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Electrochemical lithium-mediated nitrogen reduction can enable synthesis of ammonia from renewables in a
distributed fashion on various scales, but its integration into electrolyser devices presents an ongoing challenge, in
particular due to the lack of understanding of the interrelation between the performance and the proton transport
parameters. Herein, we use a top-performance N, electroreduction system with lithium bis(trifluoro-
methylsulfonylimide electrolyte to correlate the reaction metrics to the properties of the proton carrier, focusing
on alcohols, a phosphonium cation, tetrahydrofuran, a Brensted acid, ammonium and water. We demonstrate

Received 4th December 2022, that productive carriers require optimised electrolyte compositions, which define the interplay of key reaction
Accepted 11th January 2023 steps. Through this understanding, we achieved ammonia electrosynthesis with the phosphonium cation and iso-
DOI: 10.1039/d2ee03901; propanol at performance metrics close to those provided by the ethanol benchmark. Critically, we demonstrate

that the latter undergoes irreversible degradation through reaction with oxidised solvent, which is not the case for
rsc.li/ees the more robust iso-propanol and phosphonium cation proton carriers.

Broader context

Ammonia is a key precursor of fertiliser manufacturing for feeding the rapidly expanding world population and also a promising fuel for powering massive machinery and
ships. To satisfy these requirements in the long-run, a scalable process for the distributed synthesis of ammonia from renewables is required. This can be achieved by a
renewable-powered electrolysis combining the water or hydrogen oxidation at the anode with the nitrogen reduction reaction (NRR) at the cathode. Separating the two
electrodes is a specifically designed electrolyte that facilitates movement of ions in the cell, including delivery of hydrogen ions generated at the anode to the cathode to
complete the synthesis of ammonia from nitrogen gas. Conventionally used carriers of the hydrogen ions for the NRR, like ethanol, have been broadly questioned to be
able to deliver stable, non-sacrificial operation on a practical timescale, but the mechanism of its degradation remained elusive. The present work explains this mechanism
through detailed spectroscopic studies, and presents a scrutiny into the factors determining the effectiveness of the hydrogen ion transport during the NRR with the
current top-performance electrolyte system. Finally, we demonstrate that iso-propanol can sustain operation at a close to 100% faradaic efficiency without being
significantly converted to side-products - a finding of immediate practical significance for the development of the sustainable ammonia electrosynthesis technologies.
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The lithium-mediated nitrogen reduction reaction (Li-NRR; 0o°H*
Scheme 1) is a strong candidate as a future technology for the N, m )
synthesis of green ammonia."”* Although the energy efficiency o Proton
of the Li-NRR is clearly limited by the role of Li”* and LizN in oL Pshutie@ © NH,
this process, it remains the only known pathway towards °° ek
sustainable conversion of N, to NH; under mild conditions Li;N
at high rates. One key requirement for the realisation of the Cathode

Scheme 1 Lithium-mediated N, reduction. In a fully-fledged sustainable pro-
School of Chemistry, Monash University, Clayton, Victoria 3800, Australia. cess, the H*/e™ source is Hp, or most preferably, H,O. Under model conditions
E-mail: douglas.macfarlane@monash.edu, alexandr.simonov@monash.edu aiming to investigate the Li-NRR cathode process only, H*/e™ are derived from
f Electronic supplementary information (ESI) available. See DOI: https://doi.org/ ~ the electrooxidation of solvent, most commonly tetrahydrofuran; however,
10.1039/d2ee03901j oxidation of some proton carriers and/or electrolyte anions might also occur.
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Li-NRR in an electrolyser device is the provision of effective
delivery of protons generated at the anode to the cathode by a
robust shuttle, like the phosphonium/ylide system introduced
in our recent work.® The latter development presented the first
demonstration of sustainable proton cycling in a complete
ammonia electrosynthesis process from N, and H,, as opposed
to the possibly sacrificial protonation of Li;N by the much
studied ethanol (EtOH) proton carrier.*™*

A pronounced influence of the chemical nature of the
proton carrier on the Li-NRR rate and current-to-ammonia
(faradaic) efficiency (FE) were already noted in the early studies
of the process.”™ Recently, this was confirmed in the afore-
mentioned report on the phosphonium/ylide system,® and in
an insightful study by Krishnamurthy et al.'® The latter work
presented the first systematic analysis of the effects of the
chemical nature of the proton carrier on the Li-NRR, introdu-
cing solvatochromic Kamlet-Taft parameters as descriptors of
the capability of a compound to protonate the electrochemi-
cally generated Li;N to produce NH;. Through this analysis,
n-butanol (n-BuOH) was found to provide better results than
EtOH - the benchmark in the field that has been used to
achieve the current best Li-NRR performance.'>'®'” However,
the capability of EtOH to engage in genuine deprotonation-
protonation cycling in the Li-NRR system has not been proven
yet,’>'%18 in contrast to the phosphonium-ylide system.? It has
also been suggested that EtOH can be unproductively con-
sumed through reactions with the solution components,
although not under the actual Li-NRR conditions."®

The major limitation of the existing studies on proton
carriers in the Li-NRR is the common use of an unstable
lithium electrolyte like LiBF4,>'®> which cannot provide high
faradaic efficiency close to 100% and practical yield rates on a
reasonably extended timescale where steady-state conditions
are clearly established.'® Thus, the outcomes of these previous
studies were overshadowed by the detrimental influence of
unproductive and poorly understood side-processes, which
might have affected the Li-NRR to a more significant extent
than the chemical nature of the proton source. To resolve this,
an investigation into the effects of the proton carrier on the Li-
NRR is required, using a highly productive, selective and robust
system, such as the one based on a high-concentration
bis(trifluoromethylsulfonyl)imide ([NTf,]”) electrolyte intro-
duced in our recent work.'® This enabled robust operation at
practical yield rates and faradaic efficiency approaching 100%,
though with the use of EtOH as an apparent proton carrier. To
support future translation of this process towards practical
ammonia electrosynthesis, our present study delves into the
chemistry of proton carriers for N, electroreduction mediated
by LiNTf, using a wider family of compounds to establish
relevant degradation mechanisms and key performance trends.

Results and discussion

The bulk of the Li-NRR experiments were undertaken herein in
a static N, (15 bar) atmosphere in a single-compartment cell

This journal is © The Royal Society of Chemistry 2023

View Article Online

Energy & Environmental Science

with a bare nickel wire electrode, while key performance tests
used an improved configuration devoid of a gas-solution-
electrode interface, which was recently demonstrated to
decrease the FE'® (Fig. S2, ESIt). Protons were derived from
electrooxidation of the tetrahydrofuran solvent at an auxiliary
electrode. We have specifically avoided the use of H, to gen-
erate H' in order to test the oxidative stability of the proton
carriers and exclude an interference of dihydrogen at the
cathode. See ESI,} for extended experimental details.

Except for the electrolyte optimisation studies, the LiNTf,
concentration was 2 M, which provides the highest Li-NRR
performance reported so far with flat electrodes."® Specifically,
when using a bare Ni electrode and 0.1 M EtOH proton carrier,
the reaction mediated by 2 M LiNTf, produces ammonia at a
rate of 230 + 20 nmol s~' cm™ > and FE of 86 + 9% during 6 h
experiments at —0.55 V vs. Ligy, (apparent potential of the Li”*
redox couple; hereinafter, all potentials are vs. this reference). With
an isolated Ni electrode, the yield rate is 530 4= 20 nmol s * cm™>
and FE = 98 £ 2% during 24 h tests. These metrics were
considered as a benchmark.

Chemical nature and concentration effects

Herein, we aimed to investigate a broad range of compounds
strongly differing in their deprotonation-protonation abilities as
potential proton carriers for the Li-NRR. Specifically, we examined
C,-5 alcohols, the [NTf,]” and [eFAP]™ (tris(pentafluoroethyl)trifluo-
rophosphate) salts of [Pe614]" (trihexyl(tetradecyl)phosphonium), a
Bronsted acid HNTY,, water and NH,NTf,. The effects of the length
of the alkyl chain on the effectiveness of alcohols has been noted
before,™® but are yet to be investigated under high-productivity
Li-NRR conditions, as are their electrochemically induced transfor-
mations during ammonia electrosynthesis. For the [Pgg,14]" proton
shuttle, the role of the anion of the phosphonium salt as well as the
effects of the electrolyte solution composition on the performance
have not been examined before. HNTf, acid presents an extreme,
benchmark, case of the highest proton activity, and might also, in
theory, provide a buffer-like proton carrier system when combined
with the LiNTf, electrolyte. Water is the most desirable proton
carrier in terms of the development of a complete ammonia
electrosynthesis technology using N, and H,O as reactants. Finally,
NH," is of special interest as it might progressively accumulate in
the electrolyte solution during the Li-NRR at concentrations exceed-
ing that of the intentionally added proton carrier. For example, the
NH,/NH," concentration produced after 6 h benchmark experi-
ments with EtOH is as high as 0.15 4+ 0.02 M, and NH," in
particular, as a slightly acidic species, might contribute to the
proton-based transformations within the system.

First, we compared the performance of proton carriers at
0.1 M concentration, which provides the best results for the
EtOH benchmark (Table S1, ESIf). In the initial voltammo-
grams, EtOH produced the lowest Li’/Li;N oxidation charge (as
indicated by the area of the peak between 0 and 1 V), except
NH,NTf,, indicating that other carriers provide slower kinetics
of protonation of the reduced lithium species (Fig. 1a). This
might appear unexpected for HNTf,, indicating that the high-
activity H' in this case are consumed unproductively in other
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Fig. 1 Li-NRR performance vs. chemical nature of the proton source. (a) Cyclic voltammetry (0.020 V s~%; 20th cycle; arrows show scan direction) and

0/+

(b) chronoamperometry at —0.55 V vs. Ligpp, (Note the logarithmic current density scale) with 0.1 M EtOH (blue), NH4NTf> (grey), [Pe 6,6,14l[€FAP] (magenta),
HNTf, (red) and H,O (orange) as proton carrier. (c) NHz yield rate (diamonds) and Li-NRR faradaic efficiency (triangles) plotted against Kamlet-Taft

hydrogen bond donation parameter>2! of the proton carrier (except NH4N

represent a solution with no additional proton carrier). (d) Electrode photog

Tf,) added at 0.1 M concentration (except for the tetrahydrofuran data, which
raphs along with S 2p, F 1s and N1 s XPS data of electrodes after the tests with

0.1 M EtOH (blue) and 0.1 M water (orange) shown in panel b (“control” data were collected for an electrode kept in contact with the corresponding

electrolyte solution with no potential applied). Extended XPS data are

shown in Fig. S19-S24 (ESIf). Experiments were undertaken in a single-

compartment cell using a bare Ni wire electrode (0.15 cm?) and stirred tetrahydrofuran solutions containing 0.1 M of the proton carrier along with 2 M

LiNTf, and saturated with N, at 15 bar (static atmosphere).

processes. When using H,O, the voltammetric oxidation peak
shifted towards more positive potentials with cycling (Fig. S5a,
ESIY), which suggests the formation of LiH and/or delithiation
of the electrodeposited materials.

Under potentiostatic conditions (hereinafter, at —0.55 V),
the current density remained stable with the phosphonium and
ethanol proton carriers, but not with HNTf,, NH,NTf, and
especially H,O where the reductive current substantially
increased during the experiments before plateauing at high
values (Fig. 1b). Measurements of the open-circuit potential of
the working electrode after these tests demonstrated that only
EtOH enables effective protonation of LizN under the examined
conditions, as evidenced by rapid (<1 min) relaxation to values
significantly more positive than 0 V (Fig. S7, ESIT). XPS revealed
that the electrodes derived from these experiments were coated

1084 | Energy Environ. Sci., 2023, 16, 1082-1090

with a visually-undetectable nanometre-scale layer of LiF and
reduced [S-O] species™® (Fig. 1d and Fig. S19, ESIf). The
electrode potential with the other proton carriers did not relax,
even after 15 min (Fig. S7, ESIY), indicating that significant
deposits of Li%Li;N/LiH were formed and remained
unprotonated.

Voltammograms recorded after potentiostatic Li-NRR with
0.1 M H,O revealed substantial suppression of the lithium-
mediated reduction (Fig. S5a, ESIt). This is attributed to the
formation of a substantial deposit on the electrode (Fig. 1d)
containing lithium (hydr)oxide and hydride detected by XPS*°
(Fig. S20, ESIt). Similar results were obtained for 0.1 M HNTf,
(Fig. S21, ESIY). Consistent with this degradation, ammonia
was formed at low yield rates and minuscule FE in these
experiments (Fig. 1c).

This journal is © The Royal Society of Chemistry 2023
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The very low Li-NRR performance provided by NH,NTf,
(Table S1, ESIY) indicates not only the inability of the NH,'/
NH; system to sustain the process, but also a pernicious effect
of the presence of the protonated form of the reaction product
at the start of the experiments. Most likely, NH," provides
excessive proton activity which induces reductive degradation
of the electrolyte solution components, similar to H,O and
HNTf,. Formation of LiH and/or delithiation was revealed by
significant broadening of the voltammetric oxidation peak
towards positive potentials after potentiostatic tests with
0.1 M NH,NTf, (Fig. S6a, ESIt), which was corroborated by
XPS (Fig. S22, ESIf). These results also raise an important
question on the ammonia vs. ammonium state of the Li-NRR
product, which requires a separate, future study.

With both phosphonium salts examