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ABSTRACT

The Haber-Bosch process, invented at the turn of the 19th century, revolutionized
agriculture by providing a way to make ammonia—an important component of fertilizer—
from nitrogen and hydrogen. It’s been estimated that without artificial ammonia
synthesis, up to half the population would starve. However, this miracle chemistry
comes with costly downsides, responsible for the consumption of an estimated 2%
of global energy and for up to 1.6% of global carbon dioxide emissions. Therefore,
the development of new methods of ammonia synthesis that are compatible with a
greener society is a task of paramount importance. In this thesis, one such method for
doing so—an electrochemical cascade reaction involving a plated alkali metal and a
homogeneous titanium compound—is developed and explored. Electrochemically-
generated sodium naphthalenide in conjunction with titanium isopropoxide is shown
to enable a high rate of ammonia synthesis, but low selectivity. By contrast, potas-
sium metal with titanium isopropoxide allows for much higher selectivity at the cost
of rate. It is found that the rate-determining step of these reactions is usually elec-
trochemical reductant generation, a powerful discovery that allows for precise tun-
ing of rate via changing applied current density. This spatially-decoupled reaction
paradigm is also applied to other alkali metal and transition metal compounds in
order to open up a wider chemical space. While much remains unknown about the
mechanism of this system, the novel reactivity demonstrated in this work will have

immense impacts on the field of sustainable ammonia synthesis.
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Chapter 1

INTRODUCTION

Life on Earth as we know it could not be sustained without artificial ammonia syn-
thesis. Ammonia (NH3) is an essential fertilizer; without the ammonia currently
produced from nitrogen and hydrogen in the Haber-Bosch process, approximately
three billion people would starve.! Additionally, ammonia is a vital reagent for or-
ganic synthesis in many forms; it serves as an acidity-modifying solvent as well as
a nucleophile that forms a building block for many different functional groups.> As
of 2022, global production of ammonia by mass was 150 million metric tons; and
to further drive home its importance, it is the only reaction to have won three Nobel
Prizes in Chemistry (in 1918, 1931, and 2007).>*

1.1 The Haber-Bosch process

Chemistry and Operation

Over 90% of ammonia is currently produced by the Haber-Bosch process,”> which
combines N, and H, over an iron or ruthenium catalyst to form ammonia via the

following reaction:

0.5N(g) + 1.5H;,(g) == NH;3(g) (1.1)

Ammonia formation via this method is exothermic by 46.1 kJ mol! at NTP. Thus, it
is favored thermodynamically at high pressures and low temperatures. At ambient
temperatures, the reaction is too kinetically sluggish to produce significant amounts
of product; therefore, it is necessary to apply both high temperature (to increase rate
of reaction) and high nitrogen and hydrogen pressures (to shift the equilibrium to-
wards ammonia). Due to these fundamental limitations, modern Haber-Bosch plants
operate at 350—450 °C and 100-200 bar.

However, even these conditions are not sufficient for a single-pass conversion of
more than 15%, necessitating recycling the remaining feedgas multiple times.” This
increases the energy intensity of the process; a typical energy efficiency for the
Haber-Bosch process is around 65%.% Overall, the process is able to achieve up
to 97% conversion after multiple passes.” This demonstrates that proper reactor and

process engineering is just as important than development of a chemical reaction



2

itself, and will be a major component of future efforts at sustainable ammonia syn-

thesis.

The way in which the feedgas is prepared is also of importance. Nitrogen is isolated
from air via cryogenic distillation, followed by filtration to obtain ultra-pure nitrogen
feedstock. This is necessary as oxygen poisons Haber-Bosch catalysts.® Hydrogen

is produced via steam methane reforming (SMR):

CH4(g) + H20(g) == 3Ha(g) + CO(g) (1.2)

SMR is highly endothermic (AH? = +205.9 kJ mol™! at 298 K) and thus is operated
at temperatures between 500-900 °C and pressures >20 atm.’ Following this step,

the syngas produced undergoes the water-gas shift (WGS):

CO(g) + H,O(g) == CO:(g) + Ha(g) (1.3)

WGS is slightly exothermic (AH? = -41 kJ mol™! at 298 K), so this reaction is typi-
cally run at 350 °C. Finally, pressure swing adsorption is used to purify the resulting
H.)

Environmental issues of the Haber-Bosch process

The Haber-Bosch process poses an immediate and grave threat to the environment.
By itself, it is responsible for 1.2% of global anthropogenic CO, emissions."!?
50% of Haber-Bosch plants produce ammonia using methane as a feedstock. The
SMR/WGS process has been estimated to produce 13.7 kg CO,/kg H, when methane
is used as feedstock, representing approximately 76% of the CO, emissions from the
Haber-Bosch process.' ™13 The remaining 24% of emissions in this case occur from

the burning of methane to provide the heat necessary to form ammonia.

Utilization of methane is the current best-case scenario for Haber-Bosch emissions;
the other 50% of Haber-Bosch plants utilize oil (31%) or coal (19%), both of which
produce significantly more greenhouse gas (GHG) emissions than methane.® Addi-
tionally, calculations of the GHG emissions associated with the Haber-Bosch pro-
cess ignore the environmental impact of natural gas extraction, which pollutes the

air and destroys natural ecosystems. !4



Socioeconomic issues of the Haber-Bosch process

Because Haber-Bosch plants must be capable of producing high temperatures and
extreme pressures, and require large amounts of fossil fuels to run, they are extremely
capital-intensive. Thus, there are fewer than 100 Haber-Bosch plants worldwide,
largely concentrated in North America, Europe, China, and India.'> This results
in disproportionate costs of fertilizer in developing countries, which in turn means
that typical fertilizer use across Africa is an order of magnitude less than the global
average. For example, in Sierra Leone, fertilizer use has been estimated at 4 kg/ha,
compared to the global average of 100 kg/ha. This has contributed to a significant

agricultural output deficiency: 50% of households are food insecure.'®

Additionally, a large portion of electricity in developing countries is generated by
renewable sources such as hydroelectric or wind. For example, across Africa, hy-
droelectric power accounts for at least 17% of the total electricity generated.!” Be-
cause hydroelectric power is by nature intermittent and weather-dependent, it is ex-
ceptionally difficult to develop the infrastructure for an energy-intensive process like
Haber-Bosch in these developing countries. Thus, the Haber-Bosch process actively

contributes to global inequality and food insecurity.

Finally, the events of the last five years have brought into sharp relief the importance
of decarbonized technology for fertilizer production. The United States’ recent in-
vasion of Iran as well as the ongoing Russia-Ukraine war demonstrate the risks of
being completely dependent on natural gas for agriculture. In October 2022, just 8
months after Russia’s invasion of Ukraine, roughly 70% of European ammonia pro-
duction was shut down or reduced due to the sudden increase in natural gas prices.'®
Meanwhile, the ongoing blockade of the Strait of Hormuz is impacting both natural
gas and ammonia availability, particularly in South Asia.'® A method of producing
ammonia that is not dependent on global politics and is compatible with intermittent

energy sources is thus a matter of some socioeconomic urgency.

1.2 Electrochemical ammonia synthesis

Electrochemical ammonia synthesis offers solutions to both the environmental and
socioeconomic problems posed by the Haber-Bosch process. It can be performed at
ambient temperature and atmospheric or slightly-elevated N, pressure, effectively
doing away with the quarter of emissions associated with generating the extreme
conditions required for Haber-Bosch catalysts to work. Many electrochemical am-

monia synthesis conditions utilize mild organic acids rather than hydrogen as a pro-
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ton source for ammonia. While this poses its own environmental problems, it does
do away with the necessity of methane steam reformation. If hydrogen is used as
a proton source, it can be synthesized electrochemically using a water electrolyzer,
which is feasible on the small, localized scale envisioned for electrochemical ammo-

nia synthesis processes.?’

Because electrochemical ammonia synthesis can operate on a smaller scale, and in-
termittently, it is ideally positioned to address the socioeconomic inequalities engen-
dered by the Haber-Bosch process as well. A hypothetical small-scale electrochem-
ical ammonia synthesizer would require a much smaller upfront capital investment,
making it more accessible to farmers who currently cannot afford the fertilizer they
need. Additionally, because the process operates at ambient temperature and thus
can be stopped and started without enormous efficiency losses, the technology is
compatible with even very intermittent electricity sources, offering the ability to

synthesize ammonia in places where access to electricity is inconsistent.

Li-mediated electrochemical nitrogen reduction (LiNRR)

LiNRR was initially discovered in the 1930s by Erlenmayer, and rediscovered in
the 1990s by Tsuneto et al.>!2*> The technology was fully verified in the late 2010s,
and has advanced rapidly since then as a result of increased interest in sustainable
ammonia production.’*?> Faradaic efficiencies (FEs) of 100% have been reported
at 15 bar, and nearly 100% FE has been achieved at ambient pressure.?5-2® Despite
these significant advances, the system has many disadvantages that currently hinder

its commercial viability.

The mechanism of LiNRR has yet to be fully elucidated. However, the commonly-
accepted mechanism involves Li metal—the only catalyst that can spontaneously
split nitrogen at room temperature—being electrochemically plated. This metal ther-
mochemically reacts with nitrogen to form LizN. This intermediate then reacts with
a proton donor—usually present in solution—to give ammonia and regenerate Li

salt, as shown in Fig. 1.1.%*

The two main processes competing with ammonia formation are Li plating and the

hydrogen evolution reaction (HER).?’

If Li plates too quickly, not all plated Li is
used to reduce Ny, resulting in FE losses and an eventual buildup of Li on the elec-
trode. However, by far the most parasitic process is HER. Hydrogen evolution occurs
thermochemically due to the reaction of Li with protons in solution. It also occurs

electrochemically, at a much more positive potential than Li plating (O V vs. NHE,
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Figure 1.1: Postulated mechanism of LiNRR.

as opposed to -3.04 V vs. NHE for Li plating).’° Protons must be present in solu-
tion for ammonia to be formed, so they cannot simply be removed from the system

entirely. Thus, enabling Li plating while avoiding HER is a challenging problem.

The most common approach taken by research groups to address this issue is mini-
mizing the activity of protons present in solution while maximizing the activity of
N,. Proton activity is commonly reduced both by using the minimum quantity of
proton donor necessary and utilizing a relatively-basic proton donor such as ethanol
or a similar alcohol.>!32 Effective N, concentration can be increased either by the
use of a gas diffusion electrode to reduce boundary-layer thickness at the electrode,

or by simply increasing N» pressure.?

Complicating the system is the existence of the solid-electrolyte interphase (SEI), an
ionically-conducting, electronically-insulating layer which forms on top of metallic
Li.3* Originally investigated in the context of Li-metal batteries, the SEI has been
identified as a key player in the transport of N to the plated Li, and hence has a large
impact on the kinetics of the system. If the SEI is too “protective,” neither nitrogen
nor protons reach the Li metal, and it becomes totally inert. Indeed, Manthiram
and co-workers found in 2023 that without a proton donor present in the system,
N is prevented from reacting with Li. By contrast, if the SEI is too porous, HER

dominates and no ammonia is formed.?’

Recent efforts to improve selectivity towards ammonia in LiNRR have focused on
electrolyte and electrode engineering. At high pressure, two separate works have
achieved 100% or near 100% FE. MacFarlane and co-workers achieved 100% FE
utilizing a lithium trifluoromethanesulfonate (LiTFSI) electrolyte and 15 bar N;.26
They attribute the remarkable success of their system to the stability of the TFSI
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anion under strongly reducing conditions, resulting in a very thin SEI. They also
postulate that the ability of the TFSI™ anion to facilitate fast Li* transference at the
electrode-electrolyte interface is key to the excellent performance of their system.

However, it is unclear how many of their conclusions are valid at ambient pressure.

By contrast, Chorkendorff and co-workers—also at high pressure—utilized a LiBF4
electrolyte to achieve nearly 100% FE at 20 bar N,.?’ Remarkably, they also achieved
a current density of -1 A cm™, which is over an order of magnitude larger than any
group has demonstrated. Their success is attributed to the BF4~ counteranion break-
ing down to form a LiF-rich SEI that facilitates efficient transport of both Li* and
N to the electrode surface. Interestingly, this conclusion contradicts that of Mac-
Farlane et al., who have written that unstable counteranions such as BF4™ necessarily
result in lower FEs and a highly unstable system. Chorkendorff et al. also demon-
strated 67% FE towards ammonia from N, and H; at ambient pressure with the use
of a continuous-flow system.?® They utilized gas diffusion electrodes to overcome
N»>/H; transport limitations. Besides the significant achievement of nearly 70% FE
towards ammonia at ambient pressure, the group also showed that at least 50% of
produced ammonia was in the gas phase, significantly simplifying the separation

process.

Finally, just this year, 98% FE towards ammonia in LiNRR was demonstrated at
ambient pressure, along with a record energy efficiency of 21%.2® The authors hy-
pothesized that in a system with sufficiently optimized nitrogen transport through
the SEI to the lithium surface, the reaction becomes limited by diffusion of lithium
ions through the SEI. After performing theoretical calculations to determine factors
affecting the rate of reaction, they utilized a Li difluoro(oxalato)borate (LiDFOB)
electrolyte in THF in order to form an SEI rich in LiF, which they hypothesized to
enable faster Li diffusion to the surface. Indeed, they found that this was the case,
and achieved 98% FE (80% over 40 hours). Due to the increased diffusion coeffi-
cient of Li ions, they were also able to reduce the cathodic overpotential significantly
and achieve 21% EE.

Despite the remarkable progress in recent years towards developing LiNRR, the
system has serious flaws that make industrial viability challenging. First, the system
as a whole has a hard cap on energy efficiency (EE) of 38% due to the extremely
negative potential of Li plating.?* This is not an insurmountable hurdle at small scale,
but the maximum EE of nonaqueous LiNRR is likely to be much lower than that due

to the high resistance of nonaqueous electrolytes. The highest EE ever achieved for
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LiNRR, cited above as 21%, requires a 2 M solution of LiDFOB, an expensive fine

chemical.

Cost is another important metric which LiNRR currently fails. Demand for Li is
growing exponentially due to rising demand for Li-metal and Li-ion batteries, which
are vital for grid storage, electric vehicles, and many other renewable energy appli-
cations.?” Although significant strides are being made in battery recycling and elec-
trochemical lithium extraction, the market is still susceptible to sudden swings and
peaks in prices as lithium supply remains ill-equipped to meet sudden increases in

demand.3®

1.3 Titanium-mediated ammonia synthesis

The first example of the use of titanium for nitrogen reduction to ammonia (TiNRR)
was published in 1964 by Vol’pin and Shur,*® with an English follow-up in 1966.4
Motivated by the known activity of metal centers in biological nitrogenases and the
(at the time) recent discovery of the ability of molybdenum and tungsten complexes
to fix nitrogen,*! the authors screened a variety of transition metal complexes (includ-
ing chromium, iron, and titanium) and reductants (primarily LiAlH4 and EtMgBr).
Upon initial testing, they found that TiCl, with EtMgBr at 150 atm of nitrogen gave a
10% yield of fixed nitrogen vs. Ti (Fig. 1.2a). However, switching from TiCly to the
more electron-rich complex Cp,TiCl,, the authors were able to demonstrate 100%
conversion of nitrogen vs Ti at 150 atm (Fig. 1.2b). More strikingly, they were able
to reach a 70% yield at atmospheric pressure. Both these results were an order of

magnitude higher than all other metals and conditions screened.

a

Cl 1. xs EtMgBr
Cled.Cl Ny, 150 atm
T Hs
Cl 2. Aq. acid 10%
b
1. xs EtMgBr
7 Ll Ny 150atm

Ti —  NH;

< @  2Aqacd  100%

Figure 1.2: Results of Vol’pin and Shur’s initial studies on Ti-mediated nitrogen
reduction.

a) Reduction reaction using TiCly.>* b) Reduction reaction using Cp,TiCl,.>

These results kindled interest in titanium- and particularly titanocene-mediated am-

monia synthesis; the following year, Hans Brintzinger published a two-part EPR
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study on nitrogen reduction at CpoTiCl, using EtMgC1.#>*? He proposed a hydride-
mediated mechanism, wherein the Grignard reagent first attacked the Ti center to
form MgCl and a Ti alkyl, which then underwent an elimination reaction to give
ethylene and a Ti hydride dimer (Fig. 1.3a).*> The next year, Brintzinger revised his
thesis after a more detailed EPR study, concluding that the Ti hydride was in fact

)44

a monomer (Fig. 1.3b).™ Two years later, Henrici-Olivé concluded, based on their

studies of reactivity, that the “monomer” observed by EPR as a result of reduction

by Cp,TiCl, by Grignard reagent was in fact an asymmetric dimer (Fig. 1.3¢).®

a

ﬁ ,Cl xs EtMgClI Q _\H\ /%

Q> Cl > QI‘H I@

+ MgCl,

b c
g\ 2+\H\ %

O
Q\T M et
<5 H < Z
Figure 1.3: Brintzinger and Henrici-Olivé’s hypothesized Ti hydride structures.
a) Initial reaction and structure proposed by Brintzinger in 1966.*> b) Hydride
monomer proposed by Brintzinger in 1967.* ¢) Asymmetric hydride dimer

proposed by Henrici-Olivé in 1969.+

However, the hypothesized behavior of this hydride complex is not compatible with
other mechanistic evidence gathered around this time. In 1967, Maskill and Pratt
performed a kinetic study on the Cp,TiCl,/Grignard system.*® They found that the
concentration of reductant was important until 0.66 M (16 equiv per Ti in their sys-
tem), after which the concentration became unimportant. Based on this result and
their observations of color changes at the beginning of the reaction, they hypothe-
sized that the reaction between EtMgBr and Cp,TiCl, was very fast and occurred
before any nitrogen reduction steps had occurred. However, the proposal that 16
equivalents of reductant are necessary to reduce one Ti compound before any nitro-
gen reduction can occur is somewhat far-fetched. The authors are likely correct that
a reduction reaction between EtMgBr and Ti is occurring independent of the other
steps (particularly since they observe the same type of color change and efferves-
cence regardless of whether nitrogen is present), but EEMgBr probably plays a more

complex role in the reaction.

In addition to this, Maskill and Pratt also found a dependence on nitrogen partial

pressure, which appeared to follow saturation-type kinetics: at low nitrogen partial
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pressures (< 0.5), the partial pressure strongly affected the reaction rate. However,
above these pressures, increasing partial pressure had no effect. Additionally, they
uncovered a second-order dependence on Ti concentration at 1 atm nitrogen partial
pressure. This suggested the existence of two distinct regimes: the low-pressure
regime (N; partial pressure < 0.5), where the rate-limiting step involved nitrogen,
and a high-pressure regime (N, partial pressure > 0.5) where the rate-limiting step
was dictated by Ti concentration. This also suggested that the active form of the tita-
nium species was a dimer of some sort. From this, and from the previously-reported
fact that in this system, ammonia is not formed before quenching (thus ruling out a
hydride-related mechanism of ammonia formation),*’ the authors concluded that the
titanium hydride identified by Brintzinger was likely a minor byproduct rather than
the major reactive species. This has been borne out by the subsequent literature, in

which titanium-hydride-mediated nitrogen reduction has not been proposed since.

Exploration of the titanium reductant came next, and proved a major breakthrough
for the field. Dr. Eugene van Tamelen is better known for the first synthesis of Dewar
benzene,*® his contributions to biomimetic chemistry,*” and for being the mentor of
Barry Sharpless.’® However, he was also an immense force for progress in TiNRR
development, publishing 7 papers over only three years (1967 — 1970).7'~>7 His first
major innovation was the use of titanium alkoxides rather than titanocenes.>* In situ
generation of di-tert-butyltitanium(I'V) chloride was accomplished by mixing TiCly
with two equivalents of KO7Bu under nitrogen at ambient pressure; to this solu-
tion was added two equivalents of potassium metal to reduce the titanium species
(Fig. 1.4). This system was remarkable for being the first titanium-mediated nitrogen
reduction which did not require quenching to produce ammonia; that is, ammonia
was produced in situ and was detected in an acid trap downstream of the reactor.
The yield of this volatile ammonia was 10-15% (relative to Ti) over three weeks: a
slow rate, but an immense conceptual step forward, as in situ production of volatile

ammonia meant that in theory, the active site could be turned over.

Cl ;)tBu .
N <~ 2K 12N .
Cl '|I'i cl + 2 KOfBu Cl Ti OfBu — = "T*(OtBu)," : 2 NH; + [Ti*"]
¢ I diglyme

Figure 1.4: Initial titanium-mediated nitrogen reduction system by Van Tamelen and
coworkers.>*

Two major hypotheses were put forward in this work which have remained founda-

tional to the field. First, the researchers observed that two full equivalents of potas-
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sium were required to initiate ammonia synthesis. When only one equivalent was
added, no ammonia was detected. From this, the authors concluded that titanium(II)
must be involved in the nitrogen reduction reaction, as shown in Fig. 1.4. This ob-
servation (that two equivalents of reductant are required to begin TINRR) has been
repeated in different experimental settings.>?>® However, the exact reason for this
observation remains unclear. It may be that, as van Tamelen and coworkers specu-
lated, Ti(II) is the active species for ammonia synthesis. However, there are other
possibilities. One alternative hypothesis is that the first equivalent of reductant is
required to generate Ti(Ill), which then binds nitrogen. The bound nitrogen could
then be reduced by the potassium metal. It also remained unclear what the source

of the third electron for this three-electron reduction process was.

The second major hypothesis was that the source of protons for ammonia formation
in systems wherein ammonia is released before the addition of a proton source such
as acid or water is the ethereal solvent.>* Reactions run with careful precaution taken
to remove all adventitious water did not show any decrease in yield, while reactions
run in non-ethereal solvent—such as benzene or xylene—did not produce any am-
monia without addition of an outside proton source. Additionally, the identity of the
alkoxide ligands on Ti did not appear to affect yield significantly, suggesting that the
proton source is not the alkoxides. Intriguingly, this suggests that ethereal solvents
such as THF or DG are simultaneously poor proton donors for hydrogen evolution

at alkali metals and competent proton donors for reduced nitrogen-titanium species.

58 van Tamelen and co-workers were able

Despite all this mechanistic murkiness,
to push this system’s performance significantly higher. Their first innovations were
enabling a) catalytic turnover of the Ti compound and b) operation in air rather
than pure nitrogen gas.’' The authors generated sodium naphthalenide in situ and
then added Ti(O'Pr), in ethereal solvent under nitrogen (Fig. 1.5). By addition of
isopropyl alcohol (IPA) to release ammonia, with subsequent addition of sodium to
regenerate the active reductant, they were able to achieve up to 340% yield vs Ti.
Even more impressively, they were able to run this reaction under air, observing up
to 44% yield vs Ti.

1/2 Ny iPro _OiPr

"Ti2+(OiPr)2" — 12 rO;TiZ“--NEN—TiZ* —— NH; + [Ti4+]

P
I'Pro\_fl_)il/cr)ipr 2 NaNp
~oiPr THF

(I)iPr
Figure 1.5: Catalytic titanium-mediated nitrogen reduction system by Van Tamelen
and coworkers.>!
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Next, Van Tamelen and co-workers turned their attention to electrochemical Ti-
mediated ammonia synthesis. In the first instance, 90 V was applied across two Pt
electrodes in a solution of Ti(O'Pr)4 and aluminum chloride (A1Cl3) in dimethoxyethane
(DME) for two days under nitrogen.’> Extreme conditions notwithstanding, they
were able to achieve up to 10% yield of ammonia vs Ti (Fig. 1.6a). In keeping with
prior observation, they also noted that ammonia formation did not begin until at least
two equivalents of electrons had been passed per Ti compound. They also observed
that the reaction turned blue while current was being passed up until one electron
per Ti (which they hypothesized suggested the presence of Ti(Ill)), and then black
(which they identified as a marker of a Ti(I[) compound).

a
OiPr

; . Pt|Pt, 90V

IPFO\_Il_i/O,pr | Pt, [Ti?4] L NH; + [Ti**]
|
OiPr DME, AICl3 10%

b
OiPr .

; . NiCr | Al, 40 V . N ;

lPrO\_fi/o,p,- iCr| [Ti?Y] —2» NH; + [Ti*]
OiPr DME, AI(OiPr)y, 610%

TBACI, naphthalene

Figure 1.6: Electrolytic titanium-mediated nitrogen reduction system by Van Tame-
len and coworkers.
a) Electrochemical TiNRR utilizing Pt electrodes.’” b) Electrochemical TINRR
utilizing a NiCr cathode and an Al anode.>>

Electrochemical TiNRR was then demonstrated catalytically as well.>> A solution of
Ti(O'Pr)y4, naphthalene, tetrabutylammonium chloride (TBACI), and aluminum iso-
propoxide (AI(O'Pr)3) in DME under nitrogen was subjected to a 40-V electrolysis
for 11 days. Again, these extreme conditions gave promising results: upon quench-
ing, they measured 610% yield vs. Ti (Fig. 1.6b). They hypothesized that reduced
nitrogen on Ti could be transferred to Al(O'Pr)3, freeing the reduced Ti to fix more
nitrogen and the reduced nitrogen to form ammonia. To test this hypothesis, they
also introduced Al(O'Pr)3 to the previously reported nitrogen reduction by NaNp
and Ti.>! Upon doing so, they were able to obtain a yield of 275% vs. Ti, suggesting

that the Al center does indeed play a role in turning over the Ti complex.

At this time, Van Tamelen and co-workers performed several other crucial mechanis-
tic studies. Their first important conclusion was that, indeed, ethereal solvent can act

as a proton source in this reaction. They performed an experiment with potassium
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metal, a titanium alkoxide, and nitrogen in deuterated THF and were able to mea-
sure 10% yield vs. Ti of deuterated ammonia in an acid trap.”® Given the well-known
propensity of ammonia to perform hydrogen-exchange in water,>® the observation
of any deuterated ammonia is an affirmative sign that the proton source is indeed
the solvent. They also observed a significant KIE , with significantly more slug-
gish kinetics observed in deuterated THF. This suggested that, at least at ambient

conditions, ammonia protonation is part of the rate-determining step.

The final mechanistic hypothesis made as part of this body of work was the sugges-
tion that the active titanium complex is highly unstable and likely oligomerizes in
the absence of nitrogen to form a less reactive Ti oligomer, which only slowly re-
leases the active Ti complex. This hypothesis is supported by the evidence that the
reaction happens much faster when titanium is reduced under nitrogen than when it
is reduced under argon and subsequently exposed to nitrogen.>> Hearkening back
to Brintzinger’s early EPR characterization of this system, the authors proposed
that Brintzinger’s hydrogen abstraction mechanism was likely a minor—possibly

parasitic—pathyway.*?

Finally, no accounting of titanium-mediated ammonia synthesis would be complete
without a mention of the excellent work of Liddle and co-workers. There have
been numerous reports of nitrogen binding and reduction from the 1970s up un-

til the present day,%072

but Liddle was the first and only author since Van Tamelen
to successfully demonstrate catalytic titanium-mediated ammonia synthesis.”®> The
researchers utilized a triamidoamine-ligated titanium(III) complex with KCg reduc-
tant and trialkylphosphonium acid salts as proton source to generate ammonia with
TON of the titanium complex up to 18 (Fig. 1.7): a record number in the field. They
were able to obtain crystal structures of several of the key intermediates, finding an
end-on-bound dinitrogen dititanium(IIT) dimer followed by a K*-stabilized reduced
nitrogen dititanium(I'V) structure, which then rapidly underwent further reduction

and protonation to release ammonia.

/SiMe3
/ \\\SiMe
(/ '\Il\\N ’ N,, 1 atm
N —>'I|'i~—-l > NHs
N_ . [CysPHI[], KCg 718 equiv.
SIMe3 Et20

Figure 1.7: Catalytic titanium-mediated nitrogen reduction system by Liddle and
coworkers.”?
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1.4 Thesis Outline

In this introduction, the history and background of artificial ammonia synthesis—in
particular, the workings of the Haber-Bosch process, recent progress made in the
field of LiNRR, and our accumulated knowledge of TINRR—is discussed. Chapter
2 takes this background forward into the development of electrochemical TINRR by
replacing the thermochemical reductants used in the previously-outlined literature
with an electrochemically-generated reductant—sodium naphthalenide—which can
then reduce Ti. We find FEs of up to 24% and rates comparable to the highest rates
reported in LiNRR, and discover that the rate-limiting step of this reaction is sodium

plating.

In Chapter 3, this concept is taken a step forward and the sodium naphthalenide re-
ductant is replaced with electrochemically-generated potassium metal. This reaction
is significantly more selective—FEs above 50% are achieved—and displays moder-
ate selectivity at ambient pressure. This is a significant advantage compared to the
sodium naphthalenide system, which performs best at pressures of 10 bar nitrogen or
above. A shift in the rate-determining step is observed in these two regimes. At high
pressure, potassium plating is the rate-determining step, while at ambient pressure,

the rate-determining step involves all three reaction components.

In Chapter 4, efforts are made at determining the mechanism of the reaction and
expanding its scope. In situ UV-vis spectroscopy is attempted to identify discrete
processes, and it is found that multiple processes are occurring at once, rendering
the method limited in usefulness. A more detailed kinetic analysis is performed
on the kinetic data presented in Chapter 3, resulting in a more detailed mechanistic
proposal. Then, the hypothesis that potassium-titanium-mediated nitrogen reduc-
tion occurs in a stepwise electrochemical-thermochemical fashion is tested, and we
find that, indeed, electrochemical potassium plating and thermochemical titanium
and nitrogen reduction occur independently of each other. A study of the effect of
proton donors on TiNRR is performed, in which it is discovered that—surprisingly—
addition of proton donor does not have a pronounced effect on selectivity below a
certain “tipping point” concentration. Finally, the scope of the reaction is expanded

to different alkali metals and early transition metals.

Chapter 5 summarizes the research presented in this thesis and discusses how it can
be used to further the field of electrochemical TiNRR and eventually decarbonize

ammonia production.
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Chapter 2

SODIUM-MEDIATED REDOX CASCADE FOR
ELECTROCHEMICAL AMMONIA SYNTHESIS

(1) Klein, C. K.; Lindenfelser, A.; Yusov, M. A.; Jain, A.; Jones, R. J. R.; Gre-
goire, J.; Manthiram, K. Joule 2025, 9, 101923,

2.1 Abstract

Artificial ammonia synthesis is vital to modern life; however, the Haber-Bosch pro-
cess, by which most ammonia is synthesized, is capital and carbon intensive. Zero-
valent-metal-mediated ammonia synthesis is a promising alternative but requires a
metal that is both a strong reductant and forms a stable nitride. Only a small num-
ber of metals, like lithium, can satisfy these constraints. Therefore, we developed
an electrochemical paradigm enabling the use of different reductants by orthogonal-
izing the roles of the zero-valent metal between sodium metal and a Ti active site.
These components are cheaper than lithium by two orders of magnitude. Using a

~land

sodium-naphthalene-titanium cascade, we achieved a rate of 475 nmol cm™2 s
a faradaic efficiency of 24% and found that the reaction rate depends primarily on

current density.

2.2 Introduction

Life on Earth as we know it could not be sustained without artificial ammonia synthe-
sis. Ammonia is an essential component of fertilizers, and the ammonia produced
from nitrogen and hydrogen in the Haber—Bosch process enables the world to sup-
port nearly double the population it could otherwise.! However, this process comes
with costly downsides. It requires high temperatures (350-450 °C) and extreme
pressures (150-200 bar), necessitating capital-intensive plants and around-the-clock,
continuous operation. This precludes the use of most renewable energy sources,
which are intermittent.”* Additionally, ammonia synthesis is responsible for 1-2%
of global CO, emissions and consumes 3-5% of the world’s natural gas.”> Such a
paradigm is entirely incompatible with a clean energy future. Thus, it is vital to
develop an alternative that can operate at milder conditions, make use of renewable

energy sources, and reduce the CO; footprint.

Many such alternatives have been put forward, most of which rely on voltage to
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drive the reaction rather than pressure and temperature.’® Both heterogeneous and
homogeneous methods of the electrochemical nitrogen reduction reaction (eNRR)
have been successfully demonstrated.”” The most reliable heterogeneous method of
eNRR is the Li-mediated nitrogen reduction reaction (LiNRR)?® which has demon-
strated some of the highest partial current densities towards ammonia to date.”®
LiNRR is mechanistically quite simple (Fig. 2.1a). The electrolyte consists of nitrogen-
saturated ethereal solvent, in which a lithium salt and a proton source are dissolved.
Upon application of a reductive current at the cathode, lithium plates out to form Li°,
which reacts with nitrogen to form lithium nitride. This then reacts with the proton
source in solution to produce ammonia and a Li(I) salt, which can theoretically be

re-plated.?*

a Electrochemical Li-Mediated b Thermochemical Ti-Mediated C This' W°”,“ "
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LiBFs Na’ (excess) NaOTf
EtOH (0.1M) " Naphthalene (excess) Naphthalene (0.2M)
N, (varying pressure) Na Ti* Ti(OiPr), (0.1M)
THF Bubbled N, N, (10 bar)
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« Continuous operation possible « Batch operation only - Continuous operation possible
« Transport-limited by N, « Facile kinetics at Ti(ll) center - Rate set by current density
« Active alkali metal generated is consumed immediately « Large excess of active alkali metal - Active alkali metal generated is consumed immediately

Figure 2.1: Schematic comparison of LiNRR and thermochemical Ti-mediated
NRR to the proposed work.
a) Schematic of LiNRR. X = some counteranion (usually BFy). b) Schematic of
thermochemical TiNRR. ¢) Schematic of the sodium-mediated electrochemical
cascade for eNRR described in this work.

Despite its high performance, LiNRR has several significant downsides. First, the
combined function of reductant, nitrogen fixation center, and supporting electrolyte
in a single species leaves little room for optimization. Additionally, the process uses
expensive Li salts. These salts are two to three orders of magnitude more expensive
than most other alkali metal salts, in part due to the burgeoning demand for lithium-
ion batteries.’®’® Cheaper metals have been pursued for this process: indeed, cal-
cium and magnesium have recently been demonstrated to be capable of eNRR,3¢:7°
as these metals can spontaneously form a metal nitride like lithium. However, the
list of metals that are productive for eNRR is limited: the plated metal must spon-
taneously form a metal nitride under ambient conditions, but the nitride cannot be
too stable, or the protonation step becomes difficult.8? Additionally, the key nitrida-

tion step is often slow, limiting the overall rate of reaction in non-Li eNRR systems.
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Therefore, it would be ideal to develop a system in which the compounds involved
in the electrochemical and thermochemical steps are orthogonalized, without sacri-
ficing the kinetic facileness of nitrogen reduction in the presence of an alkali metal

reductant.

To address these challenges, we developed a strategy to decouple the electrochem-
ical and thermochemical steps, enabling greater control over each process while
maintaining the kinetic advantages of nitrogen reduction in the presence of an alkali
metal reductant. We sought a reductant that is cheaper and has a more positive re-
duction potential than lithium and a nitrogen-binding site that can achieve high rates
of thermochemical nitrogen fixation. Successful NRR has been demonstrated ther-
mochemically via reduction with sodium naphthalenide of Ti(IV) to Ti(Il), which
is capable of reducing N, under even ambient conditions>*> (Fig. 2.1b). Based on
these studies, we utilized an electrolyte containing a Na(I) salt, naphthalene, and
titanium tetraisopropoxide (Ti(O'Pr);) in diglyme at 10 bar N; pressure to accom-
plish our goal (Fig. 2.1c). In this cascade system, nitrogen reduction is enabled by
first plating sodium, the key electrochemical step, followed by reduction of naphtha-
lene to sodium naphthalenide (NaNp) and subsequent reduction of Ti(IV) to Ti(II),
which binds to N, and splits the triple bond. In contrast to LiNRR, in this system,
the species that is electrochemically reduced (i.e., Na*) is different from that which
binds and reduces nitrogen (i.e., the titanium complex). Hence, the interfacial elec-
tron transfer and nitrogen bond scission steps can be tuned independently of each
other. Under our conditions, we have achieved rates of NH3 production up to 475
nmol cm~2 s~! and 24% faradaic efficiency (FE), comparable to the rates achieved
by many state-of-the-art LINRR systems.?%2”-81 We also find that under our most
optimized conditions, the rate of reaction in this cascade depends only on the rate

of sodium plating, providing a path for further improvement of rate and selectivity.

2.3 Results

Electrochemical proof of concept validated

A series of studies from van Temelen and coworkers in the late 1960s°*¢ demon-
strated the use of a Ti(Il) intermediate, formed in situ with the help of an alkali
metal reductant, to reduce nitrogen to ammonia. It is generally postulated that it is
the Ti(Il) species which binds N, and performs the first electron transfer, but that
subsequent reduction steps may be assisted by the active reductant.3> We identified a
model thermochemical system consisting of Ti(O'Pr)4, NaNp (generated in situ from

Na(0) and naphthalene) as the reductant, and THF as the solvent.’® These were cho-
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sen on the basis of simplicity, low reagent cost, and good thermochemical yield on
a reasonable reaction timescale. Many systems based on Ti(II) complexes operate
on a timescale of days to weeks:* in the model thermochemical system, when the
reagents specified above were combined at ambient conditions, we were able to ob-
tain 25% ammonia yield vs. Ti in 5 hours at a rate of 1 nmol s~'. This result is

comparable to that obtained in the original studies.>

We sought to electrify this reaction, replacing the stoichiometric NaNp used in the
thermochemical model system with a suitable sodium salt and naphthalene. Our
design principles were (1) solubility of all components in a single solvent; (2) con-
ductivity of the electrolyte solution to allow for a reasonable overall cell potential
(i.e. one that would not overload a standard Biologic potentiostat); (3) safety of
all components and byproducts. The third design principle ruled out the common
sodium-ion battery salts NaClO4, which is shock-sensitive when dry, and NaPFg,
which dissociates easily to form HF and NaF in the presence of water. Initial opti-
mization (Figs. S2.1-S2.2) led us to identify 1 M sodium triflate (NaOTf) in diglyme
with 0.2 M naphthalene and 0.1 M Ti(O'Pr), as fulfilling all three requirements. At
a current density of -54 mA cm™ with a stainless steel working electrode and a
Pt counter electrode, we were able to achieve FEs of up to 18.6% in this sodium-
naphthalene-Ti-mediated eNRR (NaNpTiNRR) cascade. Cyclic voltammetry (CV)
of the system confirmed that the only fully electrochemical step was Na plating. The
CV of the electrolyte solution showed a Na plating and stripping peak in the absence
of Ti and naphthalene. However, in the presence of all reagents, only a plating peak
was observed, suggesting that the plated Na is reacting with other components of
the electrolyte (Fig. 2.2a).

Control experiments demonstrate robust electrochemical ammonia synthesis

Due to the preponderance of false positives in the field of NRR, we performed a
series of experiments to validate both the source of ammonia as N, and the necessity
of all reactants for reduction to proceed. We found that in the absence of NaOTT,
Ti(O'Pr)4, N», or current, the reaction did not proceed (Fig. 2.2b). However, in
the absence of naphthalene, the reaction proceeded—albeit much less selectively—
suggesting an alternative reduction pathway wherein plated sodium metal directly

reduces Ti, rather than first forming sodium naphthalenide.

NH3 was primarily quantified via the salicylate assay. However, given the known

sensitivity of the salicylate assay to trace metals,®3 we also independently performed
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Figure 2.2: Initial proof-of-concept results and controls.

Raw data for (B) and (C) can be found in Table S2.1, and an expanded view of the
NMR spectra in (D) is shown in Figures S2.5 and S2.6. Representative
chronopotentiograms of the standard conditions and no-Ti controls are shown in
Figs. S2.7 and S2.8.

a) CVs of the electrolyte solution with and without naphthalene and Ti. 1 M NaOTf,
0.1 M Ti(O'Pr)4, 0.2 M naphthalene, and diglyme; stainless steel working electrode
(area =0.1017 cmz), Pt counter electrode, and Pt pseudo-reference; and scan rate
20 mV/s. E: potential at the working electrode; i: measured current density.

b) Control studies of the electrochemical reaction in the absence of each of the
reagents. Error bars represent the standard deviation between replicates of the
same experiment. All experiments were run at least in duplicate.
¢) Plot of FEs measured in experiments using '“N, vs. 1°N, as feedstock. The
“standard electrolyte” referred to in the figure is 1 M NaOTf, 0.1 M Ti(O'Pr),, 0.2
M naphthalene, and diglyme; stainless steel working electrode (area = 0.1017 cm?)
and Pt counter electrode. The “0.4 M naphthalene” condition used 0.4 M
naphthalene rather than 0.2 M naphthalene but was otherwise identical. The “no
Ti” condition used the same standard electrolyte but with no Ti(O'Pr), added.
Error bars represent either the standard deviation between replicates of the same
experiment (N experiments) or the uncertainty in quantification ("N
experiments). All 4N experiments were run at in duplicate; '>N experiments were
run in singlicate.

d) '"H NMR of a >N isotope labeling control (NMR solvent DMSO-Dg), showing
the characteristic doublet of >’NH4™* as well as the internal standard,

1,3,5-trimethoxybenzene (TMB), as a singlet at 6.0 ppm.
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replicates and quantified them by 'H NMR, which gave nearly identical results (Figs. S2.3—

S2.4). We also confirmed that the ammonia formed was from the nitrogen feed gas
and not from spurious sources by performing replicates of select points with N,
gas (Fig. 2.2¢). If "*“NH4* was formed, it was present in levels below the detection
limit of NMR. This can be seen in Fig. 2.2d, which shows a clear doublet (corre-
sponding to ">NH4*) and no triplet (which would correspond to *NH,4*). The FEs
measured from experiments using N, as a feedstock match very closely with the
corresponding N, experiments, and no ammonia was observed with either gas

when Ti(O'Pr); was omitted from the electrolyte.

Mechanistic investigation reveals rate depends only on current density

In LiNRR, increasing nitrogen pressure is a common strategy to overcome trans-
port limitations and to have lithium nitridation (productive path towards ammonia)
outcompete lithium protolysis (undesired path towards hydrogen). Thus, we inves-
tigated the pressure dependence of the NaNpTiNRR cascade. For this system too,
we expected the reaction to be kinetically limited by nitrogen at atmospheric pres-
sure, especially since the rate of the thermochemical Ti(Il) catalyzed reaction at
atmospheric pressure is slow.”® Indeed, this was the case; at pressures below 10
bar, the reaction is limited in nitrogen. However, at and above 10 bar, the reaction
rate no longer depends on Ny partial pressure (Fig. 2.3a). Therefore, all subsequent
reactions were performed at 10 bar N; pressure. While the system exhibits satura-
tion kinetics in nitrogen, we observed zero-order dependence on both naphthalene

(Fig. 2.3b) and titanium (Fig. 2.3¢) concentrations.



10 ¢ +
-~ 8
':‘E §
e !
E
£4

2

of ¢

5 10 15 20
N, Pressure (bar)

H 2’
W (mA cm?)
©
[ ]
P
—e—

71 Slope=0.01+/-0.05

0.05 0.06 0.07 0.10
Ti Concentration (M)

0.20

20

S - SR
81 ¢
&7
g Sl 0.02 +/-0.03
ope = 0.02 +/- 0.
< 6 P
£
£
'_Z
4
8 0.03 0.05 0.10 0.15 0.20 0.30 0.40

20

Naphthalene Concentration (M)

Slope = 1.00 +/- 0.08 }

'Y

30 40 60 100
iapplied (mA cm?)

Figure 2.3: Optimization of the sodium-mediated redox cascade for nitrogen reduc-

tion.

Except where otherwise specified, all reactions were performed in an electrolyte
consisting of 1 M NaOTf, 0.1 M Ti(O'Pr)4, and 0.2 M naphthalene in diglyme at
10 bar N, pressure. -54 mA cm™ was passed for 1 hour with a stainless steel
working electrode and a Pt counter electrode. All labeled slopes are from log-log
plots (i.e. the calculated slopes are equivalent to the rate orders); the data is plotted

on log scale.

a) Plot of current density towards ammonia at varied N, pressures, with a Bézier fit
to illustrate the shape of the isotherm.
b) Plot of partial current towards ammonia at varied naphthalene concentration; all
measurements were taken at a Ti concentration of 0.1 M.
c) Plot of partial current towards ammonia at varied Ti(O'Pr)4 concentrations; all
measurements were taken at a naphthalene concentration of 0.2 M.
d) Plot of partial current towards ammonia at various applied current densities.
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2.4 Discussion

At the optimal operating conditions, the rates of nitrogen fixation to ammonia are
insensitive to nitrogen partial pressure, naphthalene concentration, and Ti concen-
tration. Thus, the rate-limiting step must be early in the reaction cycle, before these
species are involved. By examining a hypothesized mechanism based on the thermo-
chemical Ti(II)-based nitrogen fixation literature and our results (Fig. 2.3a), the only
candidate step that satisfies this constraint is sodium plating. We would thus expect
the rate to scale linearly with applied current density, since generation of zero-valent
sodium is coulometrically controlled. In agreement with this, we find a first-order
dependence on current density (Fig. 2.3d). Promisingly, this means that all subse-
quent thermochemical steps are significantly faster than sodium plating, and that the
reaction could be further optimized by tuning the solid electrolyte interphase struc-
ture formed by sodium metal 3* We tested the extent of this dependence by applying
a current density of -688 mA cm (the highest current density we could apply given
the voltage limits of the potentiostat) over 10 minutes. As expected, this yielded a
FE of 24%, and a rate of 475 nmol cm™ s7!, a rate higher than nearly all published
LiNRR systems.26’27 Indeed, if rate is calculated on the basis of electrochemical
rather than geometric surface area, this is the highest reported rate in a LINRR-type
system.?” This demonstrates the high utility of a system whose rate is controlled

entirely by current density over an extremely wide range of currents.

These discoveries are mechanistically significant, as the rate and order dependence
of this electrochemical reaction are very different from the corresponding thermo-
chemical reaction. These mechanistic discoveries have practical implications as
well. Most importantly, the invariance of rate on concentration and pressure at the
ideal operating conditions makes the cascade system robust and resilient to pertur-
bations. This means that ammonia can be continuously produced at a constant rate
even if there are transient variations in conditions such as pressure or mediator con-

centration.

This postulated catalytic cycle, while useful for identifying a possible rate-determining
step, does not address all mechanistic questions. Aspects of this cycle that are still in
doubt are: (1) the identity of the proton source, shown in Fig. 2.4a as A-H (see Sup-
plementary Note 2.1 for a brief discussion of the effect of water on this system); (2)
the oxidation state of the active Ti center, hypothesized here to be Ti(Il); (3) whether
or not it is truly a cycle, i.e., whether or not a turnover number (TON) > 1 can be

achieved for Ti. These questions have all been answered in the thermochemical case.
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Figure 2.4: Postulated mechanism of NaNpTiNRR and plot of umols of ammonia
formed vs. time.
a) Postulated mechanism of NaNpTiNRR; A-H indicates a generalized proton
source, most likely the ethereal solvent.

b) Plot of umols of ammonia formed vs. time; the reaction was performed in an
electrolyte consisting of 1 M NaOTf, 0.1 M Ti(O'Pr)4, and 0.2 M naphthalene in
diglyme at 10 bar N, pressure. A constant current of -54 mA cm was passed with
a stainless steel working electrode and a Pt counter electrode.

Van Tamelen and colleagues demonstrated that the ethereal solvent is the proton
source using deuterium isotope labeling;>® they showed that the Ti complex must be
reduced with at least two electrons before any nitrogen reduction begins, suggesting
that the active Ti center is reduced to at least the 2* state; % and they achieved TON
> 3 under conditions that were, unfortunately, never fully disclosed.’! While (1) and
(2) are questions beyond the scope of this study, we attempted to achieve a Ti TON
>1 by running our standard conditions at longer times. However, after 2 h of reac-
tion time (equivalent to 43.2 C passed), the amount of ammonia in the cell stayed
constant (Fig. 2.4a). We were able to rule out the possibility of significant ammonia
oxidation at the anode (see Supplementary Note 2.2 for details), suggesting that the
Ti compound does deactivate at this point. This could be due to complexation of
the Ti compound with H;, which is likely formed at the cathode as a parasitic side
product, or with anode oxidation byproducts. These problems could be addressed

by further improvement of catalyst selectivity or with reactor engineering.

These unresolved aspects, while challenging, present exciting opportunities for fur-
ther investigation in our electrochemical system. Strategies utilized to great effect in
the LiNRR literature would likely be applicable in optimizing this reaction as well.
For instance, one possible method of making the reaction continuous would involve

incorporation of both a separator and a stable proton shuttle into the system—for
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instance, the phosphonium ylide used to striking effect by MacFarlane and cowork-
ers’>—and then utilizing hydrogen oxidation at the anode as the terminal proton
source.>® This could be used in combination with a recirculating electrolyte—as
demonstrated recently by Chorkendorff and coworkers®!—to further stabilize the
solution and allow turnover of the Ti compound, as well as increase the energy effi-

ciency of the system (see Supplementary Note 2.3).

This study has put forth an alternate method for synthesizing ammonia, with rates
and current densities that outcompete all but one LiNRR system,?’ vastly outper-
form the rates of comparable thermochemical systems, and utilize reagents that are
several orders of magnitude cheaper. Excitingly, this cascade system offers the pos-
sibility of orthogonalizing the roles of shuttling electrons, done via a plated alkali
metal and naphthalene, and nitrogen fixation. We anticipate that the ability to ap-
ply the strong reducing power of zero-valent alkali metals to homogeneous systems
electrochemically will be of use in developing developing diverse electrosynthetic

reactions, and ultimately contribute towards decarbonizing chemical synthesis.

2.5 Experimental

Materials

Tetrahydrofuran (THF, anhydrous, 99.5%, stabilized with BHT), diglyme (DG, an-
hydrous, 99.5%), sodium triflate (NaOTf, 98%), naphthalene (suitable for scintilla-
tion, >99%), titanium tetraisopropoxide (Ti(O'Pr)4, 97+%), sodium salicylate (Reagent-
Plus®, >99.5%), sodium nitroprusside (99+%), and mol sieves (3 A, 4-8mesh) were
purchased from Sigma-Aldrich. Sodium hypochlorite (NaOCl, 10-15%) was pur-
chased from VWR International. Milli-Q water was obtained by filtering deionized
(DI) water through a Milli-Q purification system (Merck, Millipore Corporation).
Deuterated dimethylsulfoxide (DMSO-Dg) was purchased from Alfa Aesar. Nitro-
gen gas (UHP, 99.999% purity) and argon gas (UHP, 99.999% purity) were pur-
chased from Airgas. Platinum foil (0.1 mm thick, 99.99% trace metals basis) was
purchased from Beantown Chemical. Stainless steel wire (0.025 gauge, Malin Co.)

was purchased from McMaster-Carr.
Methods
Electrolyte solution preparation

Dry DG was used as the solvent in DG-based experiments described below. It was

obtained by drying as-purchased anhydrous DG over 20% v/v of freshly dried molec-
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ular sieves for at least 48 hours in an Ar-filled glovebox. The sieves were prepared
by washing with acetone and then drying at 400 °C for at least 4 hours in a muf-
fle furnace. They were pumped directly into an Ar-filled glovebox and stored there
before use. Dried NaOTT, as-purchased naphthalene, and as-purchased Ti(O'Pr)y4,
all stored in an Ar glovebox, were dissolved in DG to obtain electrolyte solutions
of varying concentrations. NaOTf was dried overnight in a vacuum oven at 90 °C
before being brought into the glovebox. The resulting cloudy-white electrolyte so-
lution was brought out of the glovebox and centrifuged at 3400 rpm for 10 minutes
to remove insoluble residue. The resulting clear supernatant was transferred to an
oven-dried vial through which nitrogen was bubbling at 20 sccm and nitrogen was
bubbled through it for at least 10 minutes to saturate the solution. The electrolyte
could be stored in the glovebox for up to a week without any noticeable change in
faradaic efficiency; however, once it was removed from the glovebox, it was used

within 1-2 hours maximum.

Thermochemical nitrogen reduction experiments

In a typical thermochemical nitrogen reduction experiment, sodium metal (276 mg,
12 mmol) and naphthalene (1.6 g, 12.2 mmol) were mixed in 20 mL dry THF in
an Ar-filled glovebox, forming a green solution. Ti(O'Pr)4 (2 mmol, 568 mg) was
added, forming a black solution. This was then brought out of the glovebox and
N, was bubbled through the solution for 5 hours. The reaction was quenched by
dropwise addition of 20 mL water, forming a grey precipitate. This was removed by
centrifugation at 3400 rpm for 10 min. The resulting clear supernatant was diluted
to 100 mL total in a volumetric flask and quantified using the salicylate method
(described below).

Conductivity measurements

The conductivity measurements shown in Fig. S2.1 were performed on a Hanna
HI5521 benchtop combination pH and resistivity meter. 10 mL of the electrolyte

tested were prepped in the glovebox, then taken out and tested on the bench.

Electrochemical nitrogen reduction experiments

High-pressure nitrogen reduction experiments were performed using cells machined
out of PEEK and stainless steel (Figs. S2.9-S2.10). The cells were oven-dried at 105
°C for at least 20 minutes before use. They were assembled while still hot and then
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dry nitrogen was blown through them to cool them down without allowing water to

condense. Electrolyte was not added until the cells were at room temperature.

The counter electrode was a 25x25 mm Pt foil, placed on top of a stainless steel
current collector. The working electrode was a stainless steel 0.025 gauge wire. The
wire was pushed through a length of PEEK tubing (1/16” OD, 0.03” ID) such that it
was exposed on both ends. One end was chosen to be the working electrode and was
measured with a caliper to be exactly 5.2 mm tall (resulting in a total area of 0.107
cm?). The other end was epoxied to the PEEK tubing to create a pressure-tight seal.
No reference electrode was used in standard electrochemical experiments; when a
reference was required (for example, in the CVs in Fig. 2.2a of the manuscript), a
pseudo-reference electrode was used, consisting of a Pt wire fashioned in the same
way as the stainless steel working electrodes. Due to significant reference drift, we
chose not to use an internal standard for calibration and simply set the zero point to

be the Na plating potential observed.

1.7 mL of nitrogen-saturated electrolyte was added to the pressure cell under active
N, flow. The working electrode was screwed in to seal the pressure cell and the cell
was pressurized to the chosen pressure (usually 10 bar). A chosen constant current
was applied using a Biologic VMP3 potentiostat. In a typical experiment, 21.6 C

were applied.

Upon completion of the experiment, the cell was depressurized and the electrolyte
removed. In any successful experiment with Ti present, the electrolyte turned black.
It was diluted in water, upon which it turned a pinkish-brown color. The interior of
the pressure cell was then rinsed with water three times and added to the sample as

well, and diluted to roughly 13 mL in a 15 mL Falcon tube.

The diluted sample was then centrifuged for 10 minutes at 3400 rpm and the resulting
clear supernatant was added to a 100 mL volumetric flask and diluted to the mark.
Two samples for ammonia quantification were made: one usually diluted 2X and one
diluted 4X. All cells were run in duplicate. They were quantified using the salicylate
method (described below).

All cell parts, the Pt counter electrode, and the current collector were sonicated
successively in acetone and water, rinsing with water in between. The working elec-
trode was rinsed with acetone and water. The Pt counter electrode was washed and
reused; the working electrode was replaced each time. After washing, all cell parts

were dried under a stream of nitrogen and placed in an oven at 105 °C for at least 20
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minutes before use.

Ammonia quantification — salicylate method

Ammonia was quantified using the salicylate method, which has been described in
detail elsewhere.?* In brief: 2 mL of sample was prepared, diluted to an appropriate
concentration such that the resultant UV-Vis absorption was not expected to exceed
1.0. To this was added 280 uL of an aqueous salicylate solution (consisting of 2.5
M sodium salicylic acid and 0.5 mM sodium nitroprusside, stored at 4 °C in the
dark for up to three months) and 280 pL of an alkaline solution (made just before-
hand by mixing 10-15% NaOCI and 0.4 M aq. NaOH in a 1:9 volume ratio), mixed
thoroughly, and allowed to develop in the dark at room temperature for 1.5 hours,
resulting in a blue color if ammonia was present. The solution absorbance spectrum
was then measured with an Agilent Cary 60 UV-Vis spectrophotometer. The rele-
vant absorption peak was taken to be the difference between absorbance at 650 nm
and 475 nm.

Aqueous calibration curves were used to calculate the resulting concentration of
ammonia in solution. They were made by preparing aqueous solutions of 0, 30, and
60 uM NH,4Cl, which were then measured in the exact same way as the experimental
samples. Calibration curves were made fresh every week to ensure that there was

no contamination in the water or reagents used for quantification.

Calculation of faradaic efficiency from salicylate assay

Faradaic efficiency was calculated from the concentration obtained from the calibra-

tion curve using the following equation:

C NH3 V-n-F

It
where Cnp, 1s the concentration of ammonia in the sample (M), V is the volume to
which the electrolyte was diluted (usually 0.1 L), I is the current (usually 0.006 A), t

FENH, =

is the total experiment time (usually 3 600 s), n is the number of electrons consumed
per mole of ammonia produced (this number is always 3), and F is Faraday’s constant
(96 485 C mol e-1).
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Ammonia quantification - NMR

Ammonia was quantified by NMR on a Bruker 400 MHz spectrometer with broad-
band iProbe using a method adapted from MacFarlane and coworkers.®> The method
of standard addition was used to quantify ammonia. The samples were prepared by
mixing 300 uL of DMSO-D,, 200 uL of used electrolyte, 50 uL. of 4M aq. H2SO4,
50 pL of a stock solution of 14mM TMB in DMSO, and finally 100 uL of an aque-
ous solution of NH4Cl for a total volume of 700 uL. For each cell quantified, five
NMR samples were prepared in total: one with no added NH4Cl, and then four with,
sequentially, 250, 500, 750, and 1000 uM NH4Cl.

NMR spectra were taken using a modified SELGPSE pulse with a relaxation delay
of 10 seconds and 16 scans.

Calculation of faradaic efficiency from NMR assay

NMR spectra were processed using MestReNova; examples are shown in Figs. S2.5,
S2.6, and S2.11. In brief: the peak of the internal standard TMB was integrated
to 1, and the area of the peak corresponding to NH4Cl was referenced accordingly
and recorded. The NH4ClI peaks overlapped significantly with naphthalene peaks,
so MestReNova integral manager was used to deconvolute peaks and calculate the
area of only those corresponding to ammonium. A plot was then constructed of peak
area vs. concentration of the known standards and the linear fit extrapolated back
to the x-axis, giving the concentration of NH4Cl in the NMR sample. This number

was then converted to FE by the following equation:

Cnpy - %-1.7-107° -n-F
It

FEyu, =

It is expected that this number will be slightly less accurate than the salicylate
method, because the salicylate method is diluted to a known volume, while in this

method the volume of electrolyte (1.7mL) is assumed.

Comparison of calculated FE from NMR and salicylate assays

The volume of one cell was not enough to run both NMR and salicylate assays on the
same sample; therefore, we ran two identical cells (the electrolyte was 1M NaOTf,
0.2M naphthalene, 0.1M Ti(O'Pr) in diglyme; a stainless steel cathode and Pt anode
were used; -12mA were applied for 30 minutes under 10 bar N, pressure). Then one

was quantified by the salicylate assay and the other by NMR. The two yields agreed
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with each other within error (data shown in Figs. S2.3 and S2.4): by salicylate, the
FE was 16.8%, and by NMR, it was 14.4%.

Procedure for 13N, controls

5N, controls were performed in the same way as the standard method, with a few
changes made to conserve expensive isotope-enriched nitrogen. The flow rate of
5N, used to purge the electrolyte was 10 sccm instead of 20, and the electrolyte was
only purged for 8 minutes rather than 10. Additionally, the high-pressure cells were
assembled, filled with the purged electrolyte, and directly pressurized rather than
being flushed with nitrogen first. These changes likely resulted in a slight increase in
the amount of adventitious water, oxygen, and other contaminants; however, they did
not have any noticeable effect on yield. Example calibration curves for calculation

of FEs in these experiments are shown in Figs. S2.12-S2.13.
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2.7 Supplementary Material
Supplementary Notes
Supplementary Note 2.1: Water Content

Because many of the active reagents in our reaction are water-sensitive, we measured
the water content in a representative sample of electrolytes using a Karl-Fischer titra-
tor. The electrolyte was then used in an electrochemical cell as usual and the asso-
ciated FE was recorded (Fig. S2.14). As expected, a higher water content (260ppm
corresponds to >10 mM water) decreased FE. However, in general, the day-to-day

water content of electrolytes was very consistent.
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Supplementary Note 2.2: Anode Controls

Since our cells were small and unseparated, it was important for us to determine
to what extent anodic reactions might be interfering directly with ammonia yield.
We were particularly concerned that our Pt anode might be oxidizing ammonia in
situ. Therefore, we performed two controls: a spiked ammonia control and a no-Pt

control.

The purpose of the spiked ammonia control was to determine whether the Pt anode
would oxidize any ammonia under our usual conditions. To this end, an electrolyte
was prepared in the usual way as described below, but Ti was removed and the elec-
trolyte was spiked with 10 mM NH4OTf. This concentration was chosen as it is
in the range of concentrations seen in a typical NaNpTiNRR run. We then ran 2
experiments: one where we pressurized the electrolyte in the cell, but did not apply
current, and the other where we pressurized and applied current. We then quantified
ammonia using the salicylate assay as described below. We quantitatively recovered
the ammonia spiked into the cell with no applied current; however, only 84% of the
ammonia spiked into the cell with applied current was recovered. This suggests that
some ammonia is being oxidized away, and that our reported yields may be lower
than the “true” yields accessible without a Pt anode. However, the faradaic effi-
ciency towards ammonia oxidation at the anode under these conditions is only 3%,
so it is unlikely that ammonia oxidation is a dominant anodic process at any point

in the reaction.

Supplementary Note 2.3: Energy Efficiency

Energy efficiency is an important metric which has been much discussed in the
LiNRR literature’*8! and which deserves addressing. However, a 1:1 comparison
with LiNRR systems is difficult, for several reasons. The most important one is that
the proton source in this system is not yet defined, while in LiNRR it has been well
established that one can source protons from hydrogen oxidation occurring at the an-
ode. Incorporation of hydrogen into our Ti system would be difficult as H; inhibits
Ti reactivity.> However, we can calculate maximum energy efficiency in the ideal
case by accounting for energy stored in chemical bonds as E, relative to energy

input via electricity as Ejy:

0
Eout _ VNH3

EEux = E;, = VO
Na
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V](\), Hs is the thermodynamic cell potential for cathodically generating ammonia rel-
ative to water oxidation at an anode. V]Q,a is the thermodynamic cell potential for

sodium plating relative to water oxidation.

Which, in the ideal case of 100% FE, perfect efficiency for hydrogen production

relative to oxygen evolution, and no cell resistance, reduces to:

.17 117
1.23+2.71  3.94

where 2.71 V is the standard reduction potential of sodium, giving a maximum pos-

sible energy efliciency of 29.7%, higher than the theoretical maximum for LINRR2.

We can compare this ideal value to what we experimentally obtain in practice. The
more straightforward approach in this instance is simply to convert the amount of
ammonia produced to a theoretical energy (that produced by complete combustion

of ammonia to water) by the following equation:

Eour = "N, AG Y npscorno = WH3* Vs Z#F = 3% Fanypz«1.17 = FEx1.17%Q

0
R,NH3toH20

for complete combustion of ammonia to water, nNH3 is the number of moles of

where Q is total charge passed, AG is the Gibbs free energy of reaction
NH3, Z is the charge (which in the case of NRR is always equal to 3), F is Faraday’s
constant, and FE is faradaic efficiency. Then, we can divide this energy by the total
power input into the system, calculable by simply multiplying the cell voltage V by

Q, to get an equation for actual electricity-to-ammonia energy efficiency (EEctyar)-

1.17 « FE
Vv
Based on this equation, we calculate an energy efficiency for our standard cell of

2.0%.

EEuctua =

Supplementary Figures



31

Solvent Conductivities
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0.5M NaOTf
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Solvent

Figure S2.1: Comparison of conductivities of different electrolyte salt/solvent com-
binations.
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Figure S2.2: Plot of the real and imaginary components of resistivity as measured

by potentiostatic electrochemical impedance spectroscopy (PEIS).

Electrolyte: 1M NaOTf, 0.3M naphthalene, 0.05M Ti(O'Pr), in diglyme. Cell was
pressurized to 10 bar N, and PEIS run from 200 kHz to 100 mHz at open circuit

potential.
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Figure S2.3: UV-vis plot of two dilutions of the same sample run on NMR.
FE as calculated by this method: 16.8%.
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mine the FE towards ammonia of a typical experiment using the method of standard

addition.

Experimental conditions: 1M NaOTf, 0.2M naphthalene, 0.1M Ti(O'Pr), in
diglyme, stainless steel working electrode, Pt counter electrode. FE as calculated

by this method: 14.4%.
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Figure S2.5: Sample spectrum of 1H NMR on an electrolyte sample containing

15NH4+.

The ammonium signal is a doublet at 7.10ppm, while the TMB used as a reference
is a singlet at 6.00ppm. The NMR solvent is DMSO-Dg.
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Figure S2.6: Sample spectrum of 1H NMR on an electrolyte sample containing

14NH4+.

The ammonium signal is a triplet at 7.05ppm, while the TMB used as a reference is

a singlet at 6.00ppm. The NMR solvent is DMSO-Dg.
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Potential vs. Time

0 10 20 30 40 50 60
Time (min)
Figure S2.7: Chronopotentiogram of a typical experiment at standard conditions.

Conditions: 1M NaOTf, 0.2M naphthalene, 0.1M Ti(O'Pr), in diglyme, stainless
steel working electrode, Pt counter electrode, -54 mA cm2,
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Potential vs. Time
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Figure S2.8: Chronopotentiogram of a no-Ti control experiment.
Conditions: 1M NaOTf, 0.2M naphthalene in diglyme, stainless steel working
electrode, Pt counter electrode, -54 mA cm™2. As can be seen from the scale bar,
when Ti is not present, the overall cell potential stabilizes significantly compared
to our standard conditions.

WE - SS wire

Pressure
inlet
Inlet for
RE - not
usedin
""""" this study

Current collecter -
CE - Pt foil SSfoil

Figure S2.9: Side-on view of high-pressure cell.
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Figure S2.10: Exploded view of high-pressure cell.
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Figure S2.11: Sample spectrum of 1H NMR on blank electrolyte sample.
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The TMB used as a reference is a singlet at 6.00ppm. The NMR solvent is

DMSO-Dg.
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Figure S2.12: Plot of NMR peak area vs. 'NH,* concentration (uM) with fresh
rather than used electrolyte.
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Figure S2.13: Example plot of NMR peak area vs. >’NH,* concentration (uM) used

to determine the yield and experimental error of !N experiments.
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FE vs Water Content
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Figure S2.14: Faradaic efficiency using a representative electrolyte (IM NaOTH,
0.2M naphthalene, 0.1 M Ti(O'Pr)4 in DG) vs the water content of that electrolyte.
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Supplementary Tables
Electrolyte
Condition FE ammonia Total moles of |y 14 vo i ()
concentration ammonia (umol)
(mM)
Cifgi‘:fggs 163'72007; * T4+ 14 125+24 7.4% + 1.4%
. (0]
2.8% +
No naphthalene 0.9 1.2+£0.1 2.1+£0.2 1.2% £ 0.1%
. (0]
No N, 0(')287271' 0.1 0.15 0.1%
. (0]
. 0.1% +
No naphth or Ti 0.1% 0.04 £0.04 0.07 £0.07 0.0%
No current 0.0% 0 0 0
No Ti 0.0% 0 0 0
No Na 0.0% 0 0 0
;;iﬂ:;;t 231’%(2; * 17.8 0.7 302+ 1.3 25.3% % 1.1%
. 0
.
Nz’mll_zzo mA 1‘;'3902; * 63+0.8 107+ 1.4 6.3% + 0.8%
. 0
ISP
N2’Cn11_220 mA 170';007; * 7.5+0.4 12.8 0.6 7.5% + 0.4%
. (0]
T,
Nzé mS;‘ mA ”1‘102; * 5.0+ 0.6 8.5+ 1.0 5.0% + 0.6%
. 0
RN
N2é Hf;‘ mA 9'?%007; * 4.4 +0.44 7.4+0.7 4.4% + 0.4%
. 0
14 _
N2, -54 mA 10.9% +
cm2, 0.4 M L 4.8 +0.6 8.1+1.0 4.8% + 0.6%
naphthalene ol
oy
N2, -54 mA 12.9% +
cm2, 0.4 M T 56+0.6 9.6+ 1.1 5.6% + 0.6%
naphthalene i

Table S2.1: Table of data from key experiments presented in Chapter 2.

Top 7 rows: conditions presented in Fig. 2.2a. Eighth row: key high rate experiment
(this was run in an electrolyte of 1M NaOTf, 0.07M Ti(O'Pr)4, 0.15M naphthalene
in diglyme; the electrodes were prepared as usual). Bottom 6 rows: data from con-
ditions presented in Fig. 2.2c.
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Chapter 3

A POTASSIUM-TITANIUM CASCADE ENABLES HIGH RATES
FOR ELECTROCHEMICAL NITROGEN REDUCTION TO
AMMONIA

This chapter is temporarily embargoed.



Chapter 4

TOWARDS A DEEPER UNDERSTANDING OF
ELECTROCHEMICAL TITANIUM-MEDIATED NITROGEN
REDUCTION TO AMMONIA

This chapter is temporarily embargoed.
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Chapter 5

CONCLUSIONS AND FUTURE OUTLOOK

In the introduction of this work, the history—mainly thermochemical—of titanium-
mediated nitrogen reduction to ammonia was explored. The remainder of this work
is about its electrochemical future. In Chapter 2, a model system for electrocat-
alytic generation of sodium naphthalenide as single-electron reductant for a nitrogen-
reducing titanium complex was established. This system demonstrated facile ther-
mochemical kinetics, with sodium plating revealing itself as the rate-determining
step. Additionally, a rate comparable to state-of-the-art LINRR was demonstrated.
However, catalytic turnover was not achieved, and stability proved to be an issue,

with the reaction only lasting approx. 2 hours before stopping.

In Chapter 3, electrochemical TiNRR was extended to a potassium-mediated system.
In this system, we demonstrated that in situ-generated potassium metal is compe-
tent for titanium and nitrogen reduction with greater selectivity than sodium naph-
thalenide. Intriguingly, despite the titanium reduction presumably occurring at the
electrode surface, no transport limitations were observed in this system for any of
the reagents. In contrast to the sodium naphthalenide system, this reaction also oc-
curs at ambient nitrogen pressure and with greater stability. At ambient pressure,
the rate-determining step appears to involve nitrogen reduction, while at high pres-
sure, it appears to be potassium plating. However, titanium TON > 1 was still not

observed.

In Chapter 4, we attempted to achieve a fuller understanding of the mechanism of
electrochemical spatially-decoupled TiNRR. In situ UV-vis analysis was performed
on the NaNpTiNRR system to attempt to isolate different processes occurring; how-
ever, the system proved too complex for a zero-knowledge approach to be sufficient.
A kinetic analysis based on data presented in Chapter 3 was presented, suggesting
that a parasitic process involving Ti (possibly oligomerization) is likely the main
competing reaction and that Ti(III) binding N, may be the rate-limiting step at el-
evated pressures. Temporal decoupling experiments revealed that potassium and
titanium/nitrogen reduction are in fact spatially decoupled, while experiments fo-
cusing on addition of proton donor showed that protonation is likely not a hidden

rate-determining step. Finally, a variety of alternative reductant species were tested
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in this system. Most of these yielded ammonia, demonstrating the immense promise

of this system to operate under a variety of conditions.

Each of the above chapters unveiled one facet of the new paradigm that is spatially-
decoupled electrochemical titanium-mediated ammonia synthesis. The performance
metrics and kinetic studies detailed barely scratch the surface of the possibilities of
this reaction. Therefore, contemplating directions that could be taken to further ex-
plore this space, and what place TiNRR could take within a sustainable future, is a

worthwhile endeavor.

TiNRR—specifically NaNpTiNRR—has demonstrated, at time of this writing, a rate
towards electrochemical ammonia synthesis greater than those reported in all but one
LiNRR paper.”’ However, its stability and selectivity fall far short of established
LiNRR metrics.?%?%8! Thus, the most urgent task ahead of us is increasing these
metrics. However, a simple goal does not imply simple methods. Many obstacles
lie between the systems demonstrated in this work and the stability and selectivity
reported in state-of-the-art LINRR methods.

By far the most difficult obstacle towards achieving improved FE and reaction longevity
for electrochemical TiNRR is simply understanding. The highest TON for Ti re-
ported in this system is 0.3, but it is not known why the Ti compound does not turn
over, or why the reaction cannot continue indefinitely with the generation of more
active reductant. This is in large part because the structure of the active Ti com-
pound, and the exact mechanism of nitrogen reduction, remain unknown. It could
be that one or more highly reduced Ti species bind to and reduce N; on their own;
it could be that a Ti(IIl) species binds N, and weakens the triple bond enough such

that the externally generated reductant can perform bond scission.

Determination of this mechanism is difficult due to the complexity of the system:
electrochemical plating combined with multiple putatively-homogeneous thermo-
chemical reduction steps results in a system controlled by a multitude of factors.
Nevertheless, there are analytical tools that can be brought to bear, among them
EPR spectroscopy, NMR spectroscopy, UV-vis spectroscopy, and X-ray crystallog-
raphy. In situ quantitative EPR could be utilized to determine the oxidation state of
titanium throughout the course of the reaction: Ti(IV) is, of course, not visible by
EPR, while Ti(III) and, in some circumstances, Ti(Il), is. Sodium naphthalenide is
also EPR-active. Therefore, tracking the formation and consumption of these species
over the course of the reaction could allow for greater understanding of the oxidation

level of the resting and active states of the catalyst.
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NMR spectroscopy is also a valuable handle for understanding this reaction. The
alkoxide ligands on Ti(O'Pr)4 are visible by NMR, as is naphthalene; the relative
amount of these two compounds can be measured over the course of the reaction to
determine the stoichiometry of their consumption. UV-vis spectroscopy is another
promising method: many of the compounds of interest (notably, reduced Ti and
sodium naphthalenide) are highly colored and therefore UV-active. While the initial
attempts at in situ UV-vis spectroscopy detailed in Chapter 4 were unsuccessful in
elucidating a reaction mechanism, the technique remains a promising method for
characterizing the system, particularly once more is known about the structure of
the active complex and what competing reactions are occurring. Complementing
these spectroscopies are Raman and IR, by which ammonia is visible; thus, in situ
Raman and IR spectroscopy could allow for real-time tracking of ammonia evolution
along with changes in the organometallic complexes over time. Finally, generation
and isolation of a reduced Ti-N complex and subsequent X-ray crystallograpy could

allow for direct determination of at least some of the steps in the mechanism.

Thus, understanding and improving electrochemical TiNRR for future commercial
purposes is by no means an intractable problem. Ti-mediated chemistry offers the
significant advantages of being cheap, readily available, and earth-abundant.?¢ The
rates and selectivities achieved in just under two years of work on this spatially-
decoupled paradigms are already comparable to results achieved after nearly a decade
of focused work on LiNRR, demonstrating the promise of this type of system. Upon
achievement of a stabler and more selective method for stable, selective, and fast elec-
trochemical TiNRR, this type of chemistry could be deployed commercially very
quickly using the already-existing cell designs and infrastructure for LiNRR.87-8
This would allow for localized, cheap, and sustainable ammonia synthesis which is
compatible with renewable energy and with the dream of a fully sustainable, ethical,

and green society.
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