towards the NOsRR to NHz, a series of atomically dispersed M-N-C (M

= Fe, Mo and FeMo) electrocatalysts were employed.
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Density Functional Theory (DFT) and experimental NOs™ reduction time-course studies predicted
and confirmed two different reaction mechanisms over the M-Njs sites. As shown in Figure 2-1a,
over exclusively Fe sites, associative NOs™ adsorption is favorable with a Gibbs free adsorption
energy calculated at -0.39 eV. Namely, Fe sites can stabilize the adsorbed NO3™ regardless of the
orientation NOs™ binds to the active sites, through either one or two oxygen atoms. This determined
the basis of a direct 8e” transfer pathway from *NOz to NHs, which was supported by its
electrocatalytic time-course study as shown in Figure 2-1d, wherein the NO2 concentration
observed was negligible and constant, throughout the entire 24-hour electrolysis, while the
concentration of NHj3 steadily increased. The detected minute amount of NO2™ ions might be from
the low-probability of *NOs dissociation over the Fe sites, which will be discussed in a following
section. In contrast, over exclusively Mo sites (Figure 2-1b), DFT calculations predicted the
reaction initiates via a highly favorable dissociative-adsorption pathway (A/G = -4.2 eV),
spontaneously breaking the O-N bond of the NOs” molecule to form a surface *O intermediate and
NO ion. The corresponding experimental time-course study supports this hypothesis (Figure
2-1e), highlighting a significant NO2™ evolution over NH3 through the entire 24-hour electrolysis.

In this case, the complete NO3™ to NH3 process follows a 2e” + 6e” transfer pathway.

Interestingly, by integrating both Mo and Fe sites in a bi-metallic catalyst (Table 2. ICP-MS of
Fe-N-C, Mo-N-C and FeMo-N-C electrocatalysts.), a synergized pathway was proposed to
optimize the NHz production with a catalytic cascade as shown in Figure 2-1c. That is, NOs™ was
dissociated to NO2" on Mo sites, and NO>™ can be subsequently associatively-adsorbed over Fe

sites and further reduced to NHas. In the corresponding time-course study (Figure 2-1f), the
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synergistic effect was confirmed by observing improved NH3 yield and a largely suppressed

NO2 concentration as compared to the Mo-N-C case, indicating the additional Fe sites readily
converted the NO2™ to NHa.

Fe-N-C Mo-N-C
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Figure 2-1. Elucidation of distinct NO3z™ to NO2™ pathways in the electrochemical nitrate
reduction (NOsRR) for NH3z synthesis over Fe- and Mo-based M-Nj sites. (a) Associative
adsorption of NOs™ on Fe-Njs sites as predicted by DFT calculations. (b) Dissociative adsorption
of NOsz™ into *O and NO2™ on Mo-N4 sites. (c) Proposed catalytic cascade for synergized NO3
reduction over Mo-N4 and Fe-Nzs sites. (d-e) The evolution of NH3z and NO2™ concentrations over
a 24-hour NOzRR electrolysis catalyzed by (d) mono-metallic Fe-N-C catalyst, (¢) mono-
metallic Mo-N-C catalyst and (f) bi-metallic FeMo-N-C catalyst. Insets show top-down view of
corresponding active sites. The electrolysis was performed at -0.45 V (vs. RHE) in 0.05M PBS +
0.16M NOg electrolyte. The errors were calculated from three independent electrolysis. UV-Vis
absorption curves for the detection of NH3z and NO>™ over the 24-hour electrolysis for the Fe-N-
C, Mo-N-C and FeMo-N-C are shown in Appendix A.7, Appendix A.8 and Appendix A.9. (C —

black, N —blue, O — red, Fe — gold, Mo — purple).
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2.4 Electrochemical Nitrite and Nitrate Reduction

By mimicking biological pathways and synergizing Mo and Fe sites, the activity of the bi-metallic
catalyst for the NOsRR was significantly increased compared with its mono-metallic counterparts.
To further explore the catalyst activity and reaction mechanism, detailed potential dependent

studies were performed for the nitrite reduction reaction (NO2RR) and NOsRR processes.

The cathodic current and reaction onset potential were first evaluated by linear sweep voltammetry
(LSV) in a standard 0.05 M phosphate buffer solution (PBS) electrolyte. Employing the bio-
inspired bi-metallic FeMo-N-C as an example, the LSV curves in Figure 2-2a show that the HER
had a delayed onset potential below -0.5 V (vs. RHE), indicating the suppression of the parasitic
reaction, a characteristic of many atomically dispersed active sites for the NOsRR.%3%%% This is
also confirmed by our DFT calculations (Appendix A.10), which show that due to the larger Gibbs
free energy of adsorption for NO3™ and NO>™ vs H adatom (-0.39 and -1.07 eV vs. +0.52 eV for Fe-
N and -2.72 and -2.24 eV vs. -0.18 eV on Mo-Njy sites at pH=6.3), HER should be pushed to -0.6
V and -1.1 V vs RHE on Fe- and Mo-containing sites. The addition of 0.01 M NO; shifts the onset
potential over Fe-Ny sites to 0.12 V, observed in both the Fe-N-C (Appendix A.11) and FeMo-N-
C (Figure 2-1a) catalysts, indicating the high activity of the Fe sites toward the NO2RR at low
overpotentials. Particularly, when compared with the Mo-N-C catalyst, the Fe-containing catalysts
showed a steep NO2RR current increase at potentials between 0 V and -0.2 V (Appendix A.11).
Similarly, the addition of 0.16 M NOgz" also positively shifted the onset potential to -0.20 V and
increased current densities. Interestingly, the positive shift in the onset potential in NOs™ to -0.09

V, was most significant in the FeMo-N-C catalyst (Appendix A.11), likely due to the cascade
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pathway with Mo sites chemically converting NOs™ to NO2™ and Fe sites electrochemically

reducing the NO> to NHz at low overpotentials.

The 6e” transfer reduction of NO2™ ions or *NOOH intermediate to NHzs is a critical step in the
NOsRR and the key in synergizing the dissociative and associative reaction mechanisms as shown
in Figurelc (2e” + 6e" transfer pathway). Therefore, the activity and selectivity of nitrite reduction
were first studied as shown in Figure 2-2 b and c. The potential-dependent studies show that both
the mono- and bi-metallic electrocatalysts reduced NO2™ to NH3 at yields and FEs greater than
those for nitrate reduction even under a 16-fold concentration of NO3z™ (Figure 2-2 d and e),
demonstrating the downstream 6e” steps from NO>™ to NHsz are not rate limiting in the NOsRR.
This is also partially supported by previous experimental and theoretical works.%” 6387
Additionally, it was revealed that the Fe sites were particularly active for the NO2RR, in that the
its FE was consistently around 100% at all potentials, and the yields were as high as 50.6 pmol
cm? hr (865 pugnns mg e hrt) at -0.7 V. While less active than Fe sites, mono-metallic Mo sites
still maintained a FE above 60% below -0.35 V and reached a maximum yield of 18.3 umol cm™
hrt (177 ugnns mgea hrt) at -0.7 V. This also explains the moderate NH3 evolution, compared to
the dominant NO>™ production, of the Mo-N-C in the 24-hour time-course study shown in Figure
2-1e. Interestingly, the difference in nitrite reduction efficacy between Fe and Mo sites mirrors the
behavior seen in biological systems, where Mo-based reductases preferentially convert NOz™ to

NO:" and Fe-based reductases preferentially convert NO2>™ to NHs.

Based on the understanding of the NO2RR activities, the more complex electrochemical nitrate
(NO3") reduction was investigated. Figure 2-2d shows the FE for NHz and NO2", with the balance

being undetected gas phase products, likely H2 or NO species since N2 is unlikely to form on
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single-atom active sites. The corresponding NHz yields as a function of potential are shown in

Figure 2-2e.

In agreement with Figure 2-1 d and e, the NHz and NO2" FEs confirmed distinct reaction
mechanisms for Fe and Mo sites. NOsRR over exclusively Mo sites resulted in a large portion of
cathodic current going to the kinetically facile NOs™ to NO2 reduction via the dissociative-
adsorption mechanism, resulting in a FEnoz- up to 33% (~60% molar percent) at -0.45 V.
Meanwhile, the FEnnz was 66% at -0.45 V with a corresponding yield of 5.6 pmol cm™ hrt (48
ngnnz Mg e hrt). Although decreasing the electrode potential from -0.2 V to -0.7 V increased the
NH3 yield (Figure 2-2e), its FEs failed to surpass 70% and a 1.5-fold FEno.- was observed at -0.7
V. In contrast, the NO3RR over Fe sites demonstrates a highly selective and efficient reduction of
NOs" to NH3 (rather than NOy") via a direct 8e” pathway, resulting in a FEnHz up to 84% and a yield
of 10.1 umol cm? hr? (86 pgnns mglear hrt) at -0.45 V. Although the NOsRR became slightly
favorable to NO>™ at more cathodic conditions, the FEnns was well maintained above 80% and the
NHs yield over Fe active sites was consistently higher than that of Mo active sites. Given Fe-N-
C’s excellent NO2RR activity (Figure 2-2 b and c), the first 2e” transfer process is likely the rate

limiting step for the NO3RR.

These results inform a clear catalytic strategy. By integrating heterogenous Mo sites, which
readily reduce NO3z™ to NOy", with and Fe sites, which are limited by NOs™ to NO> reduction, into
a single bi-metallic catalyst (FeMo-N-C), a synergistic catalyst system can be employed to
optimize this multistage NO3NRR chemistry. As shown in Figure 2-2d, the bimetallic FeMo-N-C

catalyst showed an increased FEnnz up to 94% at -0.45 V, a value among the highest selectivity
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reported for NO3™ reduction to NHs (Table 3. Comparison of Literature of the NOsRR for NH3
synthesis.) (The remaining 6% FE came from NO"). Additionally, the NH3 yields were
significantly improved to 18.0 pmol cm™ hr't (153 pgnns mg™ea hrt), which was 1.8-fold greater
than Fe-N-C and 3.5-fold greater than Mo-N-C at -0.45 V. As compared to the NO2RR, where
Fe-N-C showed the largest NH3 yield over FeMo-N-C and Mo-N-C (Figure 2-2c), the bi-metallic
catalyst showed a dominating NH3 yield in the NO3RR at all potentials (Figure 2-2¢), strongly
supporting the synergy of the Mo sites (NOs™ to NO2") and Fe sites (NO2™ to NH3) in the NOsRR

via a cascade reaction for optimized ammonia synthesis.
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Figure 2-2. Electrocatalytic performance of NO2" and NOs™ reduction for atomically dispersed
Fe-N-C, Mo-N-C and FeMo-N-C catalysts. (a) Linear Sweep Voltammetry at a scan rate of 10
mV s for the FeMo-N-C catalyst in 0.05M PBS and 0.05M PBS doped with either 0.01M NO2"

or 0.16M NOs'. (b-c) Potential dependent NO2RR (0.5 hour) for the three catalysts at a NO2
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concentration of 0.01M, specifying b) NH3 Faradic Efficiency (FE) and ¢) NH3 yield rate. The
NO2RR chronoamperometry plots and UV-Vis detection for NHz are shown in Appendix A.12
and Appendix A.13, respectively. Note, FE’s over 100% are a result of electrolyte dilution to
bring the concentration of NH3 into the detection calibration range. Potential dependent NOsRR
(4 hours) for the three catalysts at a NO3z™ concentration of 0.16M. (d) FE for NHz (solid bars)
and NO>" (dashed bars) at varying potentials, with the dotted line indicating 100% FE. (e) Yield
rates for NHz. All errors were calculated from three independent electrolysis. Corresponding
TOF calculations are given in Table 4. The NO3RR chronoamperometry plots and UV-Vis
detection for NHz and NO>™ are shown in Appendix A.14, Appendix A.15, Appendix A.16 and

Appendix A.17.

2.5 NOsRR Stability and Reliability

A recent review by Koper and co-workers highlighted that long-term durability studies are an
immediate need for the future development of ammonia synthesis via the NOsRR.?® Usually,
durability has been claimed from single or several cycles of short-term electrolysis (0.5 — 4 hours).
For example, titanium electrodes were reported to achieve a FE of 82% for the first 2 hours, after
which, the FE dropped to 40%, showing change of catalytic performance over long-term
electrolysis.® Here, durability studies were performed on the FeMo-N-C catalyst at -0.45 V for a
total operation time of 60 hours, broken into five 12-hour segments, each with a refreshed
electrolyte (Figure 2-3a). After the first 12 hours, the yield decreased from 13.8 umol cm™ hr to
9.3 pmol cm hr then remained steady. However, the FEnns was well maintained above 90%
over the 60 hours, demonstrating the robustness of the electrocatalyst for selective NO3s™ reduction

to NHs.
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Isotopic analysis is essential to confirm the electrochemical transformation of N-species to NHs,
especially with N-doped catalysts. A 6-hour electrolysis was conducted at -0.45 V with a **NOs"
feed at the same concentration. Figure 2-3b shows only the characteristic doublet of 1°NHs in the
'H-NMR spectrum, wherein the peak intensity steadily increased throughout the 6-hour
experiment, showing good linearity between the NHs concentration and reaction time (Figure
2-3c). Consequently, the NHs production from the labeled **NOs™ and standard *NOs™ showed
good consistency in terms of both FEnns 92% vs. 94% and yields 16.5 pmol cm™ hr?t vs. 18.0

umol cm hr? (Figure 2-3d), confirming the reliability of NOs™ conversion to NHa.
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Figure 2-3. NO3RR stability test and isotopic analysis for the FeMo-N-C catalyst. (a) 60-hour
electrolysis at -0.45 V (vs. RHE) in 0.05M PBS + 0.16M NOs". Every 12 hours, the electrolyte
was sampled for NHz and NO>™ quantification, and then refreshed for the next cycle. (b-d)
1>NO3RR electrolysis at -0.45 V with isotopically labeled *°®NOs (0.16 M). (b) *H-NMR spectra
of the electrolyte at varying time intervals. The dashed line at the 6-hour point indicates *°NHj3
detected in counter chamber due to the NH3 crossing over the membrane. (c) Concentration of
15NHjs as a function of the electrolysis time. (d) Comparison of the NH3 FE and yield rate from

14NO3 and °NOs" feeds, over 6-hours of electrolysis.
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2.6 Physical structure of the Fe, Mo and FeMo-N-C SACs

The atomically dispersed mono- and bi-metallic catalysts in this work were synthesized using the
well-established sacrificial support method (SSM).8"t The SSM class of M-N-C catalysts have
been widely studied due to their good activity and stability for the oxygen reduction reaction
(ORR)*%, where the oxidative cathodic potentials (0.6 V to 1 V) are even more harsh for carbon
corrosion as compared to the reductive potentials in NO3RR (-0.8 V to -0.2 V). The outstanding
ORR performance for the SSM M-N-C was largely attributed to its high degree of graphitization
and robust M-Nj sites®?, which also greatly contributed to the excellent stability of the FeMo-N-C

for NOsRR in this work (Figure 2-3a).

Specifically, ICP-MS results showed a metal loading of 0.73 wt% for Fe-N-C and 1.36 wt% for
Mo-N-C, while the bi-metallic FeMo-N-C preserved 0.38 wt% Fe and 0.77 wt% Mo, as shown in
Table 2. Raman spectroscopy showed the three electrocatalysts have a similar degree of
graphitization (Appendix A.18). The resulting carbon matrix exhibited a hierarchical porous
structure with leading mesoporosity around 20 nm and 100 nm, as shown by the nitrogen
physisorption results and SEM images (Appendix A.19 and Appendix A.20). The N2 sorption
isotherm also confirmed a large amount of micropores that contributed to a BET surface area of
ca. 600 m?/g for all catalysts. The hierarchical pore structure was favorable for promoting mass
transport of the electrolyte to the active sites. X-ray diffraction (XRD) patterns for the mono- and
bi-metallic catalysts (Figure 2-4a), show only two peaks, characteristic of the (002) and (100)
graphitic planes. The absence of any Fe or Mo crystalline peaks supports the formation of only

atomically dispersed metal sites. The aberration corrected high angle annular dark field (AC-
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HAADF) image for the FeMo-N-C catalyst in Figure 2-4b again shows the well-defined porous
structure and the absence of any metallic nanoparticles. The high mag AC-HAADF image in
Figure 2-4c reveals distinct bright spots, indicating the abundance of atomically dispersed Fe and
Mo atoms. Energy dispersive X-ray spectroscopy (EDS) maps (Figure 2-4d) reveal a homogenous
distribution of C, N, Mo, and Fe elements. Low and high mag AC-HAADF images and EDS
mapping for the mono-metallic Fe-N-C and Mo-N-C catalysts are shown in Appendix A.21 and
Appendix A.22, respectively. Fe 2p X-ray photoelectron spectroscopy (XPS) spectra (Figure 2-4e)
reveals the presence of N-coordinated Fe-Nx moieties (708.5 eV). Mo 3d XPS spectra (Figure 2-4f)
similarly indicates the formation of N-coordinated Mo-Nx moieties (229 eV). N 1s XPS spectra
(Figure 2-4g) shows the presence of several N-moieties, assigned to be pyridinic (398 eV), pyrrolic
(401 eV), quaternary (401.5 eV) and graphitic (403 eV).848 Furthermore, a strong peak for M-Ny
(399 eV) moieties is also observed, indicating the formation of N-coordinated metal active sites.
Complete XPS characterization of M-N-C electrocatalysts is given in Appendix A.23, Appendix
A.24 and Appendix A.25, with C 1s, O 1sand N 1s and their atomic concentrations given in Table

5.
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Figure 2-4. Physical characterization of the atomically dispersed catalysts. (a) XRD pattern of the
mono- and bi-metallic Fe-N-C, Mo-N-C and FeMo-N-C catalysts. (b) Low magnification AC-
HAADF STEM image of the FeMo-N-C catalyst. (c) Atomic resolution AC-HAADF STEM image,
bright spots indicate atomically dispersed Fe and Mo sites. (d) AC-HAADF image and EDS
mapping of the FeMo-N-C catalyst. XPS spectra of the FeMo-N-C catalyst () N 1s spectra
confirming the formation of M-Nyx moieties. (f) Fe 2p spectra indicating the presence of Fe-Ny sites.

(9) Mo 3d spectra indicating the presence of Mo-Ny sites.
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2.7 Associative and Dissociative Reaction Mechanisms

DFT was further used to study the mechanism of NO3™ conversion to NO2™ and *NO on the M-N4
centers of the Fe-N-C and Mo-N-C catalysts (Figure 2-5 a and b). Theoretically, the initial 2e’
transfer of the NOs3RR, reducing NO3z™ to NO2/*NO, is complex and encompasses distinct
dissociative- and associative-adsorption mechanisms. The subsequent 6e" transfer process of NO>"
/*NO2 to NH3 has been shown experimentally in this study, through NO2RR experiments (Figure
2-2 a-c), to be kinetically fast and not involved in the rate determining steps. Other DFT-based
computational work also support this finding, showing the facile reduction of *NO, to NH3z on

single atom catalysts.

a

Figure 2-5. DFT optimized structures of the a) Fe-N4 and b) Mo-Na4 centers (side and top view).

Only atoms belonging to one unit cell are shown (C — black, N — blue, Fe — gold, Mo — purple).

In this work, both associative and dissociative adsorption of NOs™ molecules were considered as
the initial step of the NO3RR (Figure 2-6 a and b, Appendix A.27). Specifically, we have found
that the Fe-Njs sites can stabilize adsorbed NOs™ molecule regardless of molecular conformation,
either through one or two O-atoms. A Gibbs free energy of -0.39 eV was achieved when two O-

atoms were coordinated by the Fe site, making associative-adsorption a favorable pathway. The
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following protonation step from *NOs to *HNOs is slightly endergonic, +0.37 eV, followed by an
exergonic, -1.62 eV, step for *NO> intermediate formation. Further protonation of *NO> to *HNO>
(+0.19 eV), was more favorable than the desorption of NO2* into the bulk (+1.07 eV), facilitating

direct 8e” pathway for the NOsRR to NHs process.

In contrast, the Mo-N4 sites showed a very strong oxygen affinity, such that when the NO3z
molecule was coordinated on the Mo site through a single O-atom, the N-O bond was chemically
cleaved (-4.2 eV), leading to an oxygen atom adsorbed (*O) on Mo site and a desorbed NO>" ion,
as shown in Figure 2-1b. Although the *NO3 intermediate could be stabilized when two O-atoms
were coordinated to the Mo site (-2.72 eV), the subsequent dissociative-adsorption pathway was
thermodynamically more favorable by an energy downhill of -1.48 eV as depicted *O+NO>" in
Figure 2-6b. Furthermore, during the optimization of NOsz  on the Mo site, the N-O bond
spontaneously dissociated when coordinated with one O-atom, indicating a small or zero Kinetic
barrier for the dissociative-adsorption pathway. However, the regeneration of Mo site, through the
reduction of the *O to H2O was not realistic given the Gibbs free energy penalties of +1.39 eV and
+2.24 eV in the sequential electron-transfer steps. Although the associative-adsorption pathway
could be an option, it is expected to have low selectivity over the *O+NO;" step and faces a large
energy barrier of +1.35 eV for the protonation of the *NO> surface intermediate. Therefore, the

bare Mo sites inevitably would end being populated by *O species, denoted as the *O-Mo site.

Interestingly, further investigation showed that due to the strong O affinity of the Mo active site,
high coordination number and orientation of its 4d-orbitals, the oxygenated *O-Mo site can
simultaneously bind an additional NO3z™ molecule (Figure 2-6¢) or NO2" molecule (Appendix
A.26). For example, with the coordination of a secondary NO3z™ molecule, the strong *O-Mo

interaction was split between the *O and *NOs, substantially reducing the energy barrier to
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+0.12 eV for the *O protonation (*O+*NOs to *OH+*NOs3 in Figure 2-6¢) as compared to +1.39
eV on the monocoordinated *O-Mo site (*O+NO2" to *OH+NO." in Figure 2-6b). Similarly, the
energy barrier for the subsequent protonation of the *OH intermediate was also reduced from
+2.24 eV to +0.81 eV (Figure 2-6 b-c) but remained large enough that it is unlikely to be made
energetically downhill by applying an electrochemical potential. Then, the remaining *NO3z was
reoriented on the Mo site and subsequently dissociated, releasing a NO2™ molecule and
regenerating the *O-Mo site (grey pathway). It was highlighted that the more energetically
favorable pathway (red pathway) occurs through the dissociation of the adsorbed *NO3 on *O-
Mo site, releasing a NO2™ molecule into the bulk and thus leaving two O-atoms on the Mo site, as
shown by the *OO+NO;" step in Figure 2-6¢. Due to the binding energy being shared between
the two O-atoms, the subsequent reduction of one *O intermediate to H.O was more
energetically facile, resulting in an energy barrier of only +0.22 eV. After the release of H2O via
two protonation steps, the *O-Mo site was regenerated and ready to coordinate and dissociate
another NOg", restarting the catalytic cycle for NO2™ generation. This ostensible mechanism
agrees well with the continuously increasing NO2™ concentration observed throughout the entire

24-hour electrolysis in Figure 2-1e.
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Figure 2-6. Gibbs free energy landscape and intermediate geometries for the conversion of NO3

to *NO2/NO2" on a) Fe-Ng sites and b) Mo-Nzs sites. ¢) Gibbs free energy landscape and

intermediate geometries for the cyclic conversion of NOs to NO2™ over oxygenated Mo-Nj sites

(*O-Mo). The associative adsorption pathways are marked in grey, while dissociative adsorption

and dissociation steps are marked in red. A cathodic potential of 0 VV and pH of 6.3 were used to

estimate the Gibbs free energy levels. (H — white, C — black, N — blue, O — red, Fe — gold, Mo —

purple).

In our calculations, the dissociative-adsorption pathway was also found to be thermodynamically

plausible over Fe sites as shown by Figure 2-6a (red pathway). Furthermore, the active site

regeneration from *O-Fe is only slightly endergonic at 0 V and can become exergonic at reductive
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potentials. Fe sites are less oxophilic than Mo sites and are widely recognized as active non-
platinum group metal (PGM) oxygen reduction catalysts®®%, However, during the experimental
time-course study, it was observed that the associative-adsorption, 8e” transfer pathway generating
NHz was the dominant path, with only a negligible and constant NO2™ concentration being observed.
The dominance of the associative-adsorption pathway could be due to the smaller Kinetic barrier
for the protonation of *NOsz (*NOsto *HNO3). Additionally, it must be emphasized that the free
energy diagrams were calculated at the experimental pH=6.3. As the dissociation step is not pH
dependent, while the associative step is pH dependent, any local increase in H* concentration will
make the associative step more favorable. Furthermore, the solvent effect by (HsO)(H20)»* species

could also additionally downshift the energy level of *HNO3.®

As mentioned before, the experimental results gave strong evidence of the excellent NO2
reduction capability of Fe-N-C catalyst, good NO2 generation capability of Mo-N-C catalysts and
synergistic effect of bi-metallic FeMo-N-C catalysts (Figure 2-2d). It should be noted that when
comparing the energy landscapes in Figure 2-6 a and c, the first 2-electron transfer step (NOs™ to
*NO.) on Fe-N-C showed a maximum energy barrier of +0.37 eV, while the potential determining
step on *O-Mo sites showed an energy barrier of +0.22 eV for the completed catalytic cycle of
NO;z" generation. Therefore, the Mo sites are more efficient in the first 2e” transfer step in NO3RR,
producing NO2” molecules that can be reduced by Fe sites. This provides strong support for the bi-

metallic FeMo-N-C’s synergistic effect on the increased ammonia yield rate (Figure 2-2e).
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2.8 Conclusions

In summary, taking inspiration from the cascade mechanism of biological nitrate/nitrite reductase
enzymes, distinct NO3RR mechanisms were identified for single atom Mo-N4 and Fe-N4 active
sites, where Mo sites preferentially followed a dissociative-adsorption pathway, spontaneously
breaking the N-O bond, releasing NO-" into the bulk and creating the *O-Mo active site for the
continuous catalytic cycle of NO2™ generation. Then, the NO2" molecules could be re-adsorbed
and further reduced to NHs, following a 2e” + 6e” process. Over Fe sites, an associated-adsorption
and direct 8e" transfer pathway was favorable in which NO3™ adsorbs and was directly reduced to
NHs. Additionally, independent NO2RR electrolysis revealed the ability of the Fe sites to reduce
NO2 to NHz at 100% FEnnz and high yields. DFT results further revealed that the Mo-N-C
catalyst was more efficient in the first 2e” transfer step than its Fe-N-C counterpart, which
enables the synergistic effect of the bi-metallic FeMo-N-C catalysts in terms of both NH3
selectivity and yield rate. Specifically, the cascade NOzRR synergized the favorable dissociation
of NO3™ to NO2™ over Mo sites with the fast kinetics of Fe sites in reducing NO2 to NHz. As a
result, selective NO3RR to NHj3 at a high FEnnz of 94% was achieved at -0.45 V, outperforming
either of the Fe-N-C or Mo-N-C mono-metallic catalysts. Additionally, long-term durability tests
over 60 hours demonstrated the robustness of the FeMo-N-C catalyst, maintaining a FEnnz over
90%. This study presents a novel approach in which heterogeneous single atom sites, utilizing
distinct reaction pathways can be synergized on a single electrocatalyst to achieve highly
selective and efficient NO3™ reduction to NHas. This cascade design is partially unconstrained by
the linear scaling relationships of the reaction intermediates and sheds light on the future

development of sustainable ammonia synthesis.
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Chapter 3
Elucidating electrochemical nitrate and nitrite reduction over atomically-

dispersed transition metal sites

3.1 Overview

Recently, significant effort has been focused to decarbonize the production of chemicals and
fuels.®*+* Among these, the decarbonization of ammonia (NHs) synthesis from the traditionally
energy intensive and environmentally damaging Haber-Bosch (H-B) process remains a grand
challenge.>% The electrochemical synthesis of NHs, can ideally utilize renewable energy,
reactive N-species and protons from water to generate NHs. The reduction of di-nitrogen (N2) in
aqueous protic electrolytes remains the most heavily researched green pathway for NH3
synthesis.®! However, due to the high bond dissociation energy of N2 (945 kJ mol™?), ultra-low
solubility in aqueous electrolytes and competition from the hydrogen evolution reaction (HER),
the current Faradaic efficiencies (FE) and NHs yield rates (Yieldnnz) remain prohibitively
low.2>% Given the total lack of reproducibility and the difficulties of ubiquitous NH3
contamination in electrochemical systems, direct N2 reduction remains unproven in agueous

protic electrolytes.?

To circumvent the challenges of N2 reduction, there is a renewed interest in closing the N-cycle
by recycling the reactive, more oxidized N-species (nitrate-NOs, nitrite-NO2 and nitric oxide-
NO) to NH3.2%%7-9 The electrochemical NO3™ reduction reaction (NO3RR) is of particular
interest due to its weaker N=0 bond (204 kJ mol™), large solubility in aqueous electrolytes and
widespread availability. NOs™ is an environmental pollutant found in industrial waste streams and

agricultural runoffs, due to the heavy overfertilization practices currently utilized.?® While the
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NO:zRR to NH3 provides a pathway for efficient recycling of NH3z/NOs™ (originating from the H-
B process), additional efforts are focusing on low energy plasma techniques to produce NOz

from air, but such processes are to date, not energy efficient. 100102

The electrochemical NOsRR to NHz is a complex 8e” (9H") transfer process, involving several
desorbable and non-desorbable surface intermediates, creating a challenge for tailoring the
catalytic surface for favorable adsorption of specific intermediates due to scaling relations.103-105
Previous attempts were made to tune the intermediate adsorption binding energies by modulating
the electronic structure on extended metal surfaces through alloys such as CuNi, PdAu and
PtRu.1%6-1%8 These attempts achieved improved FEnns and Yieldnws compared to mono-metallic
counterparts, however, these approaches are still constrained by scaling relations and combat this

by utilizing strongly alkaline or acidic environments with large concentrations of NO3".

In the biological NOsRR, the reaction is partitioned as an enzymatic cascade, where the initial
2e reduction of NOs™ to NO>" is catalyzed over a Mo-cofactor in nitrate-reductase and the further
reduction of NO, to NH3/Nz is catalyzed over an Fe- or Cu-cofactor in nitrite-reductase. 86810
Inspired by the enzymatic pathway, recent work demonstrated that an atomically dispersed bi-
metallic FeMo-N-C catalyst could successfully partition the NOsRR into the NOs™-to-NO>™ and
NOz-to-NHs constituents, outperforming its mono-metallic Mo-N-C or Fe-N-C counterparts.
The atomically dispersed Mo-Ny sites facilitated dissociative adsorption of NO3’, releasing NO2",
which is subsequently re-adsorbed and reduced to NH3 over Fe-Ny sites at 100% FE.!1
Additionally, other approaches to partition the NOsRR are emerging in the field for example,
employing heterogenous metal sites, where each metal is tailored to efficiently catalyze a
segment of the reaction. A recent study demonstrated potential dependent phase transitions of a

Cu-Co (3-5 nm) binary metal sulfide catalyst, in which the inner Cu/CuOx phases efficiently
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reduce NO3zt0-NOz", while the outer Co/CoO phases selectively reduce the NO2-to-NHz. The
latter results in a NO3sRR cascade to NHs, reaching a high FE of 90.6%.1* A recent
complementary work examining a series extended of transition metal surfaces by Carvalho et al.
described NO3RR catalyst design parameters by linking the electronic structure to
experimentally observed NOsRR performance.!'? These design parameters are derived from
microkinetic models that described the 2e” transfer rate limiting step (NO3z to NO2") and further
the NOsRR FEnns, identifying a competitive adsorption between H* and NOs', that was

described by the material-dependent property (AGy+ — AG oz +)- The study found that increasing

FEnn3 correlates with NO* binding and subsequent dissociation into N* and O* as the d-band
energy approaches the Fermi energy, resulting in the Co-foil showing the highest ammonium

selectivity.

Atomically dispersed metal-nitrogen-carbon (M-N-C) catalysts have been extensively studied in
neighboring electrocatalytic reactions (carbon dioxide reduction-CO,RR%113114 oxygen

reduction-ORR!>116) demonstrating excellent catalytic activities and unique reaction pathways.
Recently, atomically dispersed Fe-N-C catalysts were shown to be very selective for the NOsRR
to NHs,%%%* owing to their maximized atomic utilization and favorable NO3z™ adsorption over H*.
Additionally, isolated active sites provide an unfavorable environment for coupling adsorbed N-

molecules, enabling mono N-based products (e.g., NHz3) to be selectively produced.

The current understanding of atomically dispersed M-N-C catalysts for the complex NO3RR is
very limited, with only M = Fe, Mo, and Cu being explored at varying conditions. Herein, we

identified key transition metals and rare earth elements, important for electrocatalytic reactions
and synthesized a set of 13 atomically dispersed M-N-C catalysts (M = Cr, Mn, Fe, Co, Ni, Cu,

Mo, Ru, Rh, Pd, W, La, and Ce). Electrochemical descriptors were derived experimentally
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through the reaction onset potential (HER, NOsRR and NO2RR), the NO3RR selectivity to both
NO; and NHs and the NO2RR selectivity to NHs. Isotopically doped *®NO, in the NOsRR
elucidated the complex production/consumption mechanism of the NO>™ intermediate. Density
functional theory (DFT) was employed to evaluate the Gibbs free energy for the NO3RR and
NO:2RR following either the dissociative adsorption or associative adsorption pathway. By
relating the experimentally determined and computationally determined activity descriptors,
strong correlations were observed for the NO2RR (R=0.72) and the NOsRR (R=0.73) selectivity
to NHas. This work bridges the gap between computation and experiment for the NO3z™ and NO2
reduction reactions over atomically dispersed M-N-C catalysts by providing a powerful set of
activity descriptors that correlate strongly with the experimentally observed activity. These
descriptors can be utilized to guide future atomically dispersed M-Ny catalyst development, for

highly active and efficient NOs™ reduction to NHa.

3.2 Methods

3.2.1 Materials

Nicarbazin (Sigma-Aldrich), CAB-O-SIL® LM-150 fumed silica (Cabot), Aerosil® OX-50
(Evonik), iron(Il) nitrate nonahydrate (Sigma-Aldrich), chromium(l1l) acetylacetonate (Sigma-
Aldrich), manganese(ll) nitrate tetrahydrate (Sigma-Aldrich), cobalt(ll) nitrate hexahydrate
(Sigma-Aldrich), nickel(ll) nitrate hexahydrate (Sigma-Aldrich), copper(ll) nitrate hemi
pentahydrate  (Sigma-Aldrich), ammonium molybdate tetrahydrate (Sigma-Aldrich),
ruthenium(Il) nitrosylnitrate (Alfa Aesar), rhodium(lll) nitrate hydrate (Sigma-Aldrich),

palladium(l1) nitrate dihydrate (Sigma-Aldrich), lanthanum(I11) nitrate hexahydrate (Alfa Aesar),
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cerium(l11) nitrate hexahydrate (Fisher Scientific) and ammonium paratungstate (Sigma-Aldrich),
potassium nitrate (Sigma-Aldrich), potassium nitrite (Sigma-Aldrich), isotopic potassium nitrate
(**N, 99% - Cambridge Isotope Laboratories), isotopic sodium nitrite (**N, 98%* - Cambridge

Isotope Laboratories).

3.2.2 Synthesis of Atomically Dispersed M-N-C Catalysts

All catalysts were synthesized following the well-established sacrificial support method, with the
metal precursor loading, pyrolysis temperature, pyrolysis atmosphere and etching environment
being tuned to maintain atomically dispersed metal sites between the different metals (Table 6.
Summary of optimized synthesis conditions to obtain atomically dispersed metal sites with a
variety of M-N-C catalysts. See supplementary note 2 for a discussion on tuning the synthesis

parameters to maintain an atomic dispersion of the metal species.).

Synthesis of Mn, Fe, Co, Ni, Cu, Mo and W-N-C catalysts. First a slurry of a carbon-nitrogen
containing precursor, Nicarbazin (6.25 g), the silica sacrificial support, LM-150 (Cabot, 1.25 @),
OX-50 (Evonik, 1.25 g) and Stoéber spheres (made in house, 0.5 g) and the corresponding metal
salt precursor (Mn = 0.266 g, Fe = 0.60 g, Co =0.272 g, Ni =0.271 g, Cu = 0.345 g, Mo = 0.262
g and W =0.095 g), in 50 mL of MilliQ water was created. Next, the slurry was sonicated for 30
minutes before being dried overnight at 45 °C, under constant stirring. The mixture was then
further dried in an oven at 45 °C for 24 hours. The resulting powder was then ball milled at 45 Hz
for 1 hour. The catalyst powder is then pyrolyzed at 975 °C (with a ramp rate of 15 °C / min) under
a reductive Ha/ Ar (7% / 93%) atmosphere for 45 min. The pyrolyzed powder is then ball milled
a second time at 45 Hz for 1 hour. The silicate template is then etched in a hydrofluoric acid (15M)

solution for 96 hours. The catalyst is then recovered by filtration and washed to neutral pH,
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followed by drying at 60 °C overnight. The catalyst undergoes a second pyrolysis in a reductive
NH3 / N2 (10% / 90%) atmosphere at 950 °C for 30 min (with a ramp rate of 20 °C / min). The

catalyst is then ball milled a final time at 45 Hz for 1 hour.

Synthesis of Cr-N-C catalyst. The synthesis is identical to the previous procedure, with only the
pyrolysis temperatures being reduced to 650 °C in both the first and second pyrolysis, to maintain

an atomic dispersion of the Cr metal. The metal salt precursor loading of Cr = 0.519 g.

Synthesis of Ru-N-C catalyst. The synthesis is identical to the previous procedure, with the
pyrolysis temperatures being reduced to 650 °C and an inert argon pyrolysis atmosphere, to

maintain an atomic dispersion of the Ru metal. The metal salt precursor loading of Ru=0.235g

Synthesis of Rh and Pd-N-C catalysts. The synthesis is identical to the previous procedure, with
the high pyrolysis temperatures of 975 °C and 950 °C for the first and second pyrolysis,
respectively, however the pyrolysis is performed in an inert argon atmosphere, to maintain an
atomic dispersion of the Rh and Pd metals. The metal salt precursor loading of Rh = 0.215 g and

for Pd = 0.198 g.

Synthesis of the La and Ce-N-C catalysts. The synthesis is identical to the previous procedure, with
the pyrolysis temperatures being reduced to 650 °C under an inert argon pyrolysis atmosphere.
Furthermore, the etching of the silica template was performed in an alkaline 4M NaOH

environment at 80 “C for 96 hours. If etched using a hydrofluoric acid environment, the La and Ce
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readily form LaFs and CeFs nanoparticles. The metal salt precursor loading of La = 0.060 g and

Ce =0.061g.
3.2.3 Electrochemical Measurements

Preparation of the working electrode

A catalyst ink was created by mixing 10 mg of catalyst in a solution of 680 puL IPA, 300 uL. MilliQ
water and 20 uL of a 5 wt% Nafion solution and sonicated for 1 hour. For linear sweep
voltammetry (LSV) experiments, 12.35 pL of catalyst ink was drop casted on a glassy carbon
electrode (0.247 cm?) for a catalyst loading of 0.5 mg/cm?. For chronoamperometry experiments
an AvCarb MGL370 carbon paper was used as the working electrode. The carbon paper was pre-
treated by plasma cleaning for 15 min to remove the PTFE layer and then subsequently washed in
3M H2S0O4 and MilliQ water to create a hydrophilic surface. After the pretreatment, 12.5 pL of
catalyst ink was drop casted on the carbon paper with a 0.25 cm? geometric working area for a

catalyst loading of 0.5 mg/cm?.

Linear sweep voltammetry

Note that the applied potential for all electrochemical tests is not iR corrected. From PEIS
measurements, the solution and contact resistances are small at 13.5 Q, aided by the high
concentration of KNQOgs, which dissociates into K* and NOs™ ions, creating a strong electrolyte with
a high conductivity. To evaluate the onset potentials for the HER, NO2RR and NO3RR, LSV was
performed. All LSV measurements were obtained on a Biologic potentiostat, using a rotating disk
electrode in a single compartment cell. A glassy carbon electrode (0.247 cm?), graphite rod and
reversible hydrogen electrode are used as the working, counter, and reference electrodes,

respectively. To evaluate the HER onset potential, a 0.05M PBS electrolyte was used. For the
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NO2RR onset potential LSV was performed in a 0.05M PBS + 0.01M KNO: electrolyte. For the
NO3RR onset potential LSV was performed in a 0.05M PBS + 0.16M KNO3 electrolyte. LSV
curves were obtain by sweeping reductively from 1V to -1V vs. RHE at 5 mV/s at a rotation speed
of 1600 rpm. The reaction onset potential was determined to be the potential at which a current

density of 0.4 mA/cm? was reached.

Electrocatalytic nitrate reduction

Electrochemical nitrate reduction measurements were carried out in a customized two
compartment H-cell, separated by a Celgard 3401 porous polypropylene membrane (used without
pre-treatment). Electrochemical measurements were recorded using an AutoLab potentiostat. A
standard three-electrode system was used with a reversible hydrogen electrode (HydroFlex®) and
a graphite rod as the reference and counter electrode, respectively. The electrolyte used for all
nitrate reduction experiments is a 0.05M phosphate buffer solution (PBS) (pH 6.3) and with 0.16M
NOs (KNO:s). Prior to electrochemical tests, N2 gas (research grade 99.9995% - PraxAir) is purged
in both the working and counter chambers for 30 min at 80 sccm, which contain 30 mL and 25 mL
of electrolyte, respectively. To assess if saturating the electrolyte with N2 or Ar has an impact on
the equilibrium potentials of the NO3RR processes, open circuit voltage measurements were
performed under N2 or Ar saturation and showed negligible differences as shown in Appendix B.1.
Potentiostatic tests are performed for 2 hours under constant stirring at a constant N2 gas flow rate
of 20 sccm to the working chamber. Potentiostatic tests were performed at potentials of -0.20, -
0.40, -0.60 and -0.80 V vs. RHE. After the electrolysis, the electrolyte in both the working and
counter chambers was sampled and tested for NHs and NO2". Note that at the pH = 6.3 conditions

utilized in this work, the pKa of ammonia has not been reached (pKa 9.2), therefore the ammonia
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produced is in the protonated from ammonium (NH4"). However, in the alkaline conditions present
during the Berthelot method for detection, the NH3s/NH4" is present in the NHz form. Therefore,
the discussion in this manuscript is for the detected product ammonia (NHz). Note our previous
work has demonstrated that these atomically dispersed M-N-C catalysts have been shown to be

inactive for the reduction of N, under these conditions.!°

NO3RR tests in alkaline media (pH = 14) were performed using a 1M KOH + 0.16M KNO3
electrolyte. Due to the extremely high NHz3 yield rate, potentiostatic tests were performed for 15

min at potentials of -0.20, -0.40, -0.60 and -0.80 V vs. RHE.

Electrocatalytic nitrite reduction

Electrochemical nitrite reduction experiments were performed analogously to nitrate reduction
experiments. The electrolyte is 0.05M PBS and 0.01M NOz2 (KNO-) (pH 6.3). Due to the higher
NHs yield rates of the more active NO2RR, potentiostatic tests were performed for 30 min.
Potentiostatic tests were performed at potentials of -0.20, -0.40, -0.60 and -0.80 V vs. RHE. After

each electrolysis, the electrolyte in the working chamber was sampled and tested for NH3 detection.

Isotope-labeling experiments

Isotopic nitrate °NOs™ labelling

Isotopic °NOs™ labeling experiments were performed by using K®NOs; (99% - Cambridge
Isotopes) as the isotopic nitrate source with a 0.05M PBS + 0.16M K®NOjs" electrolyte (pH 6.3).
Isotopic ®NO3™ experiments were performed using a metal free N-C catalyst. Using a metal free

N-C catalyst simultaneously allows the source of the N in the produced NH3 to be confirmed, while
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also demonstrating that the even the metal free N-moieties in the N-C catalysts can catalyze the
NOsRR (and is not from N-originating from catalyst decomposition).Electrolysis was performed
at -0.40 V for 4 hours, after which the electrolyte in the working chamber was samples and the

produced *°*NHs was quantified by *H NMR,

Isotopic nitrite °NO, labelling

Isotopic °NO;" labeling experiments were performed by using Na®NOsz (98%" - Cambridge
Isotopes) as the isotopic nitrite source. Isotopically labeled °NO; at concentrations of 100, 10 and
1 ppm were doped into the 0.05M PBS + 0.16M KNO3z (10,000 ppm NO3’) electrolyte.
Potentiostatic tests were performed at -0.40 V vs. RHE for 6 hours, under constant stirring and a
N2 gas flow of 20 sccm to the working chamber. The electrolyte was sampled at 2-, 4- and 6-hour

time intervals and the >NH3z was quantified by *H NMR.

Calculation of the yield and faradaic efficiency
Note that all error bars in this work are determined from triplicate experiments on independently

prepared electrodes and are then calculated using a 90% confidence interval.

For the nitrate (NOz") and nitrite (NO2") reduction reactions, the NHs yield rate was calculated by

Eq.1.

: _ Cnug ¥V 1
Yieldyy, = M )
WNH3 * U * Aelectrode

For the nitrate (NOs") and nitrite (NO2") reduction reactions, the NH3 Faradaic efficiency was

calculated by Eqg. 2.
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n*F*cyy, xV 2
Mwyy, * Q

FENH3 =

In the NOsRR, the nitrate (NO3") to nitrite (NO2") reduction Faradaic efficiency was calculated by
Eq. 3.

nxFxcyo; xV 3
Mwyo; * Q

FENOZ_ =

Where cyy, is the concentration of NHa(g) (ug / mL), V is the volume of the electrolyte (mL),
Mwypy, is the molar mass of NHs (17.031 g / mol), t is the duration of the chronoamperometric
measurement (hr), the surface area of the working electrode, Aelectrode i 0.45 cm?. The number of
electrons transferred, n, for NO3s" to NO2™ is n = 2 and for NO3™ to NHz is n = 8. F is Faraday’s
constant (96,485 C / mol), the concentration of NO2™ (ug/ mL), Cno2-, Where the molar mass of

NO2", Mwno2- is (46.005 g / mol) and the charge during the chronoamperometric measurement, Q.

Product detection
For typical, non-isotopically labeled NOsRR and NO2RR electrolysis, products were quantified

using an ultraviolet-visible (UV-Vis) spectrophotometer (Shimadzu, UV-2600).

Determination of ammonia

Ammonia was quantified by UV-Vis using the Berthelot reaction. In cases producing large
concentrations of NHz, the working electrolyte solution was diluted such that the absorbance
would fall within the range of the calibration curve. Specifically, 2 mL of the electrolyte (or diluted

electrolyte if needed) was pipetted into a vial. To this, 2 mL of a 1 M NaOH solution that contains
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5 wt% salicylic acid, and 5 wt% sodium citrate was added. Next, 1 mL of a 0.05 M NaClO and
0.2 mL of a 1 wt% CsFeNsNa2O (sodium nitroferricyanide) was added to the solution. The solution
was incubated in the dark at ambient condition for 1 hour, then UV-Vis spectra were recorded.
The concentration of NH3 is determined using the maximum absorbance at a 655 nm wavelength,

when compared to the generated calibration curves, Appendix B.2 and Appendix B.3.

Determination of nitrite:

Nitrite was quantified by UV-Vis using a commercial NO.™ assay kit (Spectroquant), based on the
Griess test. In cases producing large concentrations of NO2", the working electrolyte solution was
diluted such that the absorbance would fall within the range of the calibration curve. Specifically,
2 mL of the electrolyte (or diluted electrolyte if needed) was placed in a vial. To this, 22 mg of the
assay reagent was added to the electrolyte and incubated in the dark at ambient conditions for 10
min. After incubation, the UV-Vis spectra were taken, and the concentration of nitrite was
determined at a maximum absorbance of 540 nm wavelength, when compared to the generated

calibration curves, Appendix B.4.

NMR determination of ammonia

For isotopic labelling experiments, nuclear magnetic resonance (NMR) spectroscopy was used to
detect and quantify both **NH3 and **NHs. Dimethylsulfoxide-d6 (DMSO) and 3-(trimethylsilyl)-
1-propanesulfonic acid sodium salt (DSS) were used as the locking solvent and internal standard,
respectively. For the NMR test solution, 580 uL of the electrolysis electrolyte, 25 uL of DMSO,
20 pL of 3 M H2SOg4, and 75 pL of 6 mM DSS (made with Millipore water) are mixed. The NMR

spectrum was obtained on a Bruker CRYO 500 MHz spectrometer. The signal from H.O was
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restrained for better accuracy by applying the solvent suppression method during acquisition.
Topspin 4.0.8 software was used to process the NMR data. Standard NMR calibration curves for

standard Y*NHs and isotopically labeled **NHj are shown in Appendix B.5.

Computational Details

All the density functional theory (DFT) calculations were performed with the generalized gradient
approximation approach and projector augmented-wave pseudopotentials’®”# using the Vienna Ab
initio Simulation Package’"". To account for the van der Waals interactions, an optB86b-vdwW
functional was used’8-®! with a gamma centered 8x8x1 (M-Ng sites, pyridinic N, graphitic N) or
3x3x1 k-mesh (pyrrolic NH) and Fermi-smearing. Sigma and the plane-wave basis cutoff was set
to 0.03 and 400 eV, respectively. M-Na, pyridinic N, and graphitic N sites were modeled using
4x4 orthorhombic single-layer graphene cell with the dimensions of 9.84 x 8.52 A. Pyrrolic NH
defect was modeled using a hexagonal single layer 17.04 x 17.04 A unit cell. Structures of all the
unit cells used for the DFT calculations are shown on Figure S68. A vacuum region of 20 A was
applied in all cases. All structures were optimized by allowing all atoms to relax (including
adsorbents) while the cell parameters were kept fixed at the DFT optimized value for graphene.
The criteria for the convergence of the electronic energy were set to 1 x 10~ eV. The forces were
converged to 0.01 eV/A. All calculations were performed as spin polarized calculations. The
computational approach for the calculation of Gibbs free energy of reactions and considered steps
in the NO3RR and NO;RR mechanism are explained in details recent work.t*® However, it must

be emphasized that all the Gibbs free energies were calculated at experimental pH of 6.3.

3.2.4 X-ray Photoelectron Spectroscopy Characterization
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The metal valence state and quantification of nitrogen-moieties of the M-N-C catalysts were
analyzed by X-ray photo electron spectroscopy (XPS). The XPS was performed on a Kratos
AXIS Supra spectrometer with a monochromatic Al Ko source (with an emission current of 15
mA and X-ray power of 225 W, while for the high-resolution spectra the emission current and
power are 20 mA and 300 W, respectively). No charge neutralization was employed as all these
samples are highly conductive, carbon-based catalysts. Survey spectra were obtained at a pass
energy of 160 eV from 1400 eV to 5 eV at a step size of 1 eV. The High-resolution C 1s, N 1s
and O 1s spectra were obtained at a pass energy of 20 eV with a 0.1 eV step size. The metal
spectra were obtained at a pass energy of 40 eV with a 0.1 eV step size. A C 1s spectra was also
obtained at a pass energy of 40 eV for calibration. CasaXPS software was used to analyze and fit
all spectra and all spectra were calibrated based on the sp? carbon (284 eV). A Linear
background was employed for the C 1s and N 1s spectra, while a Shirley background was used
for the O 1s and metal spectra. The sp? carbon in the C 1s spectra was fit with a 80% Gaussian /
20% Lorentzian function and all other spectra were fit using a 70% Gaussian / 30% Lorentzian
function. All fitting parameters employed in this work are based on previous fittings from our
group that are reported in the literature references here for this class of M-N-C

catalysts 8384117118

3.2.5 Electron Microscopy Characterization

The physical structure and atomically dispersed nature of the catalysts were analyzed by
aberration-corrected scanning transmission electron microscopy (AC-STEM) and energy
dispersive X-ray spectroscopy (EDS) using a JEOL ARM300CF at an accelerating voltage of 300
kV. The coordination environment and valence state of the atomically dispersed sites were

examined through atomic resolution electron energy loss spectroscopy (EELS) on a Nion
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UltraSTEM200 microscope equipped with a cold FEG, a C3/C5 aberration correction and a high-
energy resolution monochromated EELS system (HERMES). To mitigate the beam damage on the
coordination between single metal atoms and nitrogen-carbon support, the EELS was collected at
a low voltage of 60 kV. During acquisition, the energy dispersion was set as 0.16~0.3 eV/channel
with an exposure time of 2~4 s/nm?. The background in each spectrum was removed by a power-
law function and the de-noising of the spectra was performed by the multivariate weighted

principal component analysis (PCA) routine in the Digital Micrograph software.

The hierarchical pore structure of the catalyst was examined by scanning electron microscopy

(SEM) on an FEI Magellan 400 XHR SEM.

3.2.6 X-ray Absorbance Spectroscopy (XAS)

The electronic structure and local bonding environment of the metal sites were analyzed by ex-
situ X-ray Absorption Spectroscopy (XAS) collected on several beamlines. Rh K-edge was
measured on the SAMBA beamline at SOLEIL synchrotron radiation facility, Paris, France. The
sample was measured in fluorescence mode and references in transmission mode using a Si (220)
monochromator for the energy selection. lonization chambers to measure the X-ray intensity

before and after the sample were filled with a mixture of Ar/N2 (lo) or pure Ar (I1/ 1)

The La Lz-edge was measured on the XAFS beamline at ELETTRA synchrotron radiation facility,
Triest, Italy. The sample was measured in transmission mode using a Si (111) 20% detuned
monochromator for the energy selection. Simultaneously, a vanadium reference foil was measured
for the energy calibration. lonization chambers to measure the X-ray intensity before and after the

sample were filled with a mixture of N2/He (lo, 11, I2).
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The Fe K-edge was measured on the lab-based easyX AFS300 at the Fritz Haber Institute, Berlin,
Germany (measured in transmission mode). Using a Ge (620) crystal for the energy selection and
a Si drift detector (AXAS-M assembly from KETEK GmbH). A W-ProtoXRD X-ray tube was
used.

The Ce Ls-edge, Cr, Mn, Co, Ni and Cu K-edge were measured on the KMC-3 beamline at the
Bessy synchrotron radiation facility, Berlin, Germany. Cr-N-C in transmission mode, Cu-, Co-,
Ni-, Mn- and Ce-N-C in fluorescence mode using a Si (111) monochromator for the energy
selection. The ionization chamber for the measurement of the X-ray intensity before the sample
was filled with 100 mbar air (lo). Either a 13 element Si drift detector was used (fluorescence) or
PIPS detector (transmission). Note that the energy resolution of the XAS spectra measured at the
KMC-3 beamline is compromised due to technical issues involving the optics/mirrors at the KMC-
3 beamline. However, the samples and corresponding reference foils and compounds were
measured for energy calibration and comparison of features. Note Mo-N-C and Pd-N-C were
measured on the 10-BM beamline of the Advanced Photon Source at Argonne National Laboratory.
The ATHENA software was used for data alignment and XAS spectra extraction.*'® A set of in-
house built Wolfram Mathematica scripts were used for the XANES analysis. Fitting of the
EXAFS spectra was done using FEFFIT scripts.'!® The photoelectron amplitudes and phases were
calculated by the FEFF8 code.'?® The EXAFS R-space fitting parameters and results are given in
Table 7. If the M-N-C sample and corresponding reference material were not measured at the same

beamline (Cr-, La- and Ce-N-C) the So? factor multiplied by the coordination number is reported.

3.2.7 Other Physical Characterization
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X-ray diffraction (XRD) patterns were collected on a Rigaku Ultima-111 powder X-ray
diffractometer. Inductively coupled plasma mass spectrometry (ICP-MS) on an Aligent 5110 was
performed to accurately quantify the low metal content of the M-N-C catalysts. N2 physisorption
was recorded on a Micromeritics 3Flex Analyzer at 77 K, using a low-pressure dosing mode (5
cm?®/g). The surface area and pore size distribution were obtained using the Brunauer-Emmett-
Teller (BET) method and the non-local density functional theory model (NLDFT), respectively.
Raman spectra were obtained with a 633 nm laser and 600 g.mm grating, using a Horiba

LabRAM-HR.
3.3 Structural environment of single-atom metal centers

Atomically dispersed M-N-C catalysts were synthesized through the well-established sacrificial
support method (SSM) originally developed by our group.®%121122 The SSM has been extensively
applied for atomically dispersed Fe-N-C catalysts for the ORR and CO2RR.%"® Here, extending
beyond Fe-N-C to a variety of 3d-, 4d-, 5d- and f-block metals, a set of atomically dispersed M-
N-C catalysts (M = Cr, Mn, Fe, Co, Ni, Cu, Mo, Ru, Rh, Pd, La, Ce, and W) were synthesized, as
shown in Figure 3-1a. The metallic centers ideally have a first coordination shell of 4-nitrogen
atoms and are coordinated in either an in-plane or out-of-plane configuration as shown in Figure
3-1b. With the synthesis conditions being adjusted to maintain the atomically dispersed nature for
each metal element (Table 6), the resulting catalysts showed consistent porosity and pore size
distribution (Appendix B.6), degree of graphitization (Appendix B.7) and a well-maintained metal
loading at 0.5 — 1.5 wt% (Appendix B.8).

X-ray diffraction (XRD) shows only the characteristic (002) and (100) peaks for carbon,
confirming the absence of bulk-like ordered metallic phases (Appendix B.9). Figure 3-1c-e shows

representative aberration corrected high-angle annular dark-field scanning transmission electron
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microscopy (AC-HAADF-STEM) images for the Fe, Rh, and La-N-C, where atomically dispersed
metal sites are clearly observed through the high contrast points. Energy dispersive X-ray
spectroscopy (EDS) maps confirm the homogenous distribution of carbon, nitrogen, and the
relevant metal throughout the catalyst, Figure 3-1c-e (see other M-N-Cs in Appendix B.10,
Appendix B.11, Appendix B.12 and Appendix B.13). Throughout the main text physical
characterization of the Fe-, Rh- and La-N-C are shown as a 3d, 4d and f-metal representative for
the set of M-N-C catalysts. Complete characterization for the remaining M-N-Cs is found in

Appendix B as noted.
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Figure 3-1. Physical structure of the atomically dispersed transition-metal catalysts. (a) Selection
of 3d, 4d, 5d and f metals synthesized via the sacrificial support method. (b) Schematic of the
nitrogen coordinated metal active site (M-N4) on a prototype carbon matrix, illustrating in-plane
and out-of-plane configurations. (c - €) Representative atomic resolution HAADF STEM images
for the Fe-N-C, Rh-N-C and La-N-C catalysts. High contrast points indicate atomically dispersed

metal sites. Corresponding EDS mapping of the M-N-C is given below.

The electron energy loss spectroscopy (EELS) in Figure 3-2 a-c shows the EELS spectra of small

sample regions containing single atoms of Fe, Rh, and La, respectively. The EELS point spectra
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show the co-existence of the N K-edge and the corresponding metal-edge (Fe-Ls2, Rh-Ms, La-
Ms,4), supporting the bond formation between the singe metal atom and supporting nitrogen atoms
(M-Ny). X-ray absorption spectroscopy (XAS) was used to further investigate the chemical state
and coordination environment of the catalysts, including X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS). The XANES edge position and
features (e.g., the intensity of the while line) of the Fe K-edge (7,112 eV), Rh K-edge (23,219.9
eV) and La Ls-edge (5,890.6 eV) as compared to their corresponding reference foil and oxide
compounds indicate oxidation states of ca. Fe?*, Rh®" and La®", in agreement with the Fe 2p, Rh
3d and La 3d X-ray photoelectron spectroscopy (XPS) analysis (Appendix B.14). Interestingly,
for Cr-N-C, evaluated to be one of the most selective M-Nj sites for the conversion of NO3z™to NH3
(Figure 3-2d), the XANES analysis reveals a relatively high Cr oxidation sate, comprising a
mixture Cr®* (20-30%) and Cr®* (70-80%). Analogously for other M-N-C catalysts, the chemical
state of the metal center is assessed by their respective XANES and XPS spectra (Appendix B.15
- Appendix B.21). Furthermore, the EELS valence state analysis for Fe-N-C and La-N-C,
evaluating the intensity ratio and separation distance between the Fe Ls/L. and La Ms/Ma4 edges
further supports the oxidation state of Fe (between Fe?* and Fe3*) and La (La®*") (Appendix B.22).
However, the Rh K-edge EELS signal is too weak to perform quantitative analysis. EXAFS
provides structural information of the metal centers inner coordination spheres, confirming the
presence of shorter bonds (M-C / M-N / M-O) rather than longer metallic M-M bonds. From
comparison with complementary techniques (EELS and XPS) the formation of M-N bonds is
supported. Fourier transformed (FT) EXAFS spectra for the Fe K-edge, Rh K-edge and La Ls-
edge, respectively are shown in Figure 3-2 d-f. In the Fe-N-C and Rh-N-C spectra, a single sharp

peak was observed at a bond distance of ca. 1.5 A (phase uncorrected) for both, characteristic of
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the Fe-N and Rh-N coordination in the first shell. While for La-N-C, an f-metal with a complex
coordination environment (shown to sit out of plane during the modelling of the active site, Figure
3-1b) a peak was observed at higher distances between 1-2.5 A (phase uncorrected). A similar
peak can also be observed in the FT-EXAFS of amorphous La>Os. Therefore, we assume that in
our La-N-C sample a strongly disordered local environment around the single atom site, including
the possible formation of small metal oxide-clusters. For the Ce-N-C catalyst, a more complex
peak split feature was observed indicating the complex nature of f-metal M-N-C catalysts
(Appendix B.23). To deconvolute minor contributions to the EXAFS spectra at larger bond
distances, wavelet transforms of the EXAFS oscillations, providing high resolution information in
both k-space and R-space are shown in Figure 3-2 g-1. For Fe-N-C and Rh-N-C, in addition to the
high intensity Fe-N, Rh-N and La-N peak, a low intensity peak is observed at ca. 3.5 A, 3.2 A and
3.7 A (at low k-space values), respectively which we attribute to Fe-C, Rh-C and La-C interactions
in the second coordination shell. The lack of peaks in wavelet-transformed EXAFS spectra at
higher values of wavenumber k indicates the absence of metal-metal bonds in the M-N-C catalysts,
and, hence, absence of metallic or large oxide clusters. FT-EXAFS and WT-EXAFS for the M-N-
C and corresponding metal oxide standards are given for Fe-, Rh- and La-N-C in Appendix B.24,
while complete XANES, EXAFS and FT-EXAFS spectra are provided for all M-N-C’s in
Appendix B.15, Appendix B.16 and Appendix B.17, with fitting parameters provided in Table 7

and fitting results plotted in R-space found in Appendix B.25, respectively.
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Figure 3-2. Coordination environment of the single-atom metal centers. (a - ¢) Atomic resolution
EELS point spectra of the N K-edge and corresponding metal-edge of Fe (Ls2), Rh (M3) and La
(Ms 4), in the M-N-C catalysts, indicating nitrogen coordination of the single atom M-Ny site. All
scale bars are 2 nm. (d - f) FT EXAFS spectra of the Fe, Rh and La-N-C catalysts, with the
corresponding metallic foil and metal oxide standards, demonstrating the presence of M-Ny sites.
(g - 1) WT-EXAFS of the Fe K-edge of Fe-N-C, Rh K-edge of Rh-N-C and La Lz-edge of La-N-
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C. (j- D N 1s XPS spectra for the Fe, Rh and La-N-C catalysts, confirming the presence of M-Nx

moieties.

XPS was used to further examine the metal-nitrogen coordination and other nitrogen moieties
present. The representative N 1s spectra for the Fe-, Rh-, and La-N-C catalysts in Figure 3-2 j-I,
reveals the presence of metal-nitrogen moieties (M-Ny). N 1s XPS spectra for the remaining M-
N-C catalysts is shown in Appendix B.26 - Appendix B.29, all of which demonstrate the
formation of M-Nx moieties. The deconvoluted high resolution N 1s XPS spectra showed a
variation in the N-content and N-moiety percentage (e.g., pyridinic, pyrrolic, graphitic metal-Ny),
as shown in Table 8. Summary of total nitrogen and oxygen content for all metal free N-C

catalysts.

In summary, 13 atomically dispersed M-N-C catalysts have been synthesized using the SSM. By
combining AC-STEM, EELS, XAS and XPS, the atomically dispersed nature of each metal site

has been comprehensively visualized and confirmed to be in a M-Ny coordination. Critically, the
well-deciphered coordination environment of the metal center allows us to elucidate the intrinsic
activity of the different M-Nx moieties towards the electrocatalytic transformation of reactive N-

species.

3.4 Electrochemical performance

The NOsRR is somewhat universal in that even metal-free nitrogen-doped-carbon (N-C) showed
limited but observable activity towards the generation of NHz and NO>™ under an isotopically

labeled NOs feed in neutral electrolyte (pH=6.3) at -0.4 (V vs. RHE) (Appendix B.30).
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Comparatively, with the addition of nitrogen-coordinated metal sites Cr-N-C as an example, the
FEnn3 increased from ca. 10% (metal free N-C) to 91.2%. While the introduction of Fe-Ny sites
boosted the FEnws to 99 % (again at -0.4 V vs. RHE) and the corresponding Yieldnws increased

from 1.3 to 10.0 umol h'* cm™.

It should be noted that, for the NO3RR activity, as compared to measurements performed in
neutral media, the current density and NHs yield rate could be significantly enhanced under
alkaline conditions, while maintaining a high FEnns. Given Fe-N-C as an example, Appendix
B.31 shows that when using a 1M KOH electrolyte (pH=14), the NHs partial current density
increased from 2 mA cm (11.4 umol h™ cm™) to 35 mA cm? (156.5 umol h't cm) at -0.4 V
and further to 175 mA cm (750.4 umol h* cm™) at -0.6 V, both with a FEnnz above 95%. Other
work on alkaline NOsRR also found similar trends.5#1%6123 However, as a fundamental study,
this work focused on neutral pH (pH 6.3) to evaluate the intrinsic activity of the M-Ny sites

toward the electrocatalytic NOsRR and NO2RR.

Regardless of the NO3RR pathways®>1?412 the surface intermediates *NO, and *NOOH are
inevitable before the reaction pathway diverges to its several possible products. The NO2
molecule is also the first desorbable reaction intermediate, playing a key role in the NO3RR via a
cascade pathway.*®11 For the set of M-N-C catalysts in this work, the NO2RR displayed an
earlier activation than the NOsRR by linear sweep voltammetry (LSV), as shown in Figure 3-3a,
indicating that the 6e” transfer from NO,/*NOOH to NHz, in the NOsRR was more facile than
the initial 2e” transfer from *NO3™ to *NO2/*NOOH, which is the rate limiting step and thus the
focus of the computational work in the following discussion. Representative LSV for the metal
free N-C and a variety of 3d and 4d metals demonstrates the range of NO3RR (Figure 3-3b), and

NO2RR (Figure 3-3c) activities, with Cu-Nx being the most active NO3RR site and Fe-Ny being
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the most active NO2RR site. As a unique nitrate-to-nitrite electrocatalyst'°, Mo-N-C was even
more inert than the metal free N-C. A full analysis of the reaction onset potentials (Appendix

B.32) clearly visualizes the range of onset potentials for the diverse M-Ny sites.
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Figure 3-3. Electrochemical activation, selectivity, and activity for the NO3RR and NO2RR. (a)
Example of a linear sweep voltammetry (LSV) curve for the Cr-N-C catalyst in electrolytes of
0.05M PBS (HER), 0.05M PBS + 0.01M KNO2 (NO2RR) and 0.05M PBS + 0.16M KNO3
(NO3RR). (b) Representative LSV over the metal free N-C and a variety of 3d and 4d metals for
the NO3RR and (c) NO2RR. Complete LSV for all examined M-N-C and metal free catalysts are
given in Appendix B.33. (d) Gap analysis plot (GAP) for the electrochemical NOsRR for all M-

N-C catalysts in 0.05M PBS + 0.16M KNOs for 2 hours. The top section of the figure shows the
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Faradaic efficiency for NO2 (blue; top-down) and NH3 (gray; bottom-up) as a function of the
applied potentials between -0.2 V and -0.8 V vs. RHE. A horizontal line is set at 50% FE to
guide the eye. The bottom section of the figure shows the corresponding yield rate (umol h™* cm-
2) for NO,™ (blue; triangle) and NHs (gray; circle) as a function of the applied potentials. The
corresponding NOsRR chronoamperometry plots and UV-Vis detection for NO2  and NHs
concentrations are shown in Appendix B.34 - Appendix B.43. Error bars are determined from
replicate trials at -0.40 V vs. RHE. The GAP for the metal free N-C catalysts is shown in

Appendix B.44.

To investigate the NOsRR activity and selectivity towards NH3z and NO-", a series of 2-hour
potential holds were performed at potentials between -0.2 V and -0.8 V. A gap analysis plot
(GAP) was constructed in Figure 3-3d to visualize the nitrogen conversion landscape.
Collectively, as the cathodic potential decreased, the yield rate of NHz and NO2" increased for all
catalysts, but the selectivity varied. Specifically, both Fe-N-C and Cr-N-C showed the highest
NHs3 selectivity (FEnnz 92% - 100%) at -0.4 V and -0.6 V. In contrast, Mo-N-C showed
comparable, consistent, and somewhat potential-independent selectivity for NO2™ (40% - 50%
FEno2-) and NH3 (50% - 55% FEnns), as expected given that Mo-Ny sites were shown in our
previous work, as an active nitrate-to-nitrite converter via dissociative adsorption (chemical
process).t*? Similarly, the Mn-, Pd-, W-, La-, and Ce-N-C showed moderate NO2” and NH3
selectivity at high overpotentials (~70% FEnns vs. ~30% FEno2-) and the FE for nitrogen
conversion (FEnnz + FEno2-) was maintained at 100%. Other early transition metals (Co-, Ni-
and Cu-N-C) showed irregular potential dependence on selectivity, wherein Co-N-C showed a

volcano trend for FEnns but consistent FEno2- and the nitrogen conversion was far below 100%
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FE through the entire potential range. For an easier comparison, the NO3RR electrolysis results
(FEnnano2- and YieldnHamnoz-) have been separated based on the applied potential in Appendix
B.45, where its clearly observed that Cr-N-C was leading the other catalysts between -0.2 V and
-0.6 V, being exceptional at -0.2 V (9.33 umol h* cm™ and 94% FEnwns). However, Ni-N-C and
Cu-N-C showed a strong potential dependence on the YieldnHs, where Cu-N-C outperformed Cr-
N-C at -0.8 V (61 vs. 59 umol h'* cm™). Particularly, Cu-N-C maintained 100% FE for NH3 +
NO2 (FEnHz = 72%) at -0.8 V, indicating that no current is wasted on the parasitic HER. Two
distinct exceptions were Ru-N-C and Rh-N-C, albeit their early activation indicated by LSV
(Appendix B.32), both of which showed inferior NHz and NO>™ activity (Figure 3-3d), displaying
unique and significant gaps between the NHz and NO>™ FE bars. This gap in FE is likely due to
insoluble, undetected gas phase products (Appendix B.46), likely from the HER, as the isolated
active sites present in atomically dispersed catalysts are unfavorable for the coupling of N-N

bonds for Na.

For the role of potential nitrite (as by-product or intermediate), previous reports usually
considered the NOsRR as a direct 8e™ transfer pathway with certain irreversible NO2™ desorption
or leaching.%®%487 Here, doping of isotopic *®NO>" in the NOsRR, schematically shown in Figure
3-4a, revealed that trace amounts (e.g., 1 ppm) of *NO, could be easily reduced to °NHs even
under a concentrated **NOs™ environment (10,000 ppm), which applied to both M-Nx sites and
metal-free N-C sites (Appendix B.47 and Appendix B.48). Figure 3-4b, shows the NMR spectra
for a time course electrolysis over Fe-N-C, wherein even at a concentration ratio of 1,000:1
(**NOs : *°NOy), the 1°®NO2 competed for an active site, yielding comparable *NHz. NMR
spectra for the other M-N-C catalysts is shown in Appendix B.49, where a similar trend is

observed for most metals with the no exception of Co- and Ni-N-C, where significantly more
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isotopic °NHg is generated than standard **NHs, in support of Figure 3-3d, suggesting their poor
activity towards NOs™ but high activity towards NO2", which will be addressed in the following
section. As the concentration ratio is reduced to 100:1 (**NOs" : *®NOy), the *®NO," outcompeted
1“NOj5, yielding significantly more *>NHs than *NHs over the 6-hour electrolysis (Figure 3-4c).
This indicates that for the nitrogenous products in the NO3RR, the potential participation of bulk
NO2 or locally channeled NO>", significantly complicates the mechanism of NH3 production
(e.9., 2e” + 6e” vs. 8e").1101%6 Therefore, unambiguously identifying whether the underlying
reaction mechanism is a direct 8e” pathway, a (rapid) 2e” + 6e” pathway with a bulk/channeled
NO; intermediate, or a combination thereof, is of great significance for the design and

optimization of NO3RR systems and even more complex nitrate-involving reactions. 2”128

Figure 3-4d (and shown individually by applied potential in Appendix B.50 and Appendix B.51)
shows the NO2RR electrolysis for all M-N-C catalyst under a 0.01M NO>" feed, a concentration
mimicking the bulk NO2™ concentrations in the NOsRR electrolysis (Figure 3-4d). Obviously,
both the NHs selectivity and activity of the NO2RR were significantly higher than that of the
NO3RR (Figure 3-4d) for all catalysts. Specifically, Fe-, Co-, and La-N-C showed 100% FEnH3
over the whole potential range and Cr-, Ni-, Cu-, Pd-, and W-N-C showed increasing FEnHs as
the cathodic potentials decreased, reaching 100% at -0.8 V. Again, Mo-N-C showed a unique
and potential-independent FEnnsz around 75%. Similar to the NOzRR, the NO2RR for Ru-N-C
and Rh-N-C showed a distinct decreasing trend on the FEnnz and consistent Yieldnnz over the

entire potential range, likely being outcompeted by the HER as the cathodic potential decreased.
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Figure 3-4. Mechanistic analysis of the NOsRR via a NOz™ intermediate (a-c) Isotopic analysis of

competing NOz3RR and NO2RR reactions at -0.4 V vs. RHE. a) Experimental schematic for

NOsRR electrolysis in which small amounts of ®NO;" are doped in 0.16M *NOs". b) NMR

spectra for the electrolysis with 10 ppm of **NO," doped in 0.16M **NOs™ (10,000 ppm), sampled

at 2, 4, and 6 hours. c¢) Time course analysis of 2*NH; and *°NH3 concentration at 2, 4, and 6

hours for the NO3sRR with 10 ppm ®NO;" (left) and 100 ppm *NO; (right) in 0.16M *NOg3"
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(10,000 ppm). d) Electrochemical NO2RR for all M-N-C catalysts in 0.05M PBS + 0.01M KNO>
for 0.5 hours. Faradaic efficiency for NHz as a function of the applied potential between -0.2 V
and -0.8 V (top). Bottom section shows the corresponding NHs yield rate (umol h™* cm). The
chronoamperometry plots and UV-Vis detection curves for NHz are shown in Appendix B.52 -
Appendix B.58. Note, FE’s over 100% are a result of electrolyte dilution to bring the
concentration of NHs into the UV-vis detection calibrated range. (e-f) Correlations between the
NOsRR Faradaic efficiency for NHz in Figure 3-4d. (y-axis) and the dividend of the NHz yield
rate and Faradaic efficiency of the NO2RR in Figure 3-4d at (e) -0.20 V and (f) -0.40 V vs. RHE.
The NO2RR, Yieldnns / FEnws is represented as the NO2RR total current (NO2RR, jiota). The
correlation between the NO2RR, Yieldnnz and NO3RR, FEnw3 is shown in Appendix B.59. The
Ru and Rh outliers in gray shades were excluded from the linear fit due to the dominant NOsRR
gaseous products as shown in Appendix B.46 as well as Co-N-C. (g) Summary of the goodness
of fit, R values, for varying experimental NOsRR-NO2RR correlations. All other correlations not
shown in Figure 3-4 e-f, are shown graphically in Appendix B.60, Appendix B.61 and Appendix

B.62.

To examine the relationship between the NO2RR and NO3RR, Figure 3-4 e and f correlates the
activity of NO2RR (FEnhz / Yieldnnsz) with the selectivity of NO3RR (FEnn3), revealing a linear
relationship at -0.20 V and -0.40 V. This linear relationship suggests a major contribution from
the bulk or locally channeled NO>™ towards NHz (2e” + 6e” pathway). Meanwhile, the correlation
between the FEno2- in the NOsRR and the Yieldnns in the NO2RR, has a poor linear fit
(Appendix B.61), highlighting the complex reaction mechanism. In contrast, the poor

correlations between the NOsRR FEno2- and NO2RR Yieldnnz (Figure 3-4g), confirmed that in
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the NO3RR the bulk NO2™ species were in a complex production-consumption process rather than

an irreversibly desorbed final by-product.

3.5 Computational descriptors for the NO3:RR and NO2RR

As discussed above, the first 2e” transfer is the rate limiting step in the NOsRR, therefore DFT was
used to study the energetics of key intermediates in the conversion of NO3™-to-NO," on various
catalytic active sites (Appendix B.63). This included the *NOgz surface intermediate formed by
oxidative associative adsorption of NOs, the *O surface intermediate formed by neutral
dissociative adsorption of NO3 ,'° and the *NO, surface species formed in the reductive
adsorption of NOs’, these result in four thermodynamic reaction descriptors, as shown in Figure

3-5a.

Figure 3-5a shows that the Mo-N4, La-N4, Ce-N4 and W-Ng sites could strongly adsorb NOs™ (A.G
~ -4eV) in a dissociative manner, forming an *O surface species and a free NO2" molecule. For
these oxyphilic metals, upon exposure to NOs™ molecules, the single-atom sites are oxygenated
with a fifth ligand and the new active site (O-M-Na) can still coordinate a NO3/NO2™ molecule for
further reduction.!® Appendix B.64 shows that the O-M-N4 sites had a weaker interaction with
NOs" but could stabilize the *NO3z/*NO- surface intermediates. For the Cr-N4, Mn-N4, Fe-N4 and
Ru-Ng sites, associative and dissociative adsorption of NOs is likely a competitive process that
also depends on the cell potential. Namely, while the associative adsorption of NO3s™ is potential
dependent, dissociative adsorption is not as no electrons are involved in this process. Co-Na, Ni-

N4, Cu-Ns, Pd-N4, and La-N4 sites adsorb NOs™ associatively and produce NH3z via a *NO>
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intermediate. Additionally, our DFT descriptors suggest limited NOsRR activity over Rh-N4 sites,
being only favorable via the reductive adsorption of NOs", while in other computational based
works, Rh-Ny sites suffer some competition between *H and *NQOs, in agreement with the poor

NOsRR activity observed in our experimental observations.8¢12°
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Figure 3-5. Computational NO3RR descriptors as calculated by using DFT with optB86b-vdW
functional. (a) Gibbs free energies (A.G) of the reaction for the first two electron transfer steps in
the NOsRR. Processes that generate NO>™ in the bulk electrolyte are shown in blue. Note solid

bars indicate no electron transfer, uphill gradient stripes indicate a reductive e transfer and
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downhill gradient stripes indicate an oxidative/reverse electron transfer. (b) Quadrant plot of the
A,G for associative adsorption [ * + NO3 — *NO, ] (Y1-axis), dissociative adsorption [ * +
NO3 = "0+ NO3 ] (X-axis) and *NO> desorption [ *"NO, = * + NO3 ] (Y2-axis), forming
sectors where certain reaction pathways are thermodynamically favored. The main quadrants
were determined by the X-axis and Yi-axis. Quadrants 111 and IV were further divided by the Y-
axis into Ill.a, 111.b, IVV.a and IV.b sub-sections. The three reaction coordinates determined two
types of NO3™ adsorptions and two types of NO>™ evolutions as shown by the diagram above the
figure. For simplified plots correlating two descriptors at a time, see Appendix B.65. (c)
Correlation between DFT-derived A.G [ * + NO3 = *NO, ] and experiment-derived NOsRR
FEnnz at -0.2 V vs. RHE. (d) Correlation between DFT-derived A.G [ * + NO; — *NO, ] and
experiment-derived NO2RR FEnnz at -0.2 V vs. RHE. Oxygenated active sites (O-M) were

included for the oxyphilic elements (Mo, La, Ce and W).

The quadrant plot in Figure 3-5b graphically shows the correlations between the DFT-derived
descriptors, mapping out the competitive NO3s™ adsorption and sources for NOz  evolution.
Specifically, the far ends of Quadrant I, Quadrant Il and Quadrant IV.b represent unfavored NO3’
adsorption, exclusive NO2™ evolution and unfavored NO,™ evolution, respectively. These three
blank sectors explain the above-mentioned universal NOsRR activity for all M-N-C and metal free
N-C catalysts (Appendix B.66), as well as the variant but non-dominant FEno2- in the NOsRR. The
diagonal of Quadrant 11l (x=y) indicates competitive associative and dissociative adsorption of
NOs". The largest NO2™ producing catalyst, Mo-N-C (O-Mo-Ns and Mo-Njy sites), is located at the
diagonal, indicating comparable associative and dissociative adsorption. Several metal centers
(e.g., Mn, Fe, Ru, La and Ce) fall below the diagonal in Quadrant Ill.b and upper Quadrant IV.b,

suggesting a favored associative NO3z™ adsorption for high NHs selectivity in NOsRR electrolysis
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(Figure 3-5d). Quadrant IV.b (Co, Rh, O-Ce and O-La) marks the region where a solely direct 8e
pathway to NHjs is feasible, with formation of the *NO> intermediate being favored, while both
descriptors for the generation/desorption of NO.™ are unfavored. Quadrant 1V.a (Ni, Cu and Pd,
pyridinic-N and graphitic-N) shows a weak stabilization of the *NO. intermediate, while
simultaneously showing activity for the desorption of *NO> for NO2™ evolution. It should be noted
that Mo-N-C is the only metal center favoring NO2™ evolution through both the dissociative NOs
adsorption and *NO> desorption paths, explaining the unique selectivity of Mo-N-C in the NO3RR
(Figure 3-5d). The DFT calculated Gibbs free energy changes for these descriptors are given in

Table 12.

To evaluate the practical relevance of these computational descriptors, a set of correlations were
developed between the DFT-derived free energies (A.G) in Figure 3-5a and the electrocatalytic
performance in Figure 3-3d and Figure 3-4d. Specifically, Figure 3-5¢ shows the correlation
between the adsorption energy of NO3™ (A.G [ * + NO3 — *NO, ]) and the NOsRR NHj3
selectivity (FEnn3), wherein a linear correlation (R=0.73) is observed at -0.2 V. This result
highlights the importance of a stable *NO> intermediate for high NHz3 selectivity in both the 8e-
pathway or the 2e” + 6e” pathway (which requires the re-adsorption of NOy"). It should be noted
that Ru, Rh were excluded as the outliers due to the ease at which they are outcompeted by the
HER, as shown in the NOsRR electrolysis (Figure 3-3d), while Co is indicated as an outlier due
to its unique NOsRR performance showing strong activity towards the reduction of NO2", while
showing poor activity towards NOs", as evidenced by the > NO,” doping experiments in
Appendix B.49, being a unique metal center showing a dominating concentration of **NH; over

14NHjs (at a 10,000 ppm K¥*NO3™ and 10 ppm K®NO;). Additionally, the involvement of the
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oxo-form for the highly oxyphilic elements (O-Mo, O-W, O-La, O-Ce) shifts them back onto the
trend line as compared to their bare M-N4 counterparts. These results confirmed the distinct
active sites/reaction mechanism of early transition 4d-, 5d- and f-metal-based M-N-C catalysts in
neutral environments and is attributed to the oxophilicity and large coordination number of these
metals that allow simultaneous coordination of multiple intermediates.**° Similarly, Figure 3-5d
shows a comparable correlation (R=0.72) between the adsorption energy of NO> (A,.G [ * +
NOZ — *NO, ]) and the NO.RR ammonia selectivity (FEnhs3), indicating that the stabilization of
the *NO> intermediate also plays a key role in the NO2RR as well as the downstream 6e" transfer

in the NO3RR.

However, the NOsRR FEno2- showed minimum correlations with either A,.G [ *NO, —» * +

NO; JorA.G[*+ NO3 = "0+ NO3 ], as shown in Appendix B.67. This agrees well with the
above-mentioned poor correlation between the NO3RR FEno2- and NO2RR Yieldnns (Figure
3-4g and Appendix B.61), wherein the bulk NO> species in the NOsRR were in an active but and
complex production-consumption process, making it difficult to deconvolute the NO>"

production and consumption rates from its net yield.

3.6 Conclusions

In summary, a rich set of atomically dispersed 3d-, 4d-, 5d- and f-block M-N-C catalysts with a
well-established M-Nx coordination was synthesized. The gap analysis plot revealed diverse
NOsRR performance, wherein Cr-N-C and Fe-N-C were the most NHz3 selective catalysts,
achieving near 100% FEnws, while Mn-, Cu- and Mo-N-C were highly selective for NO.". For

the NO2RR, several elements including Cr-, Fe-, Co-, Ni-, Cu- and La-N-C achieved a FEnnz of
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100% at high overpotentials, with Fe and Co-N-C showing 100% FEnn3z over the entire potential
range. Isotopically doped *°>NO;" in concentrated **NOs", demonstrated the ease at which minute
concentrations of NO2 in the bulk electrolyte can preferentially reduce to NHs, convoluting the
possibility of a direct 8e” pathway or a 2e” + 6e” cascade pathway with NO>™ as transient
intermediate for the NO3RR. The correlation between experimental NOsRR ammonia selectivity
and experimental NO2RR activity suggested a universal contribution of the NO,™ intermediate in
NOsRR (2e” + 6e7). The DFT-derived thermodynamic descriptors theoretically explain the
electrocatalytic selectivity for each metal center. Furthermore, these computational descriptors
showed strong correlations with the experimental performances, such that a simple
computationally evaluated descriptor can be utilized to estimate the activity of M-N-C catalysts
for the NO3RR and NO2RR. While these computational-experimental activity descriptors
provide strong correlations for the NO3RR and NO2RR activity, these correlations are limited
when the H* adsorption is a competing factor leading to the HER over NOsRR (Ru- and Rh-N-
C) and when there is poor NOs™ activation in contrast with significant NO>™ activation (Co-N-C).
Importantly, these computational-experimental activity descriptors are based on the M-Ny active
site and have strong predictive NO3z/NO2RR ability at low potentials, where the intrinsic nature
of the M-Ny site is observed. However, the effectiveness of these activity descriptors decreases
as the overpotential increases, forcibly driving the reaction and possibly inducing structural
changes to the M-Ny sites, convoluting the intrinsic activity of the atomically dispersed metal
center. This work deciphered the unique fundamentals of the NO3RR over atomically dispersed
M-N-C catalysts to create a set of experimentally driven computational descriptors for the

NO3/NO2RR activity, paving the road for the design of tandem NO3RR systems and nitrate-
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containing systems composed of either multi-metallic M-N-C catalysts or extended catalytic

surfaces supported by synergistic M-N-C supports.
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Chapter 4 Synergizing y-Fe.Os Nanoparticles on Single Atom Fe-N-C for

Nitrate Reduction to Ammonia at Industrial Current Densities

4.1 Overview

The synthesis of ammonia (NH3) based fertilizers is essential to support the growing global food
demands and due to its current thermochemical synthesis, via the Haber Bosch (HB) process
accounts for approximately of 2% of global energy usage and 1.4% of global CO;
emissions.3%% The reduction of di-nitrogen (N2) is a theoretically promising NH3 synthesis
pathway, however, activation of the highly stable and insoluble (in water-based electrolytes) N2
molecule remains unproven.®2! As a replacement for the inert N, molecule, recently there has
been a revitalized interest in the more oxidized N-form, nitrate (NOs). Nitrate is an
environmental pollutant present in ground water runoffs due to heavy overfertilization practices
and in industrial waste streams at varying concentrations (0.001 — 2M).2%13! The reduction of
NOs" to NHz is appealing to reutilize waste nitrogen into value added NHs, alleviating demand
on the HB process, while also serving as an alternative to traditional denitrification techniques,
providing dual benefits for the nitrate reduction reaction (NOsRR). It is important to note, the
NOzRR alone is not a replacement for the HB process as typically, the N-molecule in the NOz
originates a HB produced NHz, but the NO3sRR can help to enhance the efficiency of the N-

cycle 1

The NOsRR is a complex 8e transfer reaction, consisting of several possible soluble and
insoluble intermediates (NO2, NO2", NO, N2, N2O, NH20H, NHzs, and N2H4) and competes
directly with the hydrogen evolution reaction (HER).>” Aiming at industrial relevance, it is

essential to optimize catalyst activity and selectivity towards a singular product, in this
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discussion NHs. The use of an alkaline media (pH 13-14) has been shown to enhance the activity
of the NOsRR (over most metals) and significantly suppresses the formation of the common 2e”
side product, nitrite (NO2"), often reporting the highest NHz Faradaic efficiencies (FEnn3z) and

yield rates (Yieldns) as shown in Table 15.64123132

When targeting industrially relevant current densities there is a competing compromise between
the energy efficiency and NH3 partial current density (jnHs), both of which are influenced by the
corresponding FEnnz and applied reductive potential. In alkaline media, the standard reduction

potential for the NOsRR to NHs (equation 1) is 0.69V vs. RHE.54133
NO3 + 6H,0 + 8e~ — NH; + 90H™ (E® = 0.69 V vs. RHE; pH = 14) )

Currently, several reports achieve high FEnnz pushing upwards of 90%, some at mildly reductive
potentials, resulting in relatively high cathodic energy efficiencies (almost 40%).10:14-17
However, most of these reports suffer from limited jnns (0.5 — 80 mA/cm?), resulting in the need
for largely scaled up devices or stacks, increasing capital costs these systems. In contrast, other
reports show higher jnns (80 < X mA/cm?), at more cathodic potentials suffering from reduced
energy efficiencies.’**1% Establishing a tradeoff between energy efficiency and jnnz remains
ambiguous, although, a recent economic analysis quantifying the levelized cost of NHs, suggests
that the jnns (production rate) has a more significant influence than the cell voltage or electricity

price in reducing the levelized cost of NH3.1%®

One strategy to achieve both higher cathodic energy efficiencies and increased jnws is to utilize
platinum-group-metals (PGMSs) and their alloys as these metals often have earlier (closer to the
thermodynamic) reaction onset potentials.'?>3° However, due to their scarcity and price, large

scale systems based on these catalysts are not economically promising. Alternatively, cost
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efficient PGM-free metals typically require more cathodic reduction potentials to achieve a
desirable jnna. Interestingly, a strategy currently being investigated for the neighboring oxygen
reduction rection (ORR) is the use of active supports to increase the activity and durability of the
catalyst systems.24%-142 Where a typical inert carbon support (Vulcan / carbon black) is replaced
with an ORR active, atomically dispersed metal-nitrogen-carbon (M-N-C) support, often Fe-N-C
or Co-N-C. It’s speculated that possible electron donation between the platinum nanoparticles
and the M-N-C can create more favorable intermediate adsorption energies, increasing the
activity of the catalyst system. Additionally, it’s thought the M-Njy active site can modify the

electronic structure of the neighboring carbon, increasing the stability of the nanoparticles.

It has been shown in our previous works and supported by other studies that atomically dispersed
Fe-N-C is highly active for the NOsRR, achieving a FEnus greater than 90%.5364110.143 | this
work, we build upon our previous work with atomically dispersed Fe-N-C and utilize an active-
catalyst/active-support system, synthesizing a y-Fe2Os/Fe-N-C catalyst for ultra-high NOsRR to
NH3 performance. Where the y-Fe2Os/Fe-N-C catalyst exhibits a potential independent behavior
on the FEnws (~100%) between -0.4 to -1.2 V vs. RHE, while increasing the jnws up to nearly 2
A/cm? (at a Yieldnns of more than 9 mmolnks hr't cm). An economic analysis reveals that
operating under a strongly reductive potential with a high jnnz is more beneficial for reducing the
levelized cost of NHs, as opposed to a mildly reductive potential with higher energy efficiency
but significantly reduced jnns. Post-mortem XPS revealed that the pre-reduction activation step is
critical in achieving the ultra-high NOsRR performance, generating highly active, exposed
Fe?*/FeC sites. A durability test showed that the optimized y-Fe.Os/Fe-N-C catalyst could
maintain a FEnns between 90-100% at a current of 1.3 A/cm? for over 24-hours. Demonstrating

the effectiveness of utilizing an active-catalyst/active-support system.
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4.2 Methods

4.2.1 Synthesis of y-Fe203, Co304 and RuOx supported on XC72

The Fe, Co and Ru nanoparticle catalysts were synthesized using an organic solvent synthesis.
Taking y-Fe2O3 as an example. First, 44.8 mg of XC72 carbon and 0.2 mmol of Fe(acac). was
dispersed by sonication for 30 min in 40 mL of benzyl ether. Next the mixture was deaerated by
purging N2 for 30 min. The mixture was then heated to 100 °C and then 400 pL of oleylamine and
200 pL of oleic acid were added and the temperature was held for 10 min. Next, the mixture was
heated to 180 °C and 1 mL of tert-Butyllithium was added and the temperature was held for 10
min. The catalyst mixture was then heated to 210 °C and held for 45 min. The catalyst mixture was
then centrifuged and washed by ethanol before drying.

The Co and Ru based particle synthesis is identical, with the 0.2 mmol of Co(acac). and Ru(acac):

being added.

4.2.2 Synthesis of Fe-N-C

The atomically dispersed Fe-N-C active support was synthesized using the sacrificial support
method (SSM). First, a catalyst mixture of 6.25 g of nicarbazin, 1.25 g of OX-50 (Evonik), 1.25 g
of LM150 (Cabot), 0.5 g of stober spheres (made in house) and 0.6 g of iron (Ill) nitrate were
added and dispersed by sonication for 30 min in water. The catalyst slurry was then dried for 24
hrs at 45 °C under continuous stirring. The partially dried slurry was then transferred to an oven
for 24 hrs for complete drying at 45 "C. The catalyst mixture is then ball milled at 45 Hz for 60
min. Next, the milled catalyst power undergoes pyrolysis in a 5% H2 / 95% Ar atmosphere for 45
min at 975 °C. The pyrolyzed catalyst is then ball milled a second time at 45 Hz for 1 hr before

being etched in a concentrated HF (18M) solution for 96 hours to remove the silica support and
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any nanoparticles. The etched catalyst is then washed with DI water and filtered until neutral pH
before drying. A second pyrolysis under a 10% NH3 / 90% N2 atmosphere is performed at 950 °C

for 30 min. The catalyst is then ball milled a third time at 45 Hz for 1 hr.

4.2.3 Synthesis of y-Fe>Os/Fe-N-C

The y-Fe>O3 nanoparticles supported on atomically dispersed Fe-N-C (y-Fe2Os/Fe-N-C) was
synthesized analogously to the nanoparticle catalyst supported on XC72, with the carbon support

being switched for the active Fe-N-C support.

4.2.4 Physical Characterization

Transmission electron microscopy (TEM) was performed on a JOEL JEM-2100F. To obtain
atomic resolution images, aberration-corrected scanning transmission electron microscopy (AC-
STEM) and energy dispersive X-ray spectroscopy (EDX) was performed on a JEOL ARM300CF
(at 300 keV accelerating voltage). The valence state of the y-Fe»Oz nanoparticles and atomically
dispersed Fe sites were examined through atomic resolution electron energy loss spectroscopy
(EELS) on a Nion UltraSTEM200 microscope equipped with a cold FEG, a C3/C5 aberration
correction and a high-energy resolution monochromated EELS system (HERMES). To suppress
beam damage on the atomically dispersed metal-nitrogen coordination, a lower accelerating
voltage of 60 keV was used to collect the EELS spectra. For the spectra acquisition, the energy
dispersion was set as 0.29 eV/channel at an exposure time of 500 ms/pixel. Background subtraction
in the spectrum was achieved by a power-law function and the de-noising of the spectra was
performed by the multivariate weighted principal component analysis (PCA) routine in the Digital
Micrograph software. The smoothing of the spectra was achieved by a Savitzky-Golay method

with points of window of 15 using the Origin software. For energy loss near edge structure
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(ELNES) analysis on Fe valence state, the spectra collected from different Fe SA locations were
summed up and then averaged to improve the signal to noise ratio.

The surface valence and chemical bonds of the catalysts were analyzed by X-ray photoelectron
spectroscopy (XPS) performed using a Kratos AXIS Supra spectrometer with a monochromatic
Al Ka source. A pass energy of 160 eV from 1400 eV to 5 eV at a step size of 1 eV was used to
obtain the survey spectra. No charge neutralization was employed. CasaXPS software was used to
analyze the XPS data with the spectrum being calibrated by C 1s sp® peak at (284.8 eV). For
analyzing the data, two backgrounds were used, with a linear background being employed for the
C 1s and N 1s spectrum, while a Shirley background was used for the N 1s and Fe 2p spectrum.
For analysis of the sp? carbon, an asymmetric 50% Gaussian / 50% Lorentzian was applied. While

for all other data, a 70% Gaussian / 30% Lorentzian was applied.

To examine the crystal phase of the catalysts, X-ray diffraction (XRD) patterns were obtained
using a Rigaku Ultima-111 powder X-ray diffractometer. The iron metal content the catalysts was
quantified by thermogravimetric analysis (TGA) performed on a Netzsch TG 209 F1 Libra. To
quantify the graphitic and amorphous content in the two catalyst supports (XC72 and Fe-N-C),

Raman spectra were taken on an InVia, Renishaw Corp., UK system

4.2 .5 Electrochemical Measurements

Preparation of the working electrode

A carbon paper electrode (AvCarb MGL 370, Fuel Cell Store) was used as the working electrode
and was cut to a geometric surface area of 0.25 cm? (0.5 x 0.5 cm). An oxygen plasma and acid
treatment (0.5 M H>SO4) were employed to remove the PTFE layer on the electrode and increase
the hydrophilicity. A catalyst ink comprised of 5 mg of catalyst, 680 uL of isopropanol, 300 pL of
MilliQ water and 20 pL of a 5 wt% Natfion (probe sonicated for 1 min, followed by 30 min in a
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sonication bath) was drop cast on the electrode. Catalyst loading on the electrode was optimized

during the study, by varying the amount of catalyst ink drop cast.

Electrochemical nitrate reduction

Electrochemical tests were performed in a customized glass H-cell (Adams & Chittenden),
separated by a Celgard 3401 membrane (used as received). A three-electrode system comprising
a carbon paper with catalyst, reversible hydrogen electrode (Gaskatel) and graphite rod were used
as the working, reference and counter electrodes, respectively. An alkaline electrolyte, 1M
potassium hydroxide (KOH) with 0.16M potassium nitrate (KNO3z) was used for the NOsRR tests.
Prior to electrochemical testing, the electrochemical cell was purged with N2 gas (research grade
99.9995% - PraxAir) for 30 min at 80 sscm. During the NO3RR, N2 gas was continuously purged
at 30 sccm. Control experiments with only 1M KOH + N2 gas demonstrate that the catalyst is not
active for N2 reduction to ammonia, allowing N2 to be an inert gas in this system (Figure Sx). For
the NOsRR, the working and counter electrolyte volumes are 30 mL and 25 mL, respectively.
Chronoamperometric (CA) tests were performed for 15 min under vigorous stirring. Prior to CA
measurements, the electrode was activated by a pre-reduction step at -1.5 V vs. RHE for 90
seconds. Linear sweep voltammetry was performed by cathodically sweeping from 0.5 to -1.0 V
vs. RHE as a scan rate of 5 mV/s. Electrochemically active surface area (ECSA) was determined
by varying the scan rate between 20 — 100 mV/s between 0.60 — 0.75 V vs. RHE. For the 24-hour
durability test, which was segmented into eight, 3-hour sections, an electrolyte reservoir of 250
mL was connected to the cathodic chamber of the h-cell using peristaltic pumps and was
continually circulated throughout the electrolysis. The large circulating reservoir prevents the

buildup of produced NHz from becoming too high in the cell. After a 3-hour segment, all
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electrolyte was pumped back into the external reservoir, sampled, and then refreshed for the next

3-hour segment.

Isotopic (K**NOg) nitrate reduction

To confirm the N in the detected NH3 originated from the KNO3s feed and not from the N-doped
catalyst support, the N2 gas or other sources of contamination, NO3RR with isotopically doped
KNO;3 was performed. A 1M KOH + 0.16M K'°*NOs electrolyte was used. Isotopically labelled
1>NOsRR was performed at -1.0 V vs. RHE for 15 min, after which the electrolyte was sampled
and quantified by 'H NMR. Where isotopically doped *NHj yields a doublet and standard **NHj

results in a triplet.

Calculation of the yield and faradaic efficiency
The yield rate of ammonia (Yieldnns) from the NOsRR is calculated from Eq. 1.

Cnhg ¥V 1
MWNH3 * T * Aelectrode

YieldNH3 =

The Faradaic efficiency for NHs, FEnns, is calculated from Eq. 2

nxFxcyy, xV 2
Mwyy, * Q

FENH3 =

Where cnh3 is the concentration of NH3z in the working chamber (mg/mL), V is the volume of the
working chamber (30 mL), the molar mass of ammonia, Mwnns is 17.031 g/mol, tis the electrolysis

time (0.25 hours) and Aelectoce iS the area of the working electrode (0.25 cm?). n is the number of
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electrons transferred (8e” for NOs™ to NH3), F is Faradays constant (96,485 C) and Q is the charge
passed during the electrolysis (C).

The cathodic energy efficiency (CEE) is energy efficiency for the cathodic reaction (NO3RR),
assuming no over potential for the anodic oxygen evolution reaction (OER), and is calculated using
equation 3.

ES,—Ep *FE
CEE = Foz~Enosrr)*FENHS 3
Eo2—ENO3RR

Where EJ, and Ef,3xr are the standard potentials for the anodic (1.23 V vs. RHE) and cathodic
reactions (0.69 V vs. RHE), respectively. FEnHs (%) is the Faradic efficiency for NHz from the
NOzRR and E,, and Eyo3rr are the applied anodic and cathodic potentials, where here, the E,,

is assumed to the standard potential.

4.2 .6 Product Detection

For typical NO3RR tests, the detection and quantification of NH3 is achieved using a ultraviolet-
visible (UV-Vis) spectrophotometer (Shimadzu, UV-2600). NHz was detected using the
indophenol blue method in which 2 mL of electrolyte (or diluted electrolyte) is mixed with 2 mL
of solution A (1M NaOH, 5 wt% salicylic acid and 5 wt% sodium citrate), 1 mL of solution B
(0.05M NaClO) and solution C (1 wt% sodium nitroferricyanide). After incubating the dark at
room temperature for 1 hour, the maximum absorbance is taken at ca. 655 nm and quantified with
respective calibration curves. Calibration curves with 1M KOH and varying concentrations of
NOs™ are provided in Figure Sx. For the detection of isotopic ammonia (**NHs), *H NMR is used.
3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) is selected as an internal standard and
Dimethylsulfoxide-d6 (DMSO) is used as the locking solvent. The NMR spectra of a solution of

580 uL of electrolyte, 25 uL of DMSO, 20 uL of 3M H2SOg4, and 75 pL of 6 mM DSS is obtained
84



on a Bruker CRYO 500 MHz spectrometer. A solvent suppression method was applied to reduce
the signal of H20, allowing for better resolution. The spectrum was processed using the Topspin

4.0.8 software.

4.2.7 Economic Analysis — Levelized Cost of Ammonia

To evaluate the tradeoff between energy efficiency and ammonia partial current density, the
levelized cost of ammonia (LCnns) was employed as a metric. The LCnns is calculated analogously
to Daiyan et al. and as is determined by equation 4.1%®

Ry * CAPEX + OPEX 4

LCyyz =

Where Ry is the capital recovery factor and is set at 0.08 %. CAPEX is the capital cost and is solely

attributed to the cost of the electrolyzer stack (in $). OPEX is the operational cost and constitutes
costs associated with electricity, nitrate feed and water consumption (all in units of $). Yieldyys
is the yield of ammonia (kg), giving a LCyys in $/kgnns. The Yieldyys is calculated based as a
function of the current density and electrolyzer area (with 8e™ transferred per NHs3). The
electrolyzer stack cost and details of the OPEX parameters are detailed below.

The electrolyzer stack cost is based on parameters in analogous economic calculations and analysis
provided in a National Renewable Energy Laboratory report with a cost of $342 kW't operating at
a cell voltage of 1.9 V and current density of 2 A/cm?, which yields an assumed NOsRR
electrolyzer stack cost of 12,996 $/m?2.1%.144 |n the idealized case where the stack cost can be
significantly reduced, a cost of $143 kWh! is assumed, resulting in an electrolyzer cost of 5,434
$/m?. For the OPEX costs, the cost of the NO3™ (NOx) input is assumed to be $315 per metric ton,

as estimated in work by Jiang et al.**81%5 The cost of water is assumed to be $0.02 L and the cost
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of electricity from the grid is assumed to be $70 MWh and electricity generated from renewable
sources is assumed to be $30 MWh. The required electrolyzer area required is calculated from
equation 5.

Itotal S5

Aelectrolyzer -

Where I;,:4; 1S current passing through the electrode (A) and j is current density of the NO3RR
system. I;,:q; 1S determined by dividing the applied power to the stack (assumed here as 1 MW)
by the cell voltage (assumed here as 1.9 V). Therefore, assuming a system current density of 1.3
Alcm? (the performance demonstrated in the 24-hr electrolysis), the total required electrolyzer area

is 37.6 m2.

4.3 y-Fe-Os/Fe-N-C synthesis and characterization

v-Fe203 nanoparticles supported on atomically dispersed Fe-N-C (y-Fe2Os/Fe-N-C) were
synthesized by utilizing the sacrificial support method (SSM) for the Fe-N-C in combination
with an organic solvent synthesis method for the y-Fe>O3 nanoparticles. The SSM is a robust
technique developed by our group for the synthesis of atomically dispersed M-N-C catalysts.#3
Schematically, the SSM is shown in Figure 4-1, where a catalyst slurry of a carbon-nitrogen
precursor is mixed with nano porous silica and an iron-nitrate salt. The precursor mixture then
undergoes a series of ball milling, pyrolyzing and acid etching steps, yielding an exclusively
atomically dispersed Fe-N-C support.}* The y-Fe2O3 nanoparticles are synthesized utilizing an
organic solvent method, where iron(111) acetylacetonate and the Fe-N-C support are dispersed by
sonication in benzyl ether. After deaerating the system with N2, the mixture is heated to 100 °C

after which, oleyl amine and oleic acid are added. After heating to 150 °C, the reducing agent,
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tertbutyl lithium is added and the catalyst mixture is further heated to 210 °C for a 45 min hold.
After an ethanol wash and filtration, the final y-Fe2Os/Fe-N-C catalyst is obtained. The synthesis
of y-Fe203 on XC-72R Vulcan carbon (XC72) is analogous, with the Fe-N-C being replaced for
XC72 (y-Fe203/XC72). The homogenous dispersion of the y-Fe,O3 and well-controlled sub-5 nm
particle size nanoparticles is observed by the HAADF-STEM image in Figure 4-1b and TEM
images in Appendix C.1. Additionally, the corresponding elemental mapping is shown in Figure
4-1b, for the y-Fe203/XC72 catalyst with a homogenous distribution of Fe, O and C. The y-Fe.O3
nanoparticles have a spinel structure as observed in the aberration corrected (AC) HAADF-
STEM image in Figure 4-1c. A schematic of the y-Fe>Os spinel crystal structure is given in
Figure 1d. The high mag STEM image and EDS mapping in Figure 4-1e, verifies the atomic
dispersion of Fe and N-doping in the Fe-N-C support. After reducing the y-Fe>O3 nanoparticles
on to the Fe-N-C support, Figure 4-1f confirms that the Fe-N-C support retains its atomic
dispersion, as single atom Fe-Ny sites and y-Fe2Os nanoparticles are observed simultaneously.
The corresponding EDS mapping of the y-Fe2Os/Fe-N-C catalyst in Figure 4-1g, confirms the
presence of nitrogen from the Fe-N-C support. The crystal structure of the catalyst was examined
by X-ray diffraction (XRD), confirming the formation of Fe>Os in the y phase, y-Fe20Os
(Appendix C.2). As a comparison to the Fe>Os catalyst, a Co203 and RuOx were also synthesized
analogously and characterized using TEM and XRD (Appendix C.3-4) Furthermore, Raman
spectroscopy was performed on Fe-N-C and XC72, showing similar graphitic content between

the catalyst supports, Appendix C.5.
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Figure 4-1. Synthesis and AC-HAADF-STEM images of the y-Fe>O3 based catalysts. (a)
Synthesis schematic, utilizing the sacrificial support method and an organic solvent synthesis to
deposit y-Fe203 nanoparticles on the atomically dispersed Fe-N-C. (b) STEM of the y-Fe203
catalyst supported on XC72 carbon scale bar is 50 nm, with its corresponding EDS mapping
scale bar is 5 nm. (c) Atomic resolution STEM showing the y-Fe2O3 spinel structure, scale bar is
2 nm. (d) Schematic representation of the y-Fe2Os spinel crystal structure. (e) Atomic resolution
STEM image of the atomically dispersed Fe-N-C catalyst support, with its corresponding EDS
mapping, scale bar is 2 nm. (f) Atomic resolution STEM image showing the y-Fe203
nanoparticles supported on the atomically dispersed Fe-N-C, scale bar is 5 nm. (g) EDS mapping

of the y-Fe,Os/Fe-N-C catalyst, scale bar is 50 nm.
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To evaluate the chemical state of the y-Fe.Os/Fe-N-C catalyst and evaluate possible changes in
the electronic structure of the y-Fe,Os/Fe-N-C catalyst due interactions from the Fe-Ny sites with
the y-Fe»Oz nanoparticles, atomic resolution electron energy loss spectroscopy (EELS), X-ray
absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS) was utilized. EELS
was used to probe the valence state of the single atom Fe and the y-Fe;Os sites. Figure 4-2a
shows the location where EELS spectra are taken for a y-Fe.Oz particle (locations 1 and 2) and a
single atom Fe site (locations 3 and 4). Both spectra show the Fe-L3 2 edges, however, there is an
L3, Lo excitation edge shift to lower energy loss and reduced La/L white line ratio for single
atom Fe (peak spacing of 12.4 eV), compared to y-Fe»O3 (13.2 eV) in Figure 4-2b. This energy
shift and quantitative analysis of the Fe- La/L> edges suggest the single atom Fe to be in an
oxidation state lower than Fe®*, in agreement with our previous work where Fe-N-C has an
oxidation state ca. Fe?5*.143 While analysis for the y-Fe2O3 nanoparticles indicated an oxidation
state of Fe®*, in agreement with the XPS results in Appendix C.6.14® Atomic resolution EELS
was further applied for a highly localized evaluation of possible y-Fe2Os and Fe-Nx interactions
affecting the electronic structure of the nanoparticles. Comparing the Fe-Ls > edges of the y-
Fe>O3 nanoparticles supported on Fe-N-C and XC72 reveals a 0.1 eV shift in the energy loss,
Figure 4-2c. Such small shifts in energy loss can arise due to experimental conditions and
inaccuracies in the selected method for spectra processing (something which requires extreme
care and is system dependent).'%® Therefore, further complementary techniques are employed to

evaluate possible nanoparticle-single atom interactions.

X-ray absorption near edge structure (XANES) of the Fe K-edge (ca. 7120 eV) was employed to
investigate the chemical state of the Fe in both the Fe-N-C support and y-Fe>Oz nanoparticles,

shown in Figure 4-2d. From our previous work, the Fe K-edge XANES spectra for the Fe-N-C
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falls in between the FeO and FezO4 standards, closer to FeO, suggesting an Fe oxidation state
close to Fe?*.143 In this work, the y-Fe20s, the XANES spectra matches the y-Fe,Oj3 standard,
confirming a Fe** oxidation state and formation of Fe nanoparticles in the y-phase. Again, to
evaluate possible y-Feo.O3 and Fe-Ny interactions, the rising edge and pre-edge of the y-Fe;O3
supported on Fe-N-C and XC72 were compared, however, no meaningful shifts in the energy
were observed. Fourier transformed extended X-ray adsorption fine structure (FT-EXAFS) in
Figure 4-2e looks at the local coordination of the Fe species compared to several standards. For
the y-Fe>Og, regardless of the catalyst support, two dominating peaks are observed. One at a low
bond distance (ca. 1.5 A), corresponding to the expected Fe-O (and Fe-N from the support)
coordination and one a larger bond distance (ca. 2.6 A), which corresponds to the Fe-Fe

coordination in y-Fe0a.
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nm. (b) EELS spectra of the Fe-L3 > edges of the y-Fe-Oz nanoparticle (top) and atomically

dispersed Fe-Ny sites (bottom). (c) EELS spectra comparing the energy loss of the Fe-L3 > edge

of the y-Fe>O3 supported on Fe-N-C or XC72. XAS data for the y-Fe>O3 catalysts supported on

both Fe-N-C and XC72 (d) XANES spectra and (e) EXAFS spectra with the corresponding

references. (f) N 1s spectra and (g) Fe 2p XPS spectra. (h) Comparison of the Fe 2p XPS spectra

for the y-Fe O3 catalyst supported on Fe-N-C or XC72.
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To further investigate the chemical environment and coordination of the Fe species, XPS was
performed. Figure 4-2f shows the N 1s spectra for the y-Fe>Os/Fe-N-C catalyst, confirming the
Fe-Nx coordination, along with the pyridinic and pyrrolic N-moieties, characteristic of the Fe-N-
C support (XPS for the Fe-N-C support is given in Appendix C.7). From the deconvoluted Fe 2p
spectra in Figure 4-2g, the oxidation state for the y-Fe,Os is Fe**, regardless of the support used,
further corroborating the EELS and XANES analysis. Full XPS deconvolution of the C 1s, O 1s,
N 1s and Fe 2p spectra for y-Fe2Oz/Fe-N-C and y-Fe.O3/XC72 are shown in Appendix C.6 and
Appendix C.8, respectively. Comparing the Fe 2p spectra between the y-Fe>Os supported on Fe-
N-C and XC72, Figure 4-2h, a binding energy shift of ca. 0.2 eV is observed, comparable to that
of recent nanoparticle-single atom reports in the literature.**”14° However, binding energy shifts
during the processing and calibration (commonly to features in C 1s spectrum), can easily induce
binding energy shifts on the level of 0.2 eV, especially when the complex nature of the carbon is

changing in the compared catalyst supports.**

It should be noted that as the popularity of nanoparticle/single atom support systems increases,
extreme care must be taken in the interpretation of chemical state characterizations. Often
nanoparticle/single atom support electronic interactions are being claimed exclusively through
ambiguous shifts in the XPS spectra, and subsequently used as the foundation for computational
models and reactions mechanisms, and attributed to any increased activity and stability. In this
work, after rigorously investigating the electronic structure of the y-Fe>Oz supported on
atomically dispersed Fe-N-C and XC72 supports, with highly localized and more bulk

techniques, no spectroscopically detected (EELS, XAS and XPS) interactions were observed.

Here we have synthesized and robustly characterized a y-Fe>O3/Fe-N-C catalyst. While the

possibility that electronic interactions between the y-Fe-O3 nanoparticles and Fe-Ny sites exist
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enhancing NOsRR performance, has not been ruled out, such interactions were not detected
spectroscopically. These interactions likely need to be probed through electrochemical processes,
where the nanoparticle is active, while M-Nx site is inert, allowing changes in onset potentials or
peak shapes to reflect interactions between the nanoparticle and M-Ny site (ie. ambient
temperature CO stripping on Pt/M-N-C). Regardless, at a minimum, the y-Fe>Os/Fe-N-C catalyst
contains a multitude of highly active NOsRR sites at both the nanoparticle and single atom

scales, which are synergized, enhancing the NO3RR performance.
4.4 Electrochemical NOsRR Performance

Linear sweep voltammetry (LSV) was performed in 1M KOH + 0.16M KNOs electrolyte to
assess the NOsRR activity of the blank carbon paper, XC72 and Fe-N-C catalyst supports, and
the y-Fe2O3 nanoparticles supported on both XC72 and Fe-N-C as shown in Figure 4-3a. From
the LSV there is a slight positive shift in the reaction onset potential (-0.59 V vs. RHE) in
comparison to the blank carbon paper electrode, when using the XC72 carbon support, indicating
even the metal-free carbon support has limited NOsRR performance. Note in this work all
potentials are reported versus the reversible hydrogen electrode, RHE. Employing the Fe-N-C
catalyst support realizes a significant positive shift in the reaction onset potential (-0.34 V).
Interestingly, despite having increased jnns at higher overpotentials in alkaline media, the Fe-N-
C is observed to have a more positive onset reaction potential in neutral media (0.05M PBS),
which could be due to its hyperactivity toward reducing the NO>" intermediate in the NOsRR 2e
+ 6e” transfer pathway, often formed at lower pH, which is suppressed in alkaline media. 110143
From the LSV the addition of the y-Fe>O3 nanoparticles further shifts the reaction onset potential
even more positively to -0.14 V, regardless of either the XC72 or Fe-N-C support. However, as a

more cathodic potential is applied, the current response for the y-Fe>Os/Fe-N-C dominates due to
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additional activity provided by the active Fe-Nx sites in the Fe-N-C support (and possible,
interactions between the y-Fe2O3 nanoparticles and atomically dispersed Fe-Nx sites, creating
more favorable adsorption energies). To evaluate the catalytic performance of the supports
towards the NOsRR, chronoamperometry measurements were performed at potentials between -
0.20 and -1.20 V as shown in Figure 4-3b. The XC72 support has negligible activity until -0.8 V
and reaches a maximum FEnn3z of 55%. However, the active Fe-N-C support demonstrates
superior activity, holding a FEnns of ca. 80% above -0.20 V, reaching a maximum of 90% at -
0.40 V and a maximum Yieldnns of 2.9 mmolnws hrt cm? (juns = 620 mA/ecm? at -1.20 V),
surpassing other reported Fe-N-C catalysts for the NOsRR.%3%4 Figure 4-3c shows that the
addition of the y-Fe>O3 nanoparticles enhances the FEnns (after -0.20 V) and significantly
improves the Yieldnns over the potential range reaching a maximum of 6 mmolnus hr't cm (jnus
= 1,265 mA/cm?). Furthermore, y-Fe2Os/Fe-N-C demonstrates increased FEnns and Yields
over the potential range compared to y-Fe,O3/XC72. Interestingly, the y-Fe>Os/Fe-N-C can
maintain a FEnns 0f 90-95% over the potential range, highlighting the catalysts’ potential

independent NHs selectivity, resisting the parasitic HER even at highly cathodic potentials.

Having established the superior performance of the y-Fe.Os/Fe-N-C catalyst, an y-Fe»Oz loading
study by adjusting the Fe(acac)s loading in the catalyst synthesis was performed to further
enhance the NOsRR activity. The TEM images in Figure 4-3d show the impact on the y-Fe>Os
site density and gradual formation of agglomerates (with corresponding XRD patterns in
Appendix C.2, suggesting no change in the crystalline structure or phase as precursor loading
increases). With a standard 1x y-Fe>Os (eg. 1xFe(acac)s), a relatively low y-Fe>Os site density is
observed with no agglomerates. The optimal loading appears to be at ca. 3x y-Fe203

(corresponding to an Fe loading of 42 wt%, determined by TGA, Appendix C.9), in this range,
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the y-Fe2O3 site density significantly increases and at 3x y-Fe2Og, slight agglomerate formation
begins and by 4x y-Fe>0s3, a significant number of agglomerates have formed, reducing the
catalytically active surface area. This optimal y-Fe2Os loading is directly observed in the NOsRR
performance and calculated ECSA (Appendix C.10). The LSV’s in Figure 4-3e and
chronoamperometry in Figure 3f highlight that 3x y-Fe>Os is the optimal loading, resulting in
both the most positive onset reaction potential and highest current density over the entire
potential range. Furthermore, 3x y-Fe2Os/Fe-N-C demonstrates the highest FEnnz maintaining
ca. 95-100% from -0.40 to -1.20 V, with the highest Yieldnws at all potentials, reaching a
maximum of 8.3 mmolnnz hrt cm™ (jnms = 1,785 mA/cm?). 4x y-Fe O3 suffers from significant
agglomerate formation, resulting in a reduced jnnz and FEnns. To further optimize the catalyst
performance and increase jnws, the optimal catalyst loading on the carbon paper was investigated.
The ink volume of 3x y-Fe>Os/Fe-N-C drop cast on the carbon paper electrode was varied to
achieve a final catalyst loading between 0.2 — 10.0 mg/cm?. LSV was performed to screen the
activity of different catalyst loadings as shown in Appendix C.11 a-c. Appendix C.11 a-c shows
that as the catalyst loading increased from 0.2 — 1.0 mg/cm?, the maximum current increases and
the reaction onset potential shifts positively, with no improvement being observed between 0.5 —
1.0 mg/cm?. However, after 1.0 mg/cm? the catalyst layer becomes too thick, resulting in reduced
activity, with 10.0 mg/cm? giving the lowest performance. As an activity comparison, Appendix
C.11 c shows the reaction onset potential and maximum current at -0.5 V (the maximum
potential at which a cathodic energy efficiency of 30% is achieved assuming 100% FEnnz). The
optimal catalyst loading is determined to be 0.5 mg/cm?, which results in an onset potential of

ca. -0.13 V and a current density of 520 mA/cm? at -0.50 V. Therefore, the optimal catalyst is the
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3x y-Fe,0s/Fe-N-C with a loading of 0.5 mg/cm?, and the electrochemical results discussed

further in this manuscript utilize these conditions unless explicitly stated.
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Figure 4-3. Electrochemical NOsRR performance of y-Fe>Os based catalysts and supports in 1M
KOH + 0.16M KNOg3 electrolyte. (a) Linear sweep voltammetry at a scan rate of 5 mV/s.
Chronoamperometry measurements for 15 min at applied potentials from -0.20 to -1.20 V vs.
RHE, the red line is y-Fe203/XC72 and the green line is y-Fe2O3/Fe-N-C. (b) comparing XC72
vs Fe-N-C catalyst supports, (c) comparing y-Fe20z/Fe-N-C vs. y-Fe;03/XC72. (d) TEM images
of increasing y-Fe>O3 loadings supported on Fe-N-C, the scale bar is 20 nm. Electrochemical
characterization of y-Fe2O3/Fe-N-C with varying y-Fe>Oz loadings, (e) Linear sweep
voltammetry at a scan rate of 5 mV/s and (f) Chronoamperometry measurements for 15 min at
applied potentials from -0.20 to -1.20V vs. RHE with a catalyst loading on the carbon paper of
0.2 mg cm. The corresponding chronoamperometry measurements and UV-Vis NH3

quantification are given in Appendix C.12-17.

96



With the optimal y-Fe2O3 loading and catalyst loading on the carbon electrode determined,
chronoamperometric measurements were performed to evaluate the maximized performance of
the 3x y-Fe>Os/Fe-N-C catalyst in an H-cell configuration. Figure 4-4a, shows consistent FEnH3
above 95% over the entire -0.40 to -1.20 V potential range, again highlighting its potential
independent nature towards NHs selectivity. A maximum Yield NHs of 9.2 mmol hrt cm? is
achieved (jnus = 1,950 mA/cm?) at ca. 100% FEnws. To confirm the N in the detected NH3
originates from the nitrate feed and not from contamination or decomposition of the Fe-N-C
support, a series of control studies were performed, Appendix C.18. First, constant potential
electrolysis in 1M KOH electrolyte (without nitrate) was performed between -0.2 to -1.2 V, after
which the electrolyte was sampled and no NH3 was detected. Additionally, isotopic doping
experiments utilizing 1M KOH with 0.16M K!°NOjs electrolyte were performed at -1.0 V. 'H
NMR shows only the characteristic doublet of *°NHs, with the FEnnz and Yieldnns being
consistent between the standard *NOs (FEnns 100%, Yieldnns 6.6 mmol hrt cm2) and

isotopically doped **NOs (FEnns 101%, Yieldnws 6.2 mmol hrt cm?).

To compare the performance of our y-3xFe>O3/Fe-N-C catalyst to the current NOsRR literature,
Figure 4-4b compares the cathodic energy efficiency, CEE (assuming no over potential for the
anodic oxygen evolution reaction) vs. the jnnz. The CEE (also called half-cell energy efficiency,
is a metric commonly employed in the neighboring CO2RR to evaluate the half-cell energy
efficiency, which is related to half-cell voltage efficiency but incorporates the FE for a
species!0H1LI5-155) 5 function of the FEnns and applied potential, while the jans is a function of
the FEnn3 and total current, enabling a comparison beyond just the FEnHz or Yieldnws, which

vary significantly based on the applied potential and reaction conditions. Furthermore, larger
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circles indicate higher concentrations of NO3", often resulting in increased performance, while
colors are used to designate acidic, neutral, or alkaline media. The contours in Figure 4-4b are
composed of the product of (CEE X jnns), giving the effective current towards NH3, where
performance increases across contours, towards the top right corner. From Figure 4-4b, it is
apparent that universally, the NOsRR suffers from relatively low energy efficiencies (maximum
40%) at meaningful jnns, due to the thermodynamic reaction onset potential (0.69 V vs. RHE,
pH=14), while more cathodic potentials (ca. -0.40 to -0.80 V) are typically required to achieve
relevant jnnz. The majority of the NO3RR performances in the literature report limited jnns, less
than 100 mA/cm?, or utilize expensive PGM metals to realize higher jnns, hindering industrial
relevance. The y-3xFe>Os/Fe-N-C catalyst system (red circles) enables high current densities
even at mildly reductive potentials, 297 mA/cm? with a cathodic energy efficiency of ca. 33%.
The potential independent nature on the NHs selectivity, allows the y-3xFe,Os/Fe-N-C system to
be operated between -0.40 to -1.20 V at near 100% FEnns, giving ultra-high jnxz from 297 to
1,950 mA/cm?, significantly outperforming reported the current NO3RR literature (see Appendix
C.19 for a linear jnns scale, where the dominating performance of the y-3xFe>Os/Fe-N-C catalyst
is more dramatically seen). There is significant ambiguity in determining the optimal cathodic
potential to yield both an acceptable energy efficiency and jnnz and depends on many factors
including catalyst cost, device costs, CAPEX and OPEX costs, levelized NH3 costs as jnns
increases and many others. To offer a semi-quantitative optimal tradeoff between energy
efficiency and jnns, Figure 4-4c-e offers a basic economic analysis based off a recent work by
Daiyan et al.'® To construct meaningful contours, the levelized cost of NH3 ($/kg) was
determined by considering the CAPEX, OPEX and yield rates of NHs. These inputs consider the

increasing OPEX as the cathodic potential increase, therefore with decreasing energy efficiency,
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while also accounting for increased production rates of NHs. Three scenarios are considered,
where the electricity cost varies from standard grid electricity at $0.07/kWh (4c), idealized
renewable energy from solar power at $0.03/kWh (4d) and with a decreased CAPEX, resulting
from reducing electrolyzer stack costs (4e). From these contour plots, it’s readily observed that
the most effective way to cross contours (until ca. 1 A/cm?) is through increasing the jnus, rather
than achieving low jnns with increasing energy efficiency. This behavior is supported by the
experimental data showing that for both electricity price scenarios, the lowest levelized cost of
NHs is achieved at the most cathodic potential of -1.2 V, where the ultrahigh current density
reaching a jns of -1.95 A/cm? (-1,950 mA/cm?) is achieved, despite the lower energy efficiency.
Interestingly, the impact of energy efficiency has a minor effect at small jnns and becomes more

effective at higher jnws, albeit with quickly diminishing returns.
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Figure 4-4. Electrochemical NO3RR performance of the optimized y-3xFe>Os/Fe-N-C catalyst
with a 0.5 mg/cm? catalyst loading on the carbon paper electrode in a 1M KOH + 0.16M KNO3
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electrolyte. (a) Optimized FEnHs and Yieldnnz as a function of applied potential. (b) Comparison
of NOsRR performance in the current literature, evaluating the cathodic energy efficiency vs.
jnus. Full details and references for each reported NOsRR system are provided in Table 15.
Contour plots evaluating the tradeoff of cathodic energy efficiency vs. jnns on the levelized cost
of NH3 for cases with (c) grid electricity price, (d) idealized cost of renewable energy, and (e)
reduced electrolyzer stack cost. Where performance improves across contours towards the top

right corner.
4.5 Fe Oxidation State During Activation and Electrolysis & Durability

Prior to the NO3RR measurements, a pre-reductive activation step was performed and found to
significantly improve the activity of the catalyst, as demonstrated through LSV (Appendix C.20).
The pre-reduction is performed by applying a highly reductive potential of -1.5 V vs. RHE for 90
seconds. To investigate the chemical state of the now highly active catalyst, post-mortem XPS
were performed on the catalyst coated electrode after the pre-reduction step. Following the pre-
reduction activation step, the electrode was dried under N2 and stored in a gas-tight vial purged
with N2 for immediate transport to the XPS. To address possible slight re-oxidation of the
surface Fe during the transport of the electrode to the XPS, spectra were taken followed by quick
(60 sec) Ar* ion surface etch and re-sampled. Figure 4-5a looks at the Fe 2p spectra of the
pristine y-3xFe2O3/Fe-N-C catalyst and after the pre-reduction activation step and Figure 4-5b
quantifies the Fe species from the corresponding deconvoluted Fe 2p spectra. The pristine
catalyst shows a single peak characteristic of Fe* (as seen previously in Figure 4-2h). In
contrast, as expected, after the pre-reduction activation, the formation of a second peak at lower
binding energy (ca. 707 eV), for Fe® is observed, along with a shift towards lower binding

energy in the apex of the Fe 2p peak, accompanied by peak broadening, indicating a composition
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of Fe*" (Fe,03), Fe?* (FeO / Fe(OH),) and Fe®.**® Interestingly, Figure 4-5¢, which shows a 24-
hour constant potential NO3RR electrolysis at -1.0 V, with no significant change in the observed
current density (or NHz selectivity). Post-mortem XPS measurements of the Fe 2p spectra in
Figure 4-5a demonstrate only slight further reduction of the Fe®* (52%) species to more Fe?*
(37%) and Fe® (11%), where each spectrum has been deconvoluted and quantified in Appendix
C.21-22. It has been previously observed and hypothesized that during a cathodic bias (-1V vs.
RHE), Fe oxides supported on nitrogen doped carbon are not fully reduced to Fe®, experiencing
phase contractions and the insertion of H20 in the lattice, maintaining a Fe(OH) structure,
despite being 560 mV lower than thermodynamically expected.'®>” Additionally, it has been
shown that nitrogen dopants can stabilize Fe?* species, preventing the complete reduction to Fe°
under a cathodic bias.*>® Therefore, its hypothesized that during the pre-reduction step, surface
Fe3* species are reduced to highly active Fe?*/Fe®, which are maintained as Fe hydroxide species
(Fe?"), throughout the NOsRR electrolysis, maintaining the high NOsRR activity (Figure 4-5c).
Based on this analysis, Fe** sites while active for the NOsRR are less active than Fe?*/Fe? sites.
Therefore, to maximize the NOsRR performance, a pre-reduction step to reduce Fe3* sites to
Fe2*/Fe? significantly enhances the activity. In agreement with prior studies demonstrating good
activity of lower oxidation state Fe towards the NOsRR.1°9:16

The ability to maintain the enhanced jnHs over time is critical to the practical implementation of
the active catalyst-active support system. A durability study was performed for 24 hours at -1.0
V. To circumvent ultrahigh NH3 concentrations in the electrolyte and subsequent loss of NHs in
the gas phase, the electrolysis was performed in eight 3-hour segments. Furthermore, the system
was modified such that peristaltic pumps connected an external reservoir to the working

chamber, enabling a working electrolyte volume of 250 mL with constant circulation. After a 3-
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hour segment, the electrolyte was sampled and refreshed. Figure 4-5¢ shows the current density,
FEnnz and Yieldnws over the 24 hours. Figure 4-5¢ shows a stable current density of ca. -1.3
A/cm? at a FEnns between 90-100% and Yieldnns of ca. 6 mmol hrt cm™. Demonstrating the
ability of the y-3xFe.O3/Fe-N-C catalyst to preserve this ultrahigh NO3RR performance at a near
100% FEnns, resisting the HER even at highly reductive potentials.

To investigate changes in the y-Fe2Os nanoparticle structure and atomically dispersed Fe sites,
atomic resolution STEM was performed before and after electrolysis. The pristine catalyst from a
catalyst ink, drop cast on the carbon paper electrode, and sonicated off for imaging without
electrolysis. From Figure 4-5d, the expected spinel structure of the y-Fe2O3 nanoparticle is
observed simultaneously with the atomically dispersed Fe sites in the Fe-N-C. Figure 4-5e shows
the post 24 hour electrolysis images of the y-3xFe2Os/Fe-N-C catalyst. A slight coarsening in the
y-Fe203 nanoparticles is observed (with additional images in Appendix C.23), however, the
minor physical change in the catalyst structure does not negatively alter the NO3RR performance
as observed in Figure 4-5c. Additionally, at higher magnification, the coexistence of y-Fe2Os
nanoparticles and atomically dispersed Fe sites are maintained, confirming the durability of both
the active y-Fe2O3 nanoparticle catalyst and active Fe-N-C support at highly reductive potentials.
For better visualization of the atomically dispersed sites, a Fe-N-C catalyst without y-Fe203
nanoparticles after electrolysis was imaged in Appendix C.24. These results are supported by
other studies in the literature showing a high stability of the Fe-N-C sites under reductive

potentials, 5364161

102



Pristine Fe;f,f““‘” ", Fe* 100 e
P \ 2
e I Fe
Fe?
80
Activation ' ) m‘w;

- el Y

604

e

Composition (%)

40

24 hrs-1.0V

20+

T T T T T T T ' -
718 716 714 712 710 708 706 Initial Activation -1.0V 24 hrs

Binding energy (eV)
Cc 0 -10
[ ]
° . ° . o -+ 100
__ -400 ® L8 ~
&
§ - 80 g
A A £
£ -8004 A Le <
E A A - A 4 L 60 < 3
E’ [ Lug E
3 -1200 _V/WNfV\uMM/\I Lao™ [ 4 }3
5
F 5]
-1600 4 - 20 L2 >
-2000 T T T T T T T T T T — 0 -0
0 3 6 9 12 15 18 21 24

Time (hours)

Figure 4-5. Investigation of the electronic state of Fe during the pre-reduction step and
electrolysis and durability study of the y-3xFe2Os/Fe-N-C. (a) Fe 2p XPS spectra of the initial
catalyst, after the pre-reduction activation and after the 24-hour electrolysis. (b) Quantification of
the Fe species from XPS. (c) 24-hour electrolysis at -1.0 V vs. RHE in 1M KOH + 0.16M KNOs3
electrolyte. AC-STEM to look at the stability of the y-Fe>O3 nanoparticles and atomically
dispersed Fe sites (d) the pristine catalyst (as a catalyst ink, drop cast on a carbon paper

electrode) and (e) after the 24-hour electrolysis. All scale bars are 5 nm.
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4.6 Conclusions

In summary, we have leveraged the high activity of Fe-based catalysts, both at the nanoparticle
and single atom level, towards the selective conversion of NOs™ to NH3. We synergized both the
nano and atomic scales to synthesize an active particle-active support catalyst system, y-
Fe>Os/Fe-N-C. The atomically dispersed Fe-Nx sites of the active Fe-N-C support, Fe-phase, and
spinel structure of the y-Fe2Os nanoparticles was robustly confirmed employing atomic
resolution STEM and EELS, XAS and XPS. The optimized y-3xFe2Os/Fe-N-C catalyst
demonstrated potential independent NOsRR activity, even at highly reductive potentials,
reaching a high Yieldnus of over 9 mmol hr cm™ at a FEnns of 100%, and a jnns up to 1.95
Alcm?. Operando XANES and post-mortem XPS revealed that the reduction of Fe3* surface sites
to Fe?*/Fe® during the pre-reduction activation step is critical in boosting the NOsRR
performance. A durability study at -1.0 V over 24 hours demonstrated the robustness of both the
v-Fe,03 nanoparticles and single atom Fe-Ny sites, maintaining a current of 1.3 A/cm? and a
FEnn3z of 91-100%. This work introduces a novel active particle-active support catalyst system
for the NO3RR by utilizing a plurality of active sites at both the nanoparticle and single atom
scale, to significantly enhance NO3RR activity, capable of realizing NOs™ to NHz at industrially

relevant current densities (1.95 A/cm?).
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Chapter 5

Conclusion and Outlook

5.1 Conclusion

This dissertation elucidated the complex nature of the NO3RR over atomically dispersed M-N-C
catalysts and demonstrated approaches to maximize NHzs selectivity and perform the NOsRR at
industrial current densities. First, fundamental approaches revealed the almost universal cascade
pathway in which NOs" is first reduced to NO2™ and reabsorbed and further reduced to NHa.
Combining lessons from the fundamental studies, an active particle-active support system was
synthesized to achieve the NO3RR to NHjs at ultrahigh current densities with high NH3
selectivity. Additionally, although not discussed in this dissertation, several of the systems
developed within this dissertation were tailored and applied to neighboring reactions such as the
carbon dioxide reduction reaction (CO2RR) and oxygen reduction reaction (ORR). For the
CO2RR, the bi-metallic FeMo-N-C catalyst was employed with varying ratios of Fe:Mo, such
that Fe-Nyx will selectively reduce CO2 to CO, while Mo-Nx will reduce H* to Ha. By varying the
ratios of Fe:Mo, the ratio of CO/H: in the product syngas could be tailored. This work was
published in 2022 in ChemElectroChem.'* The catalyst systems developed in Chapters 3 & 4
were utilized for the ORR. An active catalyst-active support system was developed where the
highly ORR active Pt nanoparticles were supported on the library of M-N-C catalyst synthesized.
Particle support interactions were demonstrated through CO stripping experiments and ORR
performance was evaluated though rotating ring-disk electrode (RRDE) halfwave potentials and
through durability studies. The manuscript for this work is in the process of being written and

will be published soon.
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Chapter 2 synthesized an atomically dispersed bi-metallic FeMo-N-C catalyst inspired from the
biological enzymes (nitrogenase / nitrate reductase / nitrite reductase). By combining
computational and experimental approaches, it was demonstrated that the NOsRR could be
partitioned into a 2e” + 6e” transfer cascade pathway and by utilizing a bi-metallic catalyst with
catalytic cascade could be optimized. With Mo-Nx sites targeting the dissociation of NO3™ into
NO;" and Fe-Ny sites targeting further reduction of NO2 to NH3 at 100% efficiency. By
optimizing this catalytic cascade, a NOs™ to NH3 efficiency of 94% was obtained and maintained
over 60 hours of electrolysis. Critically, a new observation was made demonstrating that Mo-Nx
sites could cyclically generate NO2™ by simultaneously absorbing two intermediates. This
revealed that during the NO3RR, certain atomically dispersed site is present in the oxo-form,
where oxygen is bound as a fifth ligand (*O-Mo-Nx), an idea that was further explored in

Chapter 3.

In Chapter 3, we noticed that for the NO3RR, atomically dispersed catalyst were largely
underexplored, with only Cu, Fe and Mo (with Fe and Mo from our study) being explored
experimentally. Over a handful of computational studies looked at developing a variety of
activity descriptors for the activity of the NO3RR over a variety of M-NXx sites. However, these
descriptors were all developed in the absence of any experimental support. We went beyond just
Fe and Mo and synthesized a library of atomically dispersed M-N-C catalysts comprised of 3d,
4d, 5d and f-metal catalysts. The atomically dispersed nature and metal-nitrogen coordination
was robustly investigated utilizing highly localized single atom EELS measurements combined
with synchrotron based XAS measurements. Experimental activity descriptors were developed
through NOsRR and NO2RR testing, while DFT was employed to develop a set of computational

activity descriptors. These experimental and computation descriptors were correlated to reveal
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the best set of physically relevant NO3RR/NO2RR descriptors over atomically dispersed M-N-C
catalysts. Additionally, by correlating experiment and DFT approaches it was revealed that for
highly oxyphilic sites, the oxo-form of the M-N-C catalyst must be considered to accurately
predict the NO3RR activity. Finally, through isotopic intermediate doping experiments, the 2e” +
6e” transfer cascade pathway was revealed to be universal over M-N-C catalysts and metal-free

N-C sites.

Finally, in Chapter 4 we sought to achieve the NOsRR to NHs at industrially relevant current
densities. To achieve this, an active particle-active support system was synthesized. Fe-N-C
being chosen as the active support due to its NO3RR activity and ability to selectively adsorb and
reduce any generated NO2". The y-Fe2Os/Fe-N-C catalyst system was rigorously characterized to
investigate any electronic interactions between the y-Fe.O3 nanoparticles and atomically
dispersed Fe-Ny sites. Highly localized single atom EELS measurements and more bulk
measurements such as XAS and XPS revealed that when rigorously measured and when the
spectra are fit carefully, no meaningful shifts in the energy loss and binding energy are observed.
Note that this does not rule out electronic interaction between y-Fe>O3 nanoparticles and Fe-Ny
sites, however, they are just not detected with these techniques. To prove these interactions, it is
likely necessary to use chemical adsorption/desorption methods. For example, in the ORR, the
M-Ny sites do not participate in CO adsorption and subsequent stripping, such that changes in the
onset potential for CO stripping can be attributed to changes in the Pt nanoparticles due to
interaction with the supporting M-Nx sites. By optimizing the Fe nanoparticle loading in the
catalyst and catalyst ink loading on the carbon paper electrode, an ultrahigh NOsRR, NH3 partial
current density up to 1.95 A/cm? was achieved (-1.2 V vs. RHE). In the literature it remains

ambiguous if it is more optimal to operate at low current density but slightly higher energy
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efficiency, or high current density with lower energy efficiency. To account for this, an
economic analysis was performed evaluating the levelized cost of NH3z as a function of the NH3
partial current density and energy efficiency. This analysis showed that initially the levelized
cost of NHs is more effectively reduced by increasing the NHz partial current density (rather than
increasing energy efficiency). However, after approximately 1 A/cm?, to further reduce the
levelized cost of NHs, it is more effective to increase the energy efficiency (rather than further
increase NHs partial current density). Durability measurements at -1.0 V' vs. RHE over 24 hours,
demonstrated the ability of the y-Fe2Os/Fe-N-C to maintain a current of 1.3 A/cm? at near 100%
FEnnz. Critically, post-mortem XPS measurements revealed that during the pre-reduction
activation step, the Fe®* is reduced, forming a surface exposed layer of highly active Fe?*/Fe°,
yielding the high NO3RR observed. During the 24-hour electrolysis, no change in the current or
product selectivity is observed, indicating that the Fe** species that are reduced to Fe?*/Fe° are

likely subsurface not directly participating in the reaction.

5.2 Outlook

The research in this dissertation has made contributions towards the understanding of atomically
dispersed metal-nitrogen-carbon catalysts and the optimization of their synthesis when extending
3d metals beyond Fe and into 4d, 5d and f-metals. A deeper understanding of the NOsRR
mechanism was achieved displaying its complex nitrite intermediate cascade pathway and how
to tailor active sites to target specific intermediates, resulting in highly efficient NO3z™ to NH3
reduction. Progress was made in developing computational descriptors with experimental
support for NOs/NO2RR activities over atomically dispersed M-N-C catalysts, such that a single
descriptor can be used to accurately estimate the activity of new M-Ny sites. Finally, progress

was made in pushing the limits of maximum achievable partial current density for NH3 synthesis,
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reaching almost 2 A/cm?, by synthesizing an active catalyst-active support system, synergizing
nanoparticles, and single atoms, with a potential independent behavior on the FEnHs, allowing a
highly reductive potential of -1.2 V vs. RHE to be applied, while maintaining 100% FEnH3.
While this dissertation has made significant progress in the electrochemical transformation of
nitrogen species to NHz over atomically dispersed M-N-C catalysts, significant challenges
remain and have been made clear throughout the simultaneous achievements and subsequent

limitations of the results herein.

While the electrochemical reduction of NOs™ to NHs is appealing as it is currently the only way
to directly electrochemically reduce a nitrogen species to NH3 (without mediated pathways),
ultimately, the electrochemical reduction of N2 to NHs is the holy grail. N2RR would allow for
air to be utilized as a reactant, avoiding the need for NO3z™ generation and significantly reducing
energy costs (only 3e” are needed per NHsz molecule). However, currently the field of N2RR is
plagued with false positives, which were rampant in the literature from 2019-2021. In 2022,
there was a break from rapid N2RR publications as there was a focus on strict control of false
positives in the literature. However, it seems this focus has shifted elsewhere and currently there
is a rise in false N2RR reports. The reason for this is quite apparent to the trained electrochemist.
N2RR is the electrochemical reaction with the lowest barriers to entry. No complex equipment is
needed for product detection, only an inexpensive UV-Vis. In theory, one could use a glass
beaker, potentiostat and a UV-Vis and enter the field of N2RR. With this in mind, what is
published in the field of N2RR is a focus on “fancy” catalyst systems with equally “fancy”
catalyst characterization, employing synchrotron techniques and high-quality imaging. The focus
is purely on the physical system, with very low electrochemical rigor. The “fancy” system is

enough to carry the manuscript into decent journals. Subsequently, the authors of these false
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positive papers are invited to write reviews on the state of N2RR, which subsequently highlight a
host of false N2RR papers. In order to further the field of N2RR, we must focus not purely on the
material but rather focus on the quality of the electrochemistry. If the paper is being submitted as
a N2RR study, then strict focus should be placed on the electrochemical results. Based on the
experience gained during this dissertation, N2RR needs to be advanced through system
developments. We have tested over 20 catalysts (nanoparticles, alloys, hydrides, nitrides, 15
types of M-N-C’s, bi-metallic M-N-C’s, metal free N-C and Janus particles) with no proof of
successful N2 activation, when tested rigorously (even under increased temperatures). Therefore,
to progress N2RR, it is essential to make system changes, such as increasing the probability of
interaction events between N2 and the surface of the catalyst. Given the ultralow solubility of N,
the use of gas diffusion electrodes or pressurized systems is required, however, the employment
of these systems comes with a whole new set of challenges in maintaining experimental rigor.
One should approach N2RR with the mindset of doing everything they can to not find NHs, in
that way if NHs is detected it is likely not the result of non-rigorous experiments. Lastly, |
believe in order to publish N2RR results, given the thousands of false positive reports in the

literature, it is imperative to have the results verified by a second independent party.

While the N2RR is the holy grail of electrochemical nitrogen transformation to NHs, the NOsRR
provides a number of benefits. Firstly, it allows for ultrahigh current densities to be achieved due
to the high solubility of NOs™ in aqueous electrolytes. Second, independent of the N2RR, the
NOzRR can be used to reduce waste NOs™ for water remediation purposes, as a complementary
pathway for NHz synthesis. Additionally, as will be discussed in the following paragraph, NOs
enables a pathway for electrochemical carbon-nitrogen bond formation. Rapid progress has been

made with the NOsRR, where currently several studies can reach high efficiencies for NHs,
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upwards of 90%. However, the current issue is achieving high current densities for NHs at high
efficiencies, and doing so at low over potentials. In this dissertation we achieved two of these
targets, reaching very high current densities and Faradaic efficiencies, however at low energy
efficiency (high over potential). In alkaline conditions the thermodynamic potential for the
reaction is positive 0.69 V vs. RHE, however, typical studies are more reductive than -0.5 V vs.
RHE to reach low/moderate current densities. The future challenges are in activating NO3" at
positive potentials, closer to the thermodynamic potential. The most logical pathway to do this is
to partition the reaction into two segments are demonstrated in this dissertation, where one active
site is selective to the dissociation of NO3™ into NO2™ (perhaps through chemical dissociation),
then the more active NO>™ can be reduced at potentials closer to the thermodynamic potential.
Examples of this are beginning to be seen in the literature, however, they fail to reach the other
objectives (high current density / high FEnws) at a similar level to the examples in this
dissertation. Another challenge with the NO3RR is decoupling it from the HB process. Currently
a large amount of NO3z™ would need to be sourced from wastewater runoffs which originate from
fertilizers generated from the HB process. To make the NO3RR decoupled from the HB process,
low energy plasma methods need to be utilized to oxidize inert N into reactive NOx species,
which can easily be reduced to NHz. Currently, state of the art plasma systems coupled with NOx
reduction can reach energy costs on the level of Li-mediated pathways (Li mediated 12.4 — 25.5
MJ/molnnz, Plasma assisted 2.1 — 19.1 MJ/molnhs), making it a promising pathway for
decentralized, carbon neutral NH3 synthesis.34162163 | astly, the next steps to progressing the
NOzRR are to implement the utilization of flow cells / electrolyzers such that high current
densities can be achieved with large scale systems, while maintaining a high selectivity and low

cell potential.
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NO3" offers a pathway for electrochemical synthesis of more complex molecules. NHz is
typically used as a feedstock chemical in the synthesis of carbon-nitrogen containing molecules,
many of which are used in the synthesis of pharmaceutical compounds. Over 80% of produced
NHs undergoes a second high energy thermal reaction with CO> to synthesize urea (CO(NH>)).)
which is then used for fertilizer production. With NO3z™ being highly soluble and reactive, while
CO./CO is a gaseous species, the use of gas diffusion electrodes readily enables a triple phase
boundary where NOs™ and CO./CO can readily meet at the solid surface of the catalyst, allowing
the opportunity for C-N bonds to be formed. The electrochemical formation of C-N bonds
enables the direct synthesis of urea, methylamine, or other complex, high value products. The
difficulty in C-N bond formation is in product selectivity. Often less than 10% current efficiency
goes to C-N products, with the remainder going to NHz or CO. It was shown in an earlier Nature
Chemistry paper than Cu foil could reduce NH3 and CO into amides.®* This approach could be
utilized such that a Cu based support is used (foam, mesh etc...) to reduce any produced NHs

into other C-N products to increase overall C-N current efficiency.

Several challenges lie in deciphering the complex reaction mechanism from NOs" to urea, being
a very complex 16 e transfer process when starting with NO3". Currently, the reaction
mechanism is largely a black box, in which the carbon-nitrogen formation step varies from study
to study and is predicted based on DFT approaches, lacking experimental support. To utilize
atomically dispersed M-N-C catalysts, questions regarding the formation of desorbable
intermediates needs to be investigated. If no such intermediates exist in the reaction pathway,
then the M-Ny site must either simultaneously adsorb a NO3 and CO./CO or a M-Nx must work
with a neighboring metal free N-moiety to achieve C-N bond formation. Additionally, if the M-

Ny site can accommodate the simultaneous adsorption of several molecules (such as the Mo-Nx

112



sites in Chapter 2) and is selective to both carbon and nitrogen species, this could provide a C-N
bond forming active site. An alternative approach is bi-metallic M-N-C catalysts, however, the
difficulty here is creating coordination bi-metallic sites (M2-Ng) rather than independent M1-Na
and M2-Ngy sites, where only NOs™ to NH3 or CO2 to CO will take place. Further progress in the
synthesis of coordinated bi-metallic sites is needed, along with more rigorous characterization
techniques to verify that such sites exist with statistical relevance. An alternative to this is the
employment of highly ordered alloys, in which M1-M: sites are periodically ordered and within

distances such that adsorbed carbon and nitrogen species could interact.

Given the field of C-N bond formation is so new, studies must be performed to help elucidate
reaction pathways. This could involve employing alternative N-sources to monitor C-N products
and bond formations. One example would be the use of hydrazine (N2H4) as a highly reactive N-
source. Currently this has not been explored and could provide information regarding the C-N
bond formation pathway as the N2Hs molecule is very close to the desired CO(NH2)2 urea
product, or following a different reaction pathway, products such as monomethylhydrazine (used
in rocket fuel) could be synthesized electrochemically (which has been achieved in our recent

preliminary studies).

One additional study that could be directly investigated utilized the materials systems developed
in this thesis involve the evaluation of nitrite stripping for the quantification of atomically
disperse sites beyond Fe-N-C. The quantification and utilization factor of atomically dispersed
sites in M-N-C catalysts is of great significance and developing active catalysts. Typical M-Nx
quantification techniques involve Mossbauer spectroscopy, cryo-CO adsorption, and nitrite
stripping. These techniques were classically developed and applied to Fe-N-C catalysts. As new

atomically dispersed materials sets are developed (mono and multi-metallics) for applications
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beyond the ORR, such as CO2RR, or nitrogen transformations, the number of active elements
significantly expands (beyond Fe and Co for the ORR). Therefore, the ability to quantify the
number of active M-Nx sites and active site utilization is of great importance. The set of M-N-C
materials developed in this dissertation (mono and bi-metallic) could serve as a screening
platform for the feasibility of extending nitrite stripping from Fe-N-C into other metals and
multi-metallics. Although nitrite stripping tends to lead to underestimation of active site
quantification, it could serve as a valuable baseline, especially considering that popular reactions

such as NOxRR typically take place in the aqueous phase.

Over the past few years there have been significant advances towards the decarbonization of
ammonia synthesis through electrochemical nitrogen transformations. This dissertation
constitutes a part of this progress, while presenting and highlighting several exciting new

challenges that must be explored and tackled as we make progress towards a greener future.
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Appendix A - Chapter 2
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Appendix A.1  ICP-MS calibration curves of a) Fe b) Mo.
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Appendix A.2  NOzRR control experiments using the bi-metallic FeMo-N-C under a

constant N2 purge of 30 sccm. (a) No applied potential, 4 hours at open circuit voltage

(OCV), showing in the absence of an applied potential no increase in ammonia is

observed. (b) -0.45 V vs RHE for 4 hours using 0.05M PBS without the addition of NO3',

The UV-Vis spectra show no increase in the absorbance at 655 nm, indicating no

ammonia is electrochemically produced in the absence of a NO3™ source, demonstrating

the N2 gas feed is not a participating N-source in the ammonia production. These control
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experiments also ruled out the potential ammonia contamination leaching from the

pretreated Nafion membrane.
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Appendix A.3  Standard calibration curves for UV-Vis detection of NHz from the

Indophenol blue method (a) raw UV-Vis spectra (b) linear calibration.
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Appendix A.4  Standard calibration curves for UV-Vis detection of NO™ from the Griess

based test (a) raw UV-Vis spectra (b) linear calibration.
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Appendix A5  Standard *H NMR calibration curve of standard **NHzs. (a) raw NMR

chemical shift (b) linear calibration.
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Appendix A.6  H NMR calibration curve of isotopic ®NHs. (a) raw NMR chemical shift

(b) linear calibration.
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Appendix A.7  UV-Vis spectra for the 24 hour time-course electrolysis at -0.45 V vs.
RHE (a) NHz and (b) NO2’, from NOsRR time course studies on Fe-N-C. Dilutions are
applied to bring the NH3 concentrations within the calibrated range. Dashed lines indicate
electrolyte sampled from the counter chamber. An aliquot of the electrolyte was sampled
from both the cathodic and anodic chambers and diluted by a predetermined factor prior

to the addition of the UV-Vis detection reagents.
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Appendix A.8  UV-Vis spectra for the 24 hour time-course electrolysis at -0.45 V vs.
RHE (a) NH3z and (b) NO2, from NOsRR time course studies on Mo-N-C. Dilutions are
applied to bring the NHz and NO>" concentrations within the calibrated range. Dashed

lines indicate electrolyte sampled from the counter chamber. An aliquot of the electrolyte
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was sampled from both the cathodic and anodic chambers and diluted by a predetermined

factor prior to the addition of the UV-Vis detection reagents.
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Appendix A.9  UV-Vis spectra for the 24 hour time-course electrolysis at -0.45 V vs.
RHE (a) NHz and (b) NO2’, from NOsRR time course studies on FeMo-N-C. Dilutions
are applied to bring the NHzand NO>" concentrations within the calibrated range. Dashed
lines indicate electrolyte sampled from the counter chamber. An aliquot of the electrolyte
was sampled from both the cathodic and anodic chambers and diluted by a predetermined

factor prior to the addition of the UV-Vis detection reagents.
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Appendix A.10 The Gibbs free energy of adsorption for NO3z", NO> and H adatom vs.

electrode potential on the (a) Fe-N4 and (b) Mo-Ng sites.
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Appendix A.11 Linear sweep voltammetry in 0.05M PBS and 0.05M PBS doped with
0.01M NOz or 0.16M NOs" electrolyte on (a) Fe-N-C, (b) Mo-N-C and (c) FeMo-N-C
electrocatalysts. 0.5 mg cm of catalyst is drop casted on a 0.45 cm carbon paper
electrode. The cathodic sweep rate is 10 mVs™ and is performed under a constant N

purge of 30 sccm.
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Appendix A.12 NO2RR chronoamperometry on (a) Fe-N-C, (b) Mo-N-C and (c) FeMo-N-
C electrocatalysts. The electrolysis is performed for 30 min in a 0.05M PBS + 0.01M
NO; electrolyte, under a constant N2 purge of 30 sccm. 0.5 mg cm of catalyst is drop

casted on a 0.45 cm carbon paper electrode.
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Appendix A.13  UV-Vis spectra for NHz from NO2RR for 30 minutes on (a) Fe-N-C, (b)
Mo-N-C and (c) FeMo-N-C electrocatalysts. Dilutions are applied to bring the NH3
concentration within the calibrated range. An aliquot of the electrolyte was sampled from
only the cathodic chamber as no cross over of NH3z was observed after the 30-minute

electrolysis.
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Appendix A.14 NOzRR chronoamperometry on (a) Fe-N-C, (b) Mo-N-C and (c) FeMo-N-
C electrocatalysts. The electrolysis is performed for 4 hours in a 0.05M PBS + 0.16M
NOs" electrolyte, under a constant N2 purge of 30 sccm. The 180 — 240-minute time
interval is plotted for representation. 0.5 mg cm of catalyst is drop casted on a 0.45 cm™

carbon paper electrode.
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Appendix A.15 NOsRR for 4-hours on Fe-N-C. UV-Vis detection as a function of
potential for (a) NHs and (b) NO>". Dilutions are applied to bring the product
concentration within the calibrated range. Dashed lines indicate electrolyte sampled from

the counter chamber. An aliquot of the electrolyte was sampled from both the cathodic

and anodic chambers.
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Appendix A.16 NOzRR for 4-hours on Mo-N-C. UV-Vis detection as a function of
potential for (a) NHz and (b) NO>". Dilutions are applied to bring the product
concentration within the calibrated range. Dashed lines indicate electrolyte sampled from

the counter chamber. An aliquot of the electrolyte was sampled from both the cathodic

and anodic chambers.
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Appendix A.17 NO3zRR for 4-hours on FeMo-N-C. UV-Vis detection as a function of
potential for (a) NHz and (b) NO>". Dilutions are applied to bring the product
concentration within the calibrated range. Dashed lines indicate electrolyte sampled from
the counter chamber. An aliquot of the electrolyte was sampled from both the cathodic

and anodic chambers.
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Appendix A.18 Raman spectra for the Fe-N-C, Mo-N-C and FeMo-N-C electrocatalysts.

The calculated D/G ratio for Fe-N-C is 2.49, Mo-N-C is 2.15 and FeMo-N-C is 2.45.

Appendix A.19 SEM images of a) Fe-N-C b) Mo-N-C and c) FeMo-N-C electrocatalysts
demonstrating the well-defined hierarchical porous structure formed by the acid etching

of the sacrificial silica template.
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Appendix A.20

electrocatalysts. The BET surface area for Fe-N-C is 650 m?/g, Mo-N-C is 627 m?/g and
FeMo-N-C is 592 m?/g. b) Pore size distribution in the microporous range, indicating the
presence of microporous. ) Pore size distribution in the meso/macro-porous range, with

a distinct mesopore size at ca. 20 nm and micropore size at ca. 90 nm, characteristic to
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the diameter of the sacrificial porous silica template.
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a) N2 sorption isotherm for the Fe-N-C, Mo-N-C and FeMo-N-C




carbon Nitrogen

Appendix A.21 a) Low magnification AC-HAADF STEM image of the Fe-N-C catalyst.
b-c) Atomic resolution AC-HAADF STEM image, bright spots indicate atomically
dispersed Fe sites, red circles are placed to better visualize a few of these single atom
sites. (d) AC-HAADF image and EDS mapping of the Fe-N-C catalyst, showing a

homogenous dispersion of N-doping and Fe atoms.
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Carbon Nitrogen. - ‘Mo kybdenum

Appendix A.22 a) Low magnification AC-HAADF STEM image of the Mo-N-C catalyst.
b-c) Atomic resolution AC-HAADF STEM image, bright spots indicate atomically
dispersed Mo sites. (d) AC-HAADF image and EDS mapping of the Mo-N-C catalyst,

showing a homogenous dispersion of N-doping and Mo atoms.
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Appendix A.23  XPS spectra of the Fe-N-C catalyst (a) N 1s spectra confirming the

formation of M-Nx moieties. (b) C 1s spectra (c) Fe 2p spectra indicating the presence of

Fe-Ny sites.
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Appendix A.24  XPS spectra of the Mo-N-C catalyst (a) N 1s spectra confirming the
formation of M-Nx moieties. (b) C 1s spectra (c) Mo 3d spectra indicating the presence of

Mo-Ny sites.
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Appendix A.25 XPS spectra of the FeMo-N-C catalyst (a) N 1s spectra confirming the
formation of M-Nx moieties. (b) C 1s spectra (c) Mo 3d spectra indicating the presence of

Mo-Ny sites (d) Fe 2p spectra inidicating the presence of Fe-Nx sites.

o
+
+0.46 ;
%-

+0.06

) o o
+
é — ——————
+0.15 g&. +0.02 Q&‘

163



Appendix A.26  Reaction coordinate of the catalytic cycle of NO2 generation over the *O-
Mo active site, via the adsorption of NO2™ on the *O-Mo site with DFT calculated Gibbs

free energies.

Table 1. DFT calculated electronic energy, zero-point vibrational energies, and the entopic term
(T=298.15 K) of gas phase and adsorbed species used for the calculation of the free energy
diagrams for NOs™ to NO>™ conversion on M-Njy sites (* denotes M-Ng site).

Species E/ eV ZPE/eV | TS/eV
H: -6.770 0.27 0.41
N2 -15.479 0.16 0.59
O7) -7.939 0.11 0.63
H20 -13.196 0.58 0.67
HNO; -25.213 0.71 0.83
HNO, -20.345 0.55 0.77
*NO3 -292.239 (Fe-Ng)
0.42 0.19
-294.103 (Mo-Ng)
*NO3H -295.405 (Fe-N4)
0.65 0.27
-298.121 (Mo-Na)
*NO, -287.679 (Fe-Ny)
0.33 0.27
-289.142 (Mo-Na)
*NO;H -291.599 (Fe-N4)
0.61 0.27
-291.899 (Mo-N4)
*0 -275.230 (Fe-Nq)
0.08 0.09
-278.616 (M0o-N,)
*OH -279.668 (Fe-Na)
0.35 0.12
-281.285 (Mo-N4)
*O + *NO3 -300.676 (Mo-N4) | 0.51 0.27
*OH + *NO;3; | -304.098 (Mo-N4) | 0.81 0.31
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Catalyst Fe (wt%o) Mo (wt%)
Fe-N-C 0.73 0

Mo-N-C 0 1.36
FeMo-N-C 0.38 0.77

Table 2. ICP-MS of Fe-N-C, Mo-N-C and FeMo-N-C electrocatalysts.

Table 3. Comparison of Literature of the NOsRR for NH3 synthesis.

Yield Vield Yield
1€ rate i
Mass Loading rate rate (mmol NH,  Faradaic - Refere
Catalyst Electrolyte m Cm>2) (g mgd (umol 1 Efficiency Stability nee
9 -1 2, -1 Ormeta (%)
hr) cm hr) 1
h’)
0.05M PBS 94.7 (-0.45V 90.8% FE 60 Thi
N + 7 (-0. Vs .8% over is
FeMo-N-C (SAC) 0.16M NO.” 05 602 177 34 RHE) hrs (5x 12 hr cycles) Work
: 3
0.05M
K,SO
29 ~ 165
Cu-N-C (SAC) + 33.5 (7.6 Cu) 115 2.27 0.0003 égH?Eg 0.945V'Vs 19 506 over 12 hrs
50 ppm
NO3-
0.5M
Na,SO,
CU/CUZ0 NWAS + " « 944.9 X 95.8 (-0.85 V vs  95% over 12 hrs (6x 166
200 ppm ' RHE) 2 hr cycles)
NO,
0.1IM PBS
. 13 (PTCDA) / 77 (040 V vs . o
PTCDA/O-Cu 500 PPM 0099 Cu 33.54 25.6 0.13 RHE) 85.9% FE over 4 hrs
NO,
0.IMK,SO, -
75 (-0.66 V vs 75% over 10 hrs
-N- +
Fe-N-C (SAC) 05M NG 04 5245 1232 20.53 RHE) (10x 0.5 hr cycles)
. 3
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0.1M NaOH

- 167
Pd cuboctahedron + X 307 X 0.018 gﬁ’_‘é)( 0-20V'VS 35 19% FE over 4 hrs
0.02M NO,
Strained R LOM KOH 96 (-0.2 V 96 100 h 128
traine u + > -0. vs  >96 over rs
0.185 23,682 1,029 X
nanoclusters IMN 03— RHE) (100x 1 hr cycle)
0.5M
Na,SO, .
Tio2-x + 1 766.4 5 0.045 85 (0.97 V vs FE not reported for
50 ppm RHE) cycles
NO,
1.0M KOH 106
Cu-Ni alloy + Cox X x x gi‘éio'm VoVS 9506 (12 hrs)
0.IM NO,
0.IM KOH 00 (050 o ) “
100 (-0.50 V vs 5% over 4.5 hrs
Fe-PPy (SAC) + 024 304.6 73.1 12.8
0.1M NO, RHE) (9x 0.5 hr cycles)

Table 4. Turn over frequency for NHz over the Fe-N-C, Mo-N-C and FeMo-N-C catalysts for the
NO2RR and NO3RR at -0.45 V vs. RHE.

Catalyst NO2RR TOF (s) NOsRR TOF (s)

Fe-N-C 1.4*10* 4.1%10°

Mo-N-C 3.6%10° 2.3*10°
FeMo-N-C 9.8*10° 7.2%10°
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Table 5. XPS atomic concentration of O, C and N in the Fe-N-C, Mo-N-C and FeMo-N-C
electrocatalysts, obtained from the O 1s, C 1s and N 1s spectra, respectively.

Fe-N-C Mo-N-C FeMo-N-C
Element % Atomic Conc. % Atomic Conc. % Atomic Conc.
O1s 1.0 2.7 1.5
C1s 85.1 86.9 85.7
N 1s 13.9 9.9 11.6

Appendix A.27 Computational Details

To study the activity of the MNj4 sites for NOsRR, we considered two following paths in
the conversion of NOz™ to NO2".
Pathway via associative NOs™ adsorption:
MN3s + NO3” — MNs-NO3 + €
MN4-NO3 + 2H" + 26" — MN4-NO2 + H,0
After which NO2™ can be converted to NH; as studied in Refs (53%°) or desorb from the catalyst:
MN2z-NO2 + e — MNs + NO2
In the alternative path, the adsorption of NOz™ is dissociative forming adsorbed *O and
NOz". Adsorbed *O can be removed from MNs sites by reducing the adsorbed *O to form H-O.
Pathway via dissociative NOs™ adsorption:
MN3s + NO3s” — MN4-O + NO2”

MN4-O + 2H* + 26" — MN4 + H,0O
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Free energy diagrams for the above reactions at pH = 7 were calculated using the following
formula:
A .G = AE + AZPE — TAS + ny,0.059pH

where AE is the change in the electronic energy during the considered reaction, AZPE is the change
in the zero-point energy, AS is the change in the entropy, and nn+ is the number of exchanged
protons. ZPE values and AS values are tabulated in TableDFT_S1. ZPE values were evaluated
from the DFT calculated vibrational frequencies and entropy changes were obtained from standard
molecular tables.'®® Using the standard hydrogen electrode, the chemical potential for the

proton/electron pair is related to that of the H" + e = 1/2H..

Using the approach by Calle-Vallejo in Ref. °6, the DFT binding energies of NO3/NO,
were calculated with respect to H> and HNOs/HNO:> acid in the gas phase. The choice of a gas
reference based on H, and HNO3/HNO:; instead of using dissolved NO3/NO; is due to the
difficulties of DFT to describe accurately the electronic energies and solvation of NO3/NO- ions.

Gibbs free energy for the reaction

(PA) MN4 + NOz” — MN,4-NO3 + &

was, therefore, calculated from the Gibbs free energies for reactions (PAa) and (PAb)

(PAa) HNOs (g) — H* + NOg

(PAb) MN4+ HNO3 (g) — MN4-NO3 + H" + &

using

AG(PA) = AG(PADb) — AG(PAa) = AG(PAb) + 0.392
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Equivalently, for the NO2™ desorption, Gibbs free energy for the reaction

(PD) MN4-NO2 + & — MNj + NOy-

was calculated from Gibbs free energies for the reactions (PDa) and (PDb)

(PDa) HNO; (g) — H* + NOy
(PDb) MN4 + HNO; (g) — MN4-NOz+ H* + &

using

AG(PD) = AG(PDa) — AG(PDb) = 0.007 — AG(PDb)

Experimental values of were taken for reaction (PAa) and (PDa) in the value of -0.392 and 0.007
eV, while the Gibbs free energy for reaction (PAb) and (PDb) were calculated with DFT. In
addition, DFT calculated Gibbs free energy for the formation of HNO3; and HNO> were corrected
for the difference between DFT-calculated and experimental formation energies of HNO3z/HNOz,
which for the optB86b-vdW functional were calculated as -0.46 eV and -0.30 eV. Namely, DFT
calculated formation energies of HNOs and HNO- are overestimated within DFT i.e., they are
calculated as -1.24 eV and -0.76 eV, while the experimental values are -0.77 eV and -0.46 eV for

HNO3 and HNOg, respectively.'®°
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Appendix B

Potential (V vs. RHE)

Appendix B.1

saturated in N2 or Ar. The negligible difference in the OCV suggests that the use of either
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Open circuit voltage (OCV) measurements when the electrolyte is

N2 or Ar does not alter the equilibrium potentials of the NOsRR process.
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Calibration curves for the Indophenol blue method for NH3 detection in

0.05M PBS electrolyte. (a) Raw UV-Vis curves and (b) linear calibration.
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Absorbance (a.u.)

Appendix B.3
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Calibration curves for the Indophenol blue method for NHz detection in

1M KOH electrolyte. (a) Raw UV-Vis curves and (b) linear calibration.
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Calibration curves for the Griess method for NO»™ detection in 0.05M PBS

electrolyte . (a) Raw UV-Vis curves and (b) linear calibration.

172




a 0.08 b
Equation :‘: w' D;x
3 e i S .
00064 , o oz '
% o ] e
g - -
2 7 s
= e <
o 0.04 - s §
(0] L
o o C
< e 2
£0.02 o
© .
& ,,..'/ R*=0.9994
'3
000 T T T T T 1 T T 1 T T T
0.0 0.5 1.0 1.5 2.0 75 74 73 72 71 7.0 69 68 6.7 66
"NH,CI Concentration (ppm) Chemical Shift (ppm)
c 0.08 d
===== = ——0.1ppm
n g . ——0.25ppm
a " ——0.5ppm
0.06 -
@ / — — 1ppm
E P 3 —2ppm
 0.04 - 7 z - >
© P
o = H
< - N N
5002_ //.,,/ J l "
kS o R2=0.9999 o
_ A A
L N A -
0'00 T T T 1 T 1 T I - 1 "; I T -
0.0 0.5 1.0 1.5 2.0 75 74 73 72 71 70 69 68 6.7 66
'>NH,Cl Concentration (ppm) Chemical Shift (ppm)

Appendix B.5  Calibration curves for the detection of NHz with *H NMR. (a) Linear
calibration for the detection of *NHs, (b) *H NMR spectra for *NHa, (c) Linear

calibration for the detection of isotopic *®NHa, (d) *H NMR spectra for °NHa.
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Appendix B.6  (a) BET surface area of the metal free N-C and M-N-C catalysts. The
surface area of all M-N-C catalysts falls between 550 and 750 m?/g. (b) N2 sorption
isotherm for the metal free N-C and M-N-C Catalysts. (c) pore size distribution in the
meso/macro-porous range, showing distinct microporosity at ca. 20 nm and ca. 80 nm for

all M-N-C catalysts, characteristic of the diameter of the sacrificial silica template.
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Appendix B.7  Carbon composition of the M-N-C catalysts as determined by
deconvoluted Raman spectra of the D and G bands. Demonstrating similar carbon

composition of all the M-N-C catalysts.
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Appendix B.8  Metal loading of M-N-C catalysts determined by ICP-MS. The Y-axis is
the mass percent as determined by the ICP-MS, while the X-axis is normalized by the

molar mass of the metal element.
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Appendix B.9  X-ray diffraction patterns of the metal free N-C and M-N-C catalysts. All
materials show only the (002) and (100) graphitic peaks, indicating the absence of any
metallic crystalline phases in the materials, characteristic of atomically dispersed

materials.
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Carbon

Nitrogen Manganese Nitrogen Cobalt

Appendix B.10 AC-HAADF STEM images and corresponding EDS mapping of the
carbon, nitrogen and metal elements for the (a) Cr-N-C (b) Mn-N-C and (c) Co-N-C
catalysts. Demonstrating the atomically dispersed metal sites and homogenous

distribution of C, N and metal in the materials.
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Carbon

Carbon

Nitrogen

Nitrogen

Appendix B.11 AC-HAADF STEM images and corresponding EDS mapping of the
carbon, nitrogen and metal elements for the (a) Ni-N-C and (b) Cu-N-C. Demonstrating
the atomically dispersed metal sites and homogenous distribution of C, N and metal in

the materials.

178



Carbon Carbon B Carbon

Nitrogen Molybdenum Nitrogen Ruthenium Nitrogen Palladium

Appendix B.12 AC-HAADF STEM images and corresponding EDS mapping of the
carbon, nitrogen and metal elements for the (a) Mo-N-C (b) Ru-N-C and (c) Pd-N-C.
Demonstrating the atomically dispersed metal sites and homogenous distribution of C, N

and metal in the materials.
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Nitrogen Tungsten Nitrogen Cerium

Appendix B.13 AC-HAADF STEM images and corresponding EDS mapping of the
carbon, nitrogen and metal elements for the (a) W-N-C and (b) Ce-N-C. It can be seen
that for W-N-C, while isolated atomically dispersed sites are present, the formation of 2-

D nanoclusters are also present.
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a Fe-N-C b Rh-N-C c La-N-C

Fe 2p Rh 3p La3d

Fe metal

77 714 ™ 708 705 507 504 501 498 495 492 856 B52 848 844 B0 B3IF B3
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Appendix B.14 Deconvoluted XPS spectra for (a) Fe-N-C, showing a mixed oxidation
state characteristic of Fe?* and Fe*'. (b) Rh-N-C, showing a mix between Rh® and Rh®*,
equating to an oxidation state of ca. Rh*-"*. (c) La-N-C, showing an oxidation state of

La3*
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Appendix B.15 XANES, FT-EXAFS and EXAFS spectra for the 3d metals (a-c) Cr-K
edge in Cr-N-C, (d-f) Mn-K edge in Mn-N-C, (g-i) Fe-K edge in Fe-N-C and (j-I) Co-K
edge in Co-N-C. See Supplementary note 1 for a full discussion on the XANES
interpretation and determination of metal oxidation states and Supplementary Table 2 and

Supplementary note 3 for a full discussion on the EXAFS analysis.
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Appendix B.16 XANES, FT-EXAFS and EXAFS spectra 3d metals (a-c) Ni-K edge in Ni-
N-C and (d-f) Cu-K edge in Cu-N-C and XANES spectra for 4d metals (g) Mo-K edge in
Mo-N-C and (h) Pd-K edge in Pd-N-C. See Supplementary note 1 for a full discussion on
the XANES interpretation and determination of metal oxidation states and Supplementary

Table 2 and Supplementary note 3 for a full discussion on the EXAFS analysis.
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Appendix B.17 XANES, FT-EXAFS and EXAFS spectra for 4d and f-metals (a-c) Rh-K
edge in Rh-N-C, (d-f) La-L edge in La-N-C and (g-i) Ce-L edge in Ce-N-C. See
Supplementary note 1 for a full discussion on the XANES interpretation and
determination of metal oxidation states and Supplementary Table 2 and Supplementary

note 3 for a full discussion on the EXAFS analysis.
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Appendix B.18 Deconvoluted XPS spectra for 3d metals (a) Cr-N-C, Cr 2p spectra
showing a mixed oxidation state of Cr®* and Cr**. (b) Mn-N-C, Mn 2p spectra showing a
mix between Mn°® and Mn®*. (c) Fe-N-C, Fe 2p spectra showing a mixed metal oxidation
state between Fe® and Fe®*. (d) Co-N-C, Co 2p spectra showing a mixed metal oxidation

state between Co?* and Co®*.
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Ni-N-C Cu-N-C
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Appendix B.19 Deconvoluted XPS spectra for 3d metals (a) Ni-N-C, Ni 2p spectra
showing a metal oxidation state between Ni© and Ni%*. (b) Cu-N-C, Cu 2p spectra

showing a metal oxidation state between Cu©® and Cu®®.
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Mo-N-C Ru-N-C
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Appendix B.20 Deconvoluted XPS spectra for 4 d metals (a) Mo-N-C, Mo 3d spectra
showing a metal oxidation state between Mo** and Mo®*. (b) Ru-N-C, Ru 3p spectra
showing a metal oxidation state between Ru® and Ru**. (c) Rh-N-C, Rh 3p spectra
showing a metal oxidation state between Rh© and Rh®*). (d) Pd-N-C, Pd 3d spectra

showing a metal oxidation state between Pd© and Pd?".
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Appendix B.21  Deconvoluted XPS spectra for 5 d and f metals (a) W-N-C, W 4f spectra
showing a metal oxidation state between W and W®, (b) La-N-C, La 3d spectra
showing a metal oxidation state of La®"). (c) Ce-N-C, Ce 3d spectra showing a metal

oxidation state between Ce®* and Ce*?).
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Appendix B.22 EELS valence state analysis. a) Fe-N-C, the Fe Ls/L; intensity ratio is 4.2,
L. — L3 separation distance is 12.9 eV, according to the literature this suggests a valance
state of Fe close to Fe?*. b) La-N-C, the La Ms/M intensity ratio is 0.97, being close to a

standard La,O3 sample, suggesting a La valence state close to La®".
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Appendix B.23 FT-EXAFS and wavelet transformation (WT) for f-metals (a-c) La-N-C
and the corresponding La»Os standard and (d-f) Ce-N-C and the corresponding CeO-
standard. In the WT-EXAFS, in addition to the peak intensity observed at ca. 2.1 A at
low k-values, an additional peak is present at ca. 3.7 A again at low k-values, indicating
interactions with only low Z-number neighbors, in particular La-C. For Ce-N-C, the WT-
EXAFS shows two features located at ca. 1.5 A and 2 A, both located at low k-values
(ca. 4-5 A1), matching the Ce-O intensity in the CeO, WT-EXAFS, indicating the split
peaks for Ce-N-C constitute interactions between Ce and low Z number neighbors (C, N
or O atoms). While an additional feature at 3.7 A is also observed at higher k-number (7
A1), suggesting that in addition to atomically dispersed Ce-Ny sites, the formation of

small oxide clusters can coexist.
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Appendix B.24 FT-EXAFS and WT-EXAFS for (a-c) Fe-N-C and the corresponding
Fe304 standard, (d-f) Rh-N-C and the corresponding Rh,O3 standard (g-i) La-N-C with

the corresponding La>O3 standard.
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Appendix B.25 Fitting of the Fourier-transformed experimental (black lines) and fitted
(red lines) EXAFS spectra for the M-N-C catalysts, where only contributions from the
first coordination shell were considered. Note that for Ce-N-C two different paths were
included in the fit, to describe the split distributions of bond-lengths to neighboring atoms

due to the displacement of Ce from the center of Ce-N4 unit.
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Appendix B.26  Deconvoluted N 1s XPS spectra for the metal free N-C synthesized under
varying conditions. a) N-C (975-Ar / 950-Ar), b) N-C (650-Ar / 650-Ar), ¢) N-C (975-H;

/ 950-NHs) and d) N-C (650- H, / 650- NHa).
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Appendix B.27 Deconvoluted N 1s XPS spectra for the 3d metal; Cr-, Mn-, Fe- and Co-N-

C catalysts.
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Appendix B.28 Deconvoluted N 1s XPS spectra for the 4d metal; Mo, Ru, Rh and Pd-N-C

catalysts.
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Appendix B.29 Deconvoluted N 1s XPS spectra for the 5d and f metal; La, Ce and W-N-C

catalysts.
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Appendix B.30 Isotopically labeled NOsRR with 0.05M PBS + 0.16M K®NOj3 electrolyte
for metal-free N-C catalyst. Electrolysis is performed for 4 hours at -0.40 V vs. RHE to
ensure a reliable amount of *®NH3 had been produced. The typical doublet is observed for
15NH3. The FE for >NHj is 36% with a ®NHj yield rate of 1.14 pmol h'* cm™, agreeing
with the non-isotopic NOsRR for N-C (975-H, / 950-NH3) with a FE of 40% and a yield
rate of 1.32 pmol h* cm™. This confirms both that the metal free N-C is active for the
NOzRR and that the NH3 produced originates from the nitrate salt rather than catalyst

degradation from the N-C support or other contamination.
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Appendix B.31 NOzRR electrolysis for the Fe-N-C catalyst in a static cell with alkaline
electrolyte (1M KOH, pH = 14). a) LSV comparing 0.05M PBS (pH = 7) with 0.16M
KNOs and 1M KOH (pH = 14) with 0.16M KNOs. b) Chronoamperometry in 1M KOH +
0.16M KNOs electrolyte at -0.2 to -0.8 V vs. RHE. ¢) Faradaic efficiency for NH3 (left)

and NHzs yield rate per geometric surface area (right) as a function of applied potential.
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Appendix B.32  Onset potential of the (a) M-N-C and (b) metal-free N-C catalysts for the

NO2RR and NOsRR. The onset potentials were determined at a current density of -1.0

mA/cm?. Cr- and Cu-N-C exhibit the lowest onset potentials for the NOsRR, while Fe-N-

C demonstrates the lowest onset potential for the NO2RR. Note that Ru-N-C exhibits an

early onset potential for both the NOs and NO2RR, however, the NOsz and NO2RR

electrolysis results in Figure 3d and 4d suggest activity is largely attributed to the HER.

Figure b suggests that over the metal free N-C catalysts the onset potential for the

NOzRR not impacted by the varying pyrolysis conditions, while for the NO2RR, a

slightly earlier onset potential is shown for the NO2RR.
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Appendix B.33  Linear sweep voltammetry in 0.05M PBS (HER), 0.01M KNO; (NO2RR)

and 0.16M KNO3z (NO3RR) for all metal free N-C and M-N-C catalysts.
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Appendix B.34 NOsRR chronoamperometry on (a) N-C (975 H2/ 950 Ar), (b) N-C (650
H> /650 Ar), (c) N-C (975 Ar /950 Ar) and (d) N-C (650 Ar / 650 Ar) catalysts. NOsRR
electrolysis is performed for 2 hours in a 0.05M PBS + 0.16M NOs" electrolyte. The
black, red, green and blue curves correspond to applied potentials of -0.20, -0.40, -0.60

and -0.80 V vs. RHE, respectively.
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Appendix B.35 NOsRR chronoamperometry on (a) Cr-N-C, (b) Mn-N-C, (c) Fe-N-C and
(d) Co-N-C catalysts. NO3RR electrolysis is performed for 2 hours in a 0.05M PBS +
0.16M NOg electrolyte. The black, red, green and blue curves correspond to applied

potentials of -0.20, -0.40, -0.60 and -0.80 V vs. RHE, respectively.

202



Ni-N-C Cu-N-C
a b
.
_5_1'"'“
& &
5 :
< < -104
E 3
- -6 —
5 5
5 5 -154
o 4 &)
04 20
-12 T T T T T T T -25 T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Time (seconds) Time (seconds)
Mo-N-C Ru-N-C
C 0 d 0
. " i
,z-fd.m-,.,. Lt i} 2w
€ < 5]
2 64 ﬁ
<
E & E *]
% S 104
£ 10 £
3
a 3o 124
124 14 | PRERTTY [T S
-14 -16 4
-16 4 -18
T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000

Time (seconds) Time (seconds)

Appendix B.36  NOsRR chronoamperometry on (a) Ni-N-C, (b) Cu-N-C, (c) Mo-N-C and
(d) Ru-N-C catalysts. NO3RR electrolysis is performed for 2 hours in a 0.05M PBS +
0.16M NOg electrolyte. The black, red, green and blue curves correspond to applied

potentials of -0.20, -0.40, -0.60 and -0.80 V vs. RHE, respectively.
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Appendix B.37 NOsRR chronoamperometry on (a) Rh-N-C, (b) Pd-N-C, (c) W-N-C, (d)
La-N-C and (e) Ce-N-C catalysts. NOsRR electrolysis is performed for 2 hours in a
0.05M PBS + 0.16M NOs" electrolyte. The black, red, green and blue curves correspond

to applied potentials of -0.20, -0.40, -0.60 and -0.80 V vs. RHE, respectively.
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Appendix B.38 NOsRR UV Vis detection of NO>™ for (a) Cr-N-C and (b) Mn-N-C (c) Fe-
N-C, (d) Co-N-C, (e) Ni-N-C and (f) Cu-N-C for 2 hr electrolysis at an applied potential
of -0.20 V (black), -0.40 V (red), -0.60 V (green) and -0.80 V vs. RHE (blue). Dashed
curves are spectra from electrolyte in the counter chamber. Dilutions have been applied to

obtain a NHz concentration in the calibration range.
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Appendix B.39 NOsRR UV Vis detection of NO>™ for (a) Mo-N-C and (b) Ru-N-C (c) Rh-
N-C, (d) Pd-N-C and (e) W-N-C for 2 hr electrolysis at an applied potential of -0.20 V
(black), -0.40 V (red), -0.60 V (green) and -0.80 V vs. RHE (blue). Dashed curves are
spectra from electrolyte in the counter chamber. Dilutions have been applied to obtain a

NHz3 concentration in the calibration range.
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Appendix B.40 NOsRR UV Vis detection of NO>™ for (a) La-N-C and (b) Ce-N-C for 2 hr
electrolysis at an applied potential of -0.20 V (black), -0.40 V (red), -0.60 V (green) and -
0.80 V vs. RHE (blue). Dashed curves are spectra from electrolyte in the counter

chamber. Dilutions have been applied to obtain a NH3z concentration in the calibration
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Appendix B.41 NOsRR UV Vis detection of NHz for (a) Cr-N-C and (b) Mn-N-C (c) Fe-
N-C, (d) Co-N-C, (e) Ni-N-C and (f) Cu-N-C for 2 hr electrolysis at an applied potential
of -0.20 V (black), -0.40 V (red), -0.60 V (green) and -0.80 V vs. RHE (blue). Dashed
curves are spectra from electrolyte in the counter chamber. Dilutions have been applied to

obtain a NHz concentration in the calibration range.
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Appendix B.42 NOzRR UV Vis detection of NH3 for (a) Mo-N-C and (b) Ru-N-C (c) Rh-
N-C, (d) Pd-N-C and (e) W-N-C for 2 hr electrolysis at an applied potential of -0.20 V
(black), -0.40 V (red), -0.60 V (green) and -0.80 V vs. RHE (blue). Dashed curves are
spectra from electrolyte in the counter chamber. Dilutions have been applied to obtain a

NHz3 concentration in the calibration range.
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Appendix B.43 NOzRR UV Vis detection of NH3 for (a) La-N-C and (b) Ce-N-C for 2 hr
electrolysis at an applied potential of -0.20 V (black), -0.40 V (red), -0.60 V (green) and -
0.80 V vs. RHE (blue). Dashed curves are spectra from electrolyte in the counter

chamber. Dilutions have been applied to obtain a NH3 concentration in the calibration

range.
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Appendix B.44  Electrochemical NO3RR for metal free N-C catalysts in 0.05M PBS +

0.16M KNOs for 2 hours at an applied potential of -0.20 to -0.80 V vs. RHE. The top
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section of the figure shows the Faradic efficiency for NO2™ (blue; top-down) and NH3
(gray; bottom-up) A red line is set an efficiency of 50% to guide the eye. The bottom
section of the figure shows the corresponding yield rate (umol h™* cm?) for NO,™ (blue;

triangle) and NHs (gray; circle) as a function of the applied potential.
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Appendix B.45 Electrochemical NO3RR for all M-N-C catalysts in 0.05M PBS + 0.16M
KNOs3 for 2 hours at each applied potential of (a) -0.20 V, (b) -0.40 V, (c) -0.60 V and (d)
-0.80 V v.s. RHE. The top section of the figure shows the Faradic efficiency for NO2
(blue; top-down) and NH3 (gray; bottom-up) A red line is set an efficiency of 50% to
guide the eye. The bottom section of the figure shows the corresponding yield rate (pmol

h™ cm2) for NO2™ (blue; triangle) and NHs (gray; circle).
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Appendix B.46 NOsRR electrolysis over (a) Ru-N-C and (b) Rh-N-C, showing gaseous

bubbles produced on the working electrode. Demonstrating the Ru/Rh-N-C catalysts

being out competed by the HER, yielding a large gap in the GAP of Figure 4 and Figure
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Appendix B.47 Competing NO2RR in concentrated NOs. NOsRR electrolysis with

isotopically labeled *®NO;" in concentrated *NOs". This figure is correlated to Figure 4 in

the main text. (a) NMR curves for NH3 produced during electrolysis of 100 ppm of doped

5’NO; at -0.40V vs. RHE over an Fe-N-C catalyst. (b) 1 ppm of doped ®NO;". (c) 10

ppm of doped °NO, over a metal free N-C catalyst.
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Appendix B.48 Time course of ®NHjs in the electrolysis with concentrated *NO3™ doped

with small amount *NO;". (a) FeNC catalysts. (b) Metal free NC catalyst.
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Appendix B.49 Competing NO2RR in concentrated NOs™. NOsRR electrolysis with

isotopically labeled ®NO2 in concentrated *NOs" for all M-N-C catalysts. All

electrolysis is performed at -0.40 V vs. RHE for 2 hours. The electrolyte consists of

0.16M K'*NOj3 and 10 ppm of isotopically labeled nitrite, K*NO,. For all catalysts

(except Co & Ni) there is a dominating triplet indicative of the reduction of the K}*NOs

to standard **NHs, with a smaller doublet peak for isotopic ®NHs. For Co and Ni, very
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unique behavior is observed in that these atomically dispersed metal centers show poor
activity for the NOsRR, but are highly active for the reduction of NO2", as shown by the

dominating doublet for **NHs.
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Appendix B.50  Electrochemical NO2RR for all M-N-C catalysts in 0.05M PBS + 0.01M
KNO: for 30 min at each applied potential of (a) -0.20 V, (b) -0.40 V, (c) -0.60 V and (d)
-0.80 V vs. RHE. The top section of the figure shows the Faradic efficiency for NO2"
(blue; top-down) and NHs (gray; bottom-up). The bottom section of the figure shows the

corresponding yield rate (umol h'* cm2) for NHa.
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Appendix B.51  Electrochemical NO2RR for metal free N-C catalysts in 0.05M PBS +
0.01M KNO3 for 30 min at an applied potential of -0.20 to -0.80 V vs. RHE. The top
section of the figure shows the Faradic efficiency for NO2™ (blue; top-down) and NH3
(gray; bottom-up). The bottom section of the figure shows the corresponding yield rate

(umol ht cm2) for NHs as a function of the applied potential.
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Appendix B.52 NO2RR chronoamperometry on (a) N-C (975 H2/ 950 Ar), (b) N-C (650
H> /650 Ar), (c) N-C (975 Ar /950 Ar) and (d) N-C (650 Ar / 650 Ar) catalysts. NO2RR
electrolysis is performed for 0.5 hours in a 0.05M PBS + 0.01M NO3 electrolyte. The
black, red, green and blue curves correspond to applied potentials of -0.20, -0.40, -0.60

and -0.80 V vs. RHE, respectively.
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Appendix B.53 NO2RR chronoamperometry on (a) Cr-N-C, (b) Mn-N-C, (c) Fe-N-C and
(d) Co-N-C catalysts. NO2RR electrolysis is performed for 0.5 hours in a 0.05M PBS +
0.01M NOz electrolyte. The black, red, green and blue curves correspond to applied

potentials of -0.20, -0.40, -0.60 and -0.80 V vs. RHE, respectively.
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Appendix B.54 NO2RR chronoamperometry on (a) Ni-N-C, (b) Cu-N-C, (c) Mo-N-C and
(d) Ru-N-C catalysts. NO2RR electrolysis is performed for 0.5 hours in a 0.05M PBS +
0.01M NOz electrolyte. The black, red, green and blue curves correspond to applied

potentials of -0.20, -0.40, -0.60 and -0.80 V vs. RHE, respectively.
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Appendix B.55 NO2RR chronoamperometry on (a) Rh-N-C, (b) Pd-N-C, (c) W-N-C, (d)
La-N-C and (e) Ce-N-C catalysts. NO2RR electrolysis is performed for 0.5 hours in a
0.05M PBS + 0.01M NO- electrolyte. The black, red, green and blue curves correspond

to applied potentials of -0.20, -0.40, -0.60 and -0.80 V vs. RHE, respectively.
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Appendix B.56 NO2RR UV Vis detection of NHz for (a) Cr-N-C, (b) Mn-N-C, (c) Fe-N-
C, (d) Co-N-C, (&) Ni-N-C and (f) Cu-N-C for 0.5 hr electrolysis at an applied potential
of -0.20 V (black), -0.40 V (red), -0.60 V (green) and -0.80 V vs. RHE (blue). Dashed

curves are spectra from electrolyte in the counter chamber. Dilutions have been applied to

obtain a NHz concentration in the calibration range.
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Appendix B.57 NO2RR UV Vis detection of NH3 for (a) Mo-N-C, (b) Ru-N-C, (c) Rh-N-
C, (d) Pd-N-C and (e) W-N-C for 0.5 hr electrolysis at an applied potential of -0.20 V
(black), -0.40 V (red), -0.60 V (green) and -0.80 V vs. RHE (blue). Dashed curves are
spectra from electrolyte in the counter chamber. Dilutions have been applied to obtain a

NHz3 concentration in the calibration range.
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Appendix B.58 NO2RR UV Vis detection of NH3 for (a) La-N-C and (b) Ce-N-C for 0.5
hr electrolysis at an applied potential of -0.20 V (black), -0.40 V (red), -0.60 V (green)
and -0.80 V vs. RHE (blue). Dashed curves are spectra from electrolyte in the counter
chamber. Dilutions have been applied to obtain a NH3 concentration in the calibration

range.
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Appendix B.59 Correlations between the NO3RR FEnnsz and the NO2RR dividend of the
NHs yield rate and NO2RR FEnws3 at cathodic potentials of -0.2 V, -0.4 V, -0.6 V and -
0.8V vs. RHE. R values represent the linearity of the blue points (also shown in Figure
50). Red points (Co, Ru, Rh) represent the outliers due to dominant gaseous products
(Figure 4 and Figure 5d), and were not included in the linear fitting. The linearity
gradually dropped with increasing overpotentials, as the reaction is forcibly driven over

various active sites, convoluting the electrolysis.
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note: The R values of the linear fitting decreased at more reductive potentials, as at very

reductive potentials, the reaction can be forcefully driven over most active sites

convoluting the intrinsic activity of the M-Nx site.

NO,RR, Yieldyy; (Hmol h-' cm2)

2 2
=z z 4
L w
L [T
& & %
@] @)
z =
0.2r $ic 6H du 1
@cear & R=0.86
0.0 10 20 30 40
NO.RR, Yield; (umol h-' cm-?) NO,RR, Yieldy, 3 (Wmol h-' cm)
-0.6V -0.8V
1.0f = 0.8F ' 3
‘:r
0.8t &
= dgd ¢2 & = 0.6¢
= s
el ¢ o uf
l-l-n @ICEH g U: 0.4 1
g 04 . & e &9
¢ |7 Soat
0.2+t du ’
. R=0.62 du R=0.66
0.05 20 40 60 006—20 40 60 80

NO,RR, Yieldyy; (pmol h-' cm2)

Appendix B.60 Correlations between the NO3RR FEnn3 and the NO2RR NHz yield rate at
cathodic potentials of -0.2 V, -0.4 V, -0.6 V and -0.8V vs. RHE. R values represent the

linearity of the blue points. Red points (Co, Ru, Rh) represent the outliers due to
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dominant gaseous products (Figure 4 and Figure 5d), and were not included in the linear

fitting.
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Appendix B.61  Correlations between the NO3RR FEno2 and the NO2RR NHz yield rate at
cathodic potentials of -0.2 V, -0.4 V, -0.6 V and -0.8V vs. RHE. R values represent the

linearity of the blue points (also shown in Figure 5g). Red points (Co, Ru, Rh) represent
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the outliers due to dominant gaseous products (Figure 4 and Figure 5d), and were not

included in the linear fitting.
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Appendix B.62  Correlations between the NO2RR FEnnz and the NO2RR NHz yield rate at
cathodic potentials of -0.2 V, -0.4 V, -0.6 V and -0.8V vs. RHE. R values represent the
linearity of the blue points (also shown in Figure 5g). Red points represent the catalysts

reaching 100% FE at each potential, and were not included in the linear fitting.
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Appendix B.63  Active sites used in the DFT calculation of reactivity descriptors for the

NOsRR and the NO2RR. a) M-Nj site, b) pyridinic N, ¢) graphitic N, and d) pyrrolic NH.

Atoms belonging to one unit cell are shown. Black — C, blue — N, white — H, tan — metal

atom.
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Appendix B.64 DFT-derived free energies on Mo-, La-, Ce- and W-N-C sites and their

oxygenated (O-M) states.
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Appendix B.65 Correlations between various DFT-derived free energies (A.G) in Figure
5a. It should be noted that A,.G[ *+NO3 — "NO,] and A,.G[ 'NO, —» “+NO3] were
dependent terms, given the fact that they shared same surface intermediate species "NO2"

and all other species in these two reaction coordinates were bulk items
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Appendix B.66 DFT-derived adsorption/desorption energies on different nitrogen

moieties.
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Appendix B.67 Correlations between various DFT-derived descriptors A.G [ "NO, = * +
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M -0(0..NC) M- NO,

M - 00 (bidentate) M - 00 (bidentate)

Schematically represented DFT determined *NOz and *NO; preferred orientations on different in-plane and
out-of-plane M-N; sites (See table S9).

Table 6. Summary of optimized synthesis conditions to obtain atomically dispersed metal sites with a variety
of M-N-C catalysts. See supplementary note 2 for a discussion on tuning the synthesis parameters to maintain
an atomic dispersion of the metal species.

Catalyst Pyrolysis 1 Pyrplysis 1 Pyrolysis 2 Pyr_olysis 2 Etching Media
Temperature Environment Temperature Environment
Cr-N-C 650 °C 8% H, 1 92% Ar 650 °C 10% NH, /90% N, HF
Mn-, Fe-, Ni-, Co-, Cu-, Mo-, W-N-C 975 °C 8% H, 1 92% Ar 950 'C 10% NH;/90% N, HF
Ru-N-C 650 °C Ar 650 °C Ar HF
Rh-, Pd-N-C 975°C Ar 950 °C Ar HF
La-, Ce-N-C 650 °C Ar 650 'C Ar NaOH - 80°C
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Table 7. Structure parameters from the EXAFS fittings for the M-N-C catalysts including coordination
number, interatomic distances (Metal-Oxygen, Ru-o and Metal-Nitrogen, Rum-n) and disorder factor 2. See

supplementary note 3 for a discussion regarding the EXAFS fitting results and coordination numbers.

, o

Sample fa?:(‘:or CO::L?TI]E?On R mn/m-o (A) o2 wn/mo (A2 AE, (eV) R factor
Cr-N-C 24+0.3 1.97 + 0.001 0+0.003 531+2.8 0.81%
Cr203 0.56 6 1.96 + 0.01 0.002 + 0.002 418+1.1 0.13%
Mn-N-C 79+14 212+0.1 0.017+0.001 -552+0.7 0.01%
MnO 0.48 6 2.2+0.03 0.002+0.003 -5.08+2.1 0.46%
Fe-N-C 598+ 1.1 212+0.1 0.009+0.005 8.49+1.6 0.37%
FesOs 0.53 5.3 2.03+0.1 0.005+0.005  8.56+1.3 0.25%
Co-N-C 8.4+0.9 1.92 +0.02 0.021+0.002 -582+1.1 0.46%
C0304 0.54 5.3 1.91 +0.02 0 +0.005 -6.41+3.4 0.90%
Ni-N-C 1.8+0.3 1.89 0.2 0.01 + 0.003 758+ 1.7 0.21%
Ni(OH)2  0.99 6 2.08 + 0.06 0.006 +0.004  -11.41+2.9 0.60%
Cu-N-C 5.2+0.4 1.9+ 0.06 0.005+0.001 -5.84+1.0 0.07%
CuO 0.41 4 1.94 + 0.02 0.001 + 0.002 45+1.2 0.11%
Rh-N-C 41+0.6 1.99 + 0.05 0.004 +0.002  -1.31+1.8 0.26%
Rh203 0.67 6 2.02 £ 0.02 0+0.001 -0.57 +0.8 0.05%
La-N-C 82+14 2.61+0.3 0.03 + 0.006 577+1.0 1.74%
Laz03 1.4 7 26+0.2 0.015+0.003  5.57+0.6 0.56%

0.35+0.1/ 1.65+0.7/ 0.00 +0.04 /

Ce-N-C 5.5+ 0.6 2.60 £0.2 0.015 + 0.02 1.29£5.7 0.91%
CeO2 0.70 8 227+0.1 0.011+0.004  5.97+1.7 1.58%

Table 8. Summary of total nitrogen and oxygen content for all metal free N-C catalysts

Catalyst

Total N (At %)

Total O (At %)

N-C (650-H,, / 650-NH,)
N-C (975-H, / 950-NH,)
N-C (650-Ar / 650-Ar)
N-C (975-Ar / 950-Ar)

11.13%

3.22%
12.48%
3.18%

3.25%

6.87%
3.13%
7.48%
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Table 9. Summary of the total nitrogen and oxygen content for all M-N-C catalysts

Catalyst Total N (At %) Total O (At %)
Cr 12.10% 3.71%
Mn 2.86% 10.65%
Fe 2.71% 5.40%
Co 3.60% 1.79%
Ni 2.61% 2.04%
Cu 4.23% 3.20%
Mo 1.07% 2.70%
Ru 12.12% 3.61%
Rh 5.55% 2.90%
Pd 5.91% 2.55%
W 1.64% 3.08%
La 11.65% 3.81%
Ce 11.26% 4.22%

Table 10. Quantification of specific N-moieties; pyridinic, pyrrolic and graphitic and amine, for all metal free
N-C catalysts

Catalyst pyridinic N (At %) pyrrolic (At %) graphitic (At %) Metal-Ny (At %)
N-C (650-Hz / 650-NHs) 3.95% 3.35% 0.87% 2.03%
N-C (975-Hz / 950-NHs) 0.77% 1.03% 0.42% 0.59%
N-C (650-Ar / 650-Ar) 4.65% 3.59% 0.91% 2.16%
N-C (975-Ar / 950-Ar) 0.56% 0.96% 0.44% 0.67%

Table 11. Quantification of specific N-moieties; pyridinic, pyrrolic and graphitic and
M-Ny, for all M-N-C catalysts.

Catalyst pyridinic N (At %) pyrrolic (At %) graphitic (At %) Metal-Ny (At %)
Cr 3.88% 3.36% 0.75% 1.75%
Mn 0.65% 0.79% 0.12% 0.69%
Fe 0.45% 0.66% 0.11% 0.43%
Co 0.58% 1.09% 0.24% 0.42%
Ni 0.55% 0.94% 0.22% 0.32%
Cu 0.77% 1.07% 0.38% 0.50%
Mo 0.23% 0.32% 0.04% 0.10%
Ru 3.21% 3.74% 0.89% 1.46%
Rh 0.75% 2.05% 0.55% 0.59%
Pd 0.72% 2.28% 0.51% 0.66%
W 0.12% 0.84% 0.18% 0.07%
La 3.37% 3.91% 0.80% 1.30%
Ce 3.34% 3.47% 0.69% 1.37%
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Table 12. DFT calculated Gibbs free energy changes for reactions on Appendix B.55 (in eV) on different M-Na4

sites.

Descriptors for NHzformation (in

Descriptors for NOy formation (in

NO3RR) NO3RR) /NHs formation (in NO2RR)

site *+ NO3z > *NOs *+ NOsz + 2H* + *+ NOs > *O + *NOz +e >*+

+e e >*NO:z + H20 NO2 NO2

AG [eV] AG [eV] AG [eV] AG [eV]

FeNy -0.39 -1.64 -0.35 +1.07
MoN4 -2.72 -3.57 -4.20* +3.0
MoN4-O -0.02 -0.42 -0.55 -0.15
CuNg +0.46 -0.47 +2.41 -0.11
NiN4 +0.69 -0.44 +2.47 -0.13
CoNas -0.06 -1.60 +1.08 +1.03
MnN4 -0.41 -1.52 -0.78 +0.95
PdN4 +0.93 -0.17 +3.01 -0.39
RUN4 -1.08 -2.08 -0.91 +1.52
RhN4 +0.09 +0.19 +1.05 +0.97
CrN4 -1.13 -1.85 -1.95 +1.28
WN4 -3.15 -4.08 -4.63* +3.52
WN.-O -0.16 -0.86 -1.10 +0.29
LaN4 -2.27 -2.82 -0.87 +2.25
LaNs-O -0.28 -0.60 1.79 0.02
CeN4 -2.39 -2.92 -2.47 +2.36
CeNs-O -0.82 -1.21 0.84 0.63
pyridinic N +1.27 -0.02 +0.85 -0.55
graphitic N +0.41 -0.34 +1.16 -0.33
pyrrolic NH +0.52 -0.30 -2.29 -0.26
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Table 13. Fitting parameters for the EXAFS spectra y(k)k2 in R-space and Fourier transform k range

kmin (A
R min (A) | R max (A) k max (A?)
Y
Cr-N-C 1 2 2 8
Mn-N-C 1 2 3 8
Co-N-C 1 2 3 8
Ni-N-C 1 2 3 8
Cu-N-C 1 2 3 8
Rh-N-C 1 2 3 8
La-N-C 0.8 2.5 3 8
Ce-N-C 0.8 2.5 3 8
Fe-N-C 1 2 3 7.3
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Table 14. DFT determined preferred *NO3 and *NO; orientations on different M-Njy sites.

*NO, *NO,
FeN, M-O (O...NC) M-NO,
MoN, M-0OO0 (bidentate) M-OO (bidentate)
MoN,-O M-OO0 (bidentate) M-O (monodentate)
CuN, M-O (O...NC) M-NO,
NiN, M-O (O...NC) M-NO,
CoN, M-O (O...NC) M-NO,
MnN, M-OO (bidentate) M-NO,
PdN, M-O (O...NC) M-NO,
RuN, M-OO (bidentate) M-NO,
RhN, M-O (O...NC) M-NO,
CrN, M-OO (bidentate) M-NO,
WN, M-OO0 (bidentate) M-OO0 (bidentate)
WN,-O M-OO0 (bidentate) M-O (monodentate)
LaN4 M-OO (bidentate) M-OO (bidentate)
CeN4 M-OO (bidentate) M-OO (bidentate)
pyridinic N CNC-00 (bidentate) N-NO,
graphitic N CNC-NOj; parallel CC-00 (bidentate)
pyrrolic NH NH-O (monodentate) NH-O (monodentate)

Appendix B.68 XANES Analysis

For Cr-N-C, the XANES spectrum of the Cr K-edge exhibits a feature in the pre-edge at ca. 5994
eV, which strongly resembles the pre-edge of the K>CrOs reference, a Cr6" compound. This
feature arises due to the excitation of a photoelectron from the 1s state to the 3d state (such a

transition is forbidden in Cr.03).1° The Cr oxidation state can be inferred by the relative
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intensity of this feature and can be used to quantify the ratio between Cr®* (20-30%) and Cr®*

(70-80%).

For Mn-N-C, the XANES spectrum of the Mn K-edge the position and intensity of the main
features closely resemble those in the MnO reference spectrum. Indicating Mn is in a Mn?*

oxidation state.

The Fe K-edge XANES spectrum for the Fe-N-C aligns well with the FezO4 reference spectrum,
suggesting that Fe-N-C is in a ca. Fe>5* oxidation state. While the Fe-N-C spectrum differs from

Fe30s indicating a dissimilar local environment.

For Co-N-C, the XANES spectrum of the Co K-edge closely resembles that of the Co3O4
reference, which has an oxidation state of Co?®*. However, the Co-N-C is shifted to lower

energies, indicating a slightly reduced oxidation state.

While the position of the Ni-N-C, Ni K-edge matches well with the Ni?* reference, the white line
intensity is reduced compared to the oxide reference. This behavior has also been observed for
other atomically dispersed Ni-based catalysts containing a planar geometry with Ni-N4

moieties.171172

For Cu-N-C, the XANES spectrum of the Cu K-edge resembles the CuO reference spectrum,
suggesting that Cu is in a Cu?* oxidation state, exhibiting a 4-coordination or strongly disordered

6-coordination local environment.

For Mo-N-C, the XANES spectrum of the Mo K-edge is shifted to significantly higher energies
than the Mo foil reference, suggesting a highly oxidized Mo state. Where the deconvoluted XPS
spectrum supports Mo species present at high oxidation states, comprising a mixture of Mo®*,

Mo®* and Mo**.
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For Rh-N-C, the Rh-K edge XANES spectrum is very similar to the Rh2O3 reference both in the

shape and intensity of the white line feature, indicating a Rh3" oxidation state.

The Pd-N-C, the XANES spectrum of the Pd K-edge is shifted to higher energies than the Pd
reference foil suggesting the Pd-N-C is in an oxidized state. Where the deconvoluted XPS

spectrum suggests a mixture of Pd?* and Pd°.

For La-N-C, the XANES spectrum of the La Lz-edge is similar to that of the amorphous La>O3
reference, suggesting a La oxidation state of La®*. The energy calibration was done by collecting
the V K-edge spectrum for a vanadium foil as a reference, which was measured simultaneously

with the La-N-C sample.

For Ce-N-C, the XANES spectrum of the Ce Ls-edge differs strongly from the CeO, reference
spectrum. However, the Ce-N-C spectrum is very similar to Ce** compounds in the literature, for
example, cerium nitrate, Ce(NOs)s .73 Therefore suggesting the Ce-N-C catalyst is in a ca. Ce**

oxidation state.
Note several references were acquired from XAS databases.
Cr : KoCrOs and Cr,03 references are extracted from the Hokkaido university XAS database.'’*

La: The La>Os3 reference data was extracted from the Farrel Lytle XAS data base.

(http://ixs.iit.edu/database/data/Farrel Lytle data/RAW!/index.html)

Ce: The CeO; reference was taken from the HEPHAESTUS data base.!®

Note that due to some problems with the optics at the beamline, the optimal energy resolution
was not obtained at the KMC-3 beamline (BESSY), which can lead to some distortions in the

spectra. The samples measured at BESSY include Cr-, Mn-, Co-, Ni-, Cu- and Ce-N-C.
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However, corresponding reference foils and compounds were measured for energy calibrations
and comparison of features. The XANES spectra for Mo-N-C and Pd-N-C and corresponding
reference metal foils were measured on the 10-BM beamline of the Advanced Photon Source are

Argonne National Laboratory.

Supplementary note 2: Optimization of catalyst synthesis conditions

To accurately evaluate the NO,RR/NO3RR activity and selectivity of single-atom centers,
synthesis parameters were optimized to ensure the exclusive formation of M-Ny sites, especially
in metals difficult to disperse atomically, such as 4d noble metals (Ru, Rh and Pd) and rare earth
elements (La and Ce) (Table S1). Therefore, control experiments to deconvolute the
contributions of the metal-free N-C supports for the NO3RR and NO2RR revealed similar
activity between all metal free N-C’s, regardless of the pyrolyzing conditions (Figure S39 and
S46), indicating the minimum impact on the NOsRR and NO2RR activity by the non-metal-

associated N-moieties, as discussed in more detail in the main text.

Appendix B.69 EXAFS Analysis — coordination of M-N-C catalysts

The observed coordination number for the M-N-C catalysts varies between ca. 1.8 to 8.4. While
Rh-N-C displays a coordination number of 4 (that anticipated for M-N4 motifs), for Fe- and Cu-
N-C, it is likely that in addition to the M-N bonds, some additional M-O bonds are present,
leading to a slightly increased coordination number. For Ni-N-C, the low coordination number
could be attributed to the large structural disorder due to the off-center displacement of the Ni for
the center of the Ni-N4 moiety (as indicated by the XANES features). Additionally, Ce-N-C, in

addition to the M-N feature at low bond distance, the wavelet transformations of the EXAFS data
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also show an additional wave peak at higher R- and k-values, indicating small oxide clusters not

detected by other techniques may co-exist.
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Appendix C - Chapter 4

a

Appendix C.1  TEM images of the y-Fe>Os nanoparticles supported on (a) Fe-N-C and (b)
XC72-Vulcan carbon. Showing a well-controlled sub-5 nm particle size and homogenous

distribution of the y-Fe2O3 nanoparticles.
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Appendix C.2  XRD pattern of the y-Fe203 nanopatrticles. (a) y-Fe203 supported on
Fe-N-C (red) and XC72 (black), where the spectra match closely to the y-Fe20s3

reference spectra. (b) XRD pattern of the y-Fe203 with varying precursor

loadings.
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Appendix C.3  Physical and electrochemical characterization of Co20s/Fe-N-C. (a-
c) TEM images from low mag to high mag showing the successful incorporation
of C0203 nanoparticles on Fe-N-C, showing the characteristic hierarchical porous
structure of the Fe-N-C support and ca. 2-5 nm Co0203 nanopatrticles. (d) XRD
pattern of the Co203/Fe-N-C, matching well with the Co203 reference. (e) LSV of
the C020s/Fe-N-C in both 1M KOH and 1M KOH with 0.16M KNOs from 0.2 to -
1.0 V vs. RHE. An onset potential of ca. -0.3 V vs. RHE is observed (indicating a

delayed onset potential compared to y-Fe203/Fe-N-C).
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Appendix C.4  Physical and electrochemical characterization of RuOx/XC72. (a-c)
TEM images from low mag to high mag showing the successful incorporation of
RuOx nanopatrticles on XC72, showing the formation of ca. 2-3 nm RuOx
nanoparticles. (d) XRD pattern of RuOx nanoparticles, matching well with the Ru

reference. (e) LSV of the RuOx/XC72 in both 1M KOH and 1M KOH with 0.16M
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KNOs from 0.2 to -1.0 V vs. RHE. An early onset potential is observed at ca. 0.05

V vs. RHE (earlier than either y-Fe203 or C0203), however, the RuOx is quickly

out competed by the HER (with significant bubble formation observed during the

reductive sweep).
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Appendix C.5

XC72 and (b) Fe-N-C, with the calculated Io/ls ratio.
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Appendix C.6

1s and (d) Fe 2p. The C 1s spectrum demonstrates the presence of both graphitic and
amorphous carbon in almost equal proportions (similarly observed in the corresponding
Raman spectrum Figure Sx). The N 1s spectrum agrees strongly with the N 1s spectra

from the bare Fe-N-C support, confirming Fe-Nx moieties remain after the reduction of
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X
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Binding Energy (eV)
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Binding energy (eV)
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Deconvoluted XPS spectra for y-Fe»Os/Fe-N-C, (a) C 1s, (b) N 1s, (c) O

Fe»O3 nanoparticles onto the support. The O 1s spectrum indicates the presence of

lattice O, as expected in the formation of Fe,O3 nanoparticles (Fe-O). The Fe 2p
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spectrum indicates Fe present in a Fe3* oxidation state.
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Appendix C.7  XPS of the Fe-N-C support. (a) Deconvoluted N 1s spectrum showing the
presence of the nitrogen moieties and formation of the Fe-Ny moiety. (b) C 1s spectrum

showing the formation of C-Nx species and a mixture of sp? and sp® carbon. (c) Fe 2p
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spectrum showing the presence of Fe-Nx and oxidized nitrogen species.
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Appendix C.8  Deconvoluted XPS spectra for y-Fe>03/XC72, (a) C 1s, (b) O 1s and (c)
Fe 2p. The C 1s spectrum demonstrates a more graphitic structure as compared to the Fe-
N-C support. The O 1s spectrum indicates the presence of lattice O, as expected in the

formation of Fe2Oz nanoparticles (Fe-O). The Fe 2p spectrum indicates Fe present in a
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Fe®* oxidation state.
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Appendix C.9  TGA evaluation of the weight percent of Fe when changing the Fe(acac)s

precursor in the synthesis, 1x and 3x precursor loading.
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Appendix C.10 Determination of the electrochemically active surface area (ECSA) for the
y-Fe203 with increasing Fe precursor loading, via capacitance measurements. (a) CV as a
function of scan rate from 20 mV/s and 100 mV/s between 0.6 and 0.76 V vs. RHE. (b)
Current differences as a function of scan rate. (c) ECSA for the y-Fe2Os nanoparticles by

Fe precursor loading.
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Appendix C.11  Optimizing the y-3xFe>O3/Fe-N-C catalyst loading on the carbon paper
electrode. (a) LSV of the catalyst loadings between 0.2 — 10 mg/cm? from 0 to -1.0 V vs.
RHE, evaluating the observed current response (b) zoomed region between 0 and -0.3 V
vs. RHE looking at the reaction onset potential. From the LSV, the catalyst loadings of
0.5 and 1.0 mg/cm? achieve the highest current response and earlier reaction onset
potential. (c) Maximum current at a potential of -0.5 V vs. RHE and reaction onset
potential as a function of catalyst loading. A potential of -0.5 V vs. RHE is the maximum
potential at which a cathodic energy efficiency of 30% could be achieved (assuming

100% FEnns). Where again the top performing loadings are 0.5 and 1.0 mg/cm?.

248



a XC72 b Fe-N-C —02v

0 0
e e —— 04V
-100 —-06V
-200 4
&
£ -200- <
2 £
e S 400 08V
£ 3001 Z
o T —-1.0V
3 4004 M E -6004 - ]
© —12V
-500 800
-600 1 N
. . . : -1000 : ‘ : .
0 200 400 600 800 0 200 400 600 800
Potential (V vs. RHE) Time (seconds)

Appendix C.12 Constant potential electrolysis on the support materials. (a) XC72 and (b)

Fe-N-C in 1M KOH + 0.16M KNOg3 at potentials of -0.2 to -1.2 V vs. RHE for 15 min

each.
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Appendix C.13 Constant potential electrolysis on the support materials. (a) yFe203/XC72
and (b) yFe203/Fe-N-C in 1M KOH + 0.16M KNO3 at potentials of -0.2 to -1.2 V vs.

RHE for 15 min each.
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Appendix C.14 Constant potential electrolysis on y-Fe,Os/Fe-N-C with different yFe2O3
loadings. (a) y-Fe203s/Fe-N-C and (b) y-2xFe20s/Fe-N-C, (c) y-3xFe20Oz/Fe-N-C and (d)
v-4xFe20s/Fe-N-C in 1M KOH + 0.16M KNOs at potentials of -0.2 to -1.2 V vs. RHE for

15 min each.
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Appendix C.15 UV-Vis curves for the detection of NHz (ca. 655 nm) for the constant
potential NO3RR electrolysis in 1M KOH + 0.16M KNO3 over (a) XC72 and (b) Fe-N-C
at potentials of 0.2 V to -1.2 V vs. RHE for 15 min each. Samples were diluted to fall

within the calibration curves.
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Appendix C.16 UV-Vis curves for the detection of NHs (ca. 655 nm) for the constant
potential NO3RR electrolysis in 1M KOH + 0.16M KNO3 over (a) yFe203/XC72 and (b)
yFe20s/Fe-N-C at potentials of 0.2 V to -1.2 V vs. RHE for 15 min each. Samples were

diluted to fall within the calibration curves.
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Appendix C.17 UV-Vis curves for the detection of NHz (ca. 655 nm) for the constant
potential NO3RR electrolysis in 1M KOH + 0.16M KNO3 over (a) yFe20s/Fe-N-C and
(b) y-2xFe20s/Fe-N-C, (c) y-3xFe203/Fe-N-C and (d) y-4xFe.Os/Fe-N-C at potentials of
0.2V to-1.2 V vs. RHE for 15 min each. Samples were diluted to fall within the

calibration curves.
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Appendix C.18 A Control studies to confirm the origin of the N in the detected NH3

originates from the nitrate feed and not from contamination or decomposition of the Fe-

N-C support, utilizing the optimized y-3xFe.Os/Fe-N-C catalyst (a) Constant potential

electrolysis in 1M KOH without the addition of nitrate from -0.2 to -1.2 V vs. RHE. (b)

UV-Vis detection of the electrolyte after electrolysis over all potentials, showing the

absence of NHa. (c) *H NMR spectra showing the presence of only °NHjs after

electrolysis with 1M KOH and 0.16M isotopically labeled K®NOs at -1.0 V vs. RHE for

15 min. (d) FEnns and Yieldnus for standard K*NOs (blue) and isotopic K®NOs (red)

feed.
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Appendix C.19 Comparison of NOsRR performance from the literature and this work. (a)
log scale of ammonia partial current density (jnns) and (b) linear scale of jnnz. The
performance reported in this work is indicated by the red circles. The performance
increases to the right and up and the contours are determined as the log of the jnHz and

cathodic energy efficiency (CEE).
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Appendix C.20 LSV of the optimized y-3xFe2Os/Fe-N-C catalyst before and after the pre-
reduction activation step, holding at -1.5 V vs. RHE for 90 seconds. A clear enhancement

of both the reaction onset potential and maximum current density achieved after the pre-
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reduction step, forming surface Fe?*/Fe® species.
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Appendix C.21  XPS of y-3xFe>Os/Fe-N-C after the pre-reduction activation step at -1.5 V
vs. RHE. for 90 seconds (a) Quantification of the Fe species based on deconvolution of
the Fe 2p spectra as a function of Ar* ion etching. (b) Deconvoluted Fe 2p spectra after
each 60 second Ar* ion etch. Interestingly, the different Fe species remain stable after the
activation and through the first 2 Ar* ion etches. Therefore, the Fe speciation was

analyzed from the first Ar* ion etch.
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Appendix C.22 A XPS of y-3xFe,Os/Fe-N-C after the 24-hour electrolysis at -1.0 V vs.
RHE. (a) Quantification of the Fe species based on deconvolution of the Fe 2p spectra as
a function of Ar* ion etching. (b) Deconvoluted Fe 2p spectra of the catalyst after the 24-

hour electrolysis and after one 60 second Ar* ion etch. Therefore, data from the first etch

24 hrs-1.0V

714 712 710 708 706
Binding energy (eV)

have been selected for use in analyzing the oxidation state of Fe after the 24-hour

electrolysis. It can be seen after the second etching, a significant amount of higher

oxidation state Fe has been reduced to Fe0, which further increased as more etching steps

are performed.
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Appendix C.23 Darkfield and corresponding brightfield STEM images of the y-
3xFe 03/Fe-N-C after the durability test at -1.0 V vs. RHE for 24 hours. After the
electrolysis, slight coarsening of the iron nanoparticles is observed. The used catalyst

loaded carbon paper electrode was sonicated in IPA to remove some of the catalyst for
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imaging.

Appendix C.24 Darkfield STEM images of the atomically dispersed Fe-N-C catalyst after
NO3RR electrolysis at potentials from -0.2 to -1.2 V vs. RHE. Iron remains atomically
dispersed as observed in the high magnification images (a - ¢), while the absence of
metallic nanoparticles is observed in the lower magnification image (d). Showing the

robust nature of the atomically dispersed Fe sites under reductive potentials.
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Table 15. Literature summary of NOsRR performance. Reports in alkaline, neutral and acidic

media are shaded in blue, green and orange, respectively.

NOs FEnns | s Potential CEE
Catalyst pH [ (M) ] (%) (cnr:‘Az)/ (m :\ Jem?) (I;IHvEs). (%) Reference
RuNi/NF 14 1.000 97.0 1020 989.4 -0.60 29% 139
RuNi/NF 14 1.000 100.0 415 415.0 -0.20 39% 139
CuNi Alloy 14 0.100 99.0 50 49.5 -0.15 40% 106
Ru nanocluster 14 1.000 96.0 125 120.0 -0.20 37% 123
Cu@C 14 0.100 98.0 210 205.8 -0.70 28% 136
Cu-NBs-100 14 0.100 95.0 303 288.0 -0.15 38% 132
y-Fe203/Fe-N-C 14 0.160 98.7 301 297.0 -0.40 34% This work
y-Fe203/Fe-N-C 14 0.160 100.0 620 620.0 -0.60 30% This work
y-Fe203/Fe-N-C 14 0.160 95.5 966 922.0 -0.80 26% This work
y-Fe203/Fe-N-C 14 0.160 97.4 1402 1366.0 -1.00 24% This work
y-Fe203/Fe-N-C 14 0.160 100.0 1953 1952.8 -1.20 23% This work
Fe-N-C 13 0.100 98.4 33 32.5 -0.70 28% 64
CoP/TiO2 nanoarray 13 0.100 87.5 85 74.4 -0.50 28% 75
Pd nanoparticles 13 0.020 35.0 4 1.5 -0.20 14% 2o
CoOx nanosheets 13 0.100 93.4 3 2.8 -0.30 34% e
Ni3B@NiB2.74 13 0.100 100.0 65 65.0 -0.30 36% 134
Co304 - CoVac 13 0.100 92.0 130 110.0 -0.60 28% 137
Cu-N-C 13 0.100 84.7 64 54.2 -1.00 21% L
Pd/TiO2 7 (LiCl) 0.250 92.1 15 13.8 -0.70 30% e
Cu(l)-N3C1 7 0.036 93.9 33 30.5 -0.64 25% =
3.67V
Ni(OH), 7 0.024  90.4 25 22.6 (Cell) 13% 180
Co doped Fe/Fe203 7 0.006 85.0 20 17.0 -0.75 22% 5l
CoP nanorings 7 0.050 97.1 20 19.4 -0.50 28% 252
Fe-N-C 7 0.500 75.0 35 26.3 -0.66 20% 63
O-Cu-PTCDA 7 0.005 86.0 12 10.3 -0.40 27% 87
TiO2-0OV 7 0.001 85.0 8 6.8 -0.97 20% go2
PdX-NCs 7 0.005 96.1 7 6.7 -0.70 25% g5
Fe203 NA 7 0.100 69.8 125 87.2 -0.90 17% =
Ir nanotubes 1.1 1.000 83.0 3 2.3 0.06 25% £
pCuO-10 1 0.050 69.0 140 96.6 -0.50 14% 138
TiO2 0.77 0.400 82.0 27 22.0 -1.00 13% 88
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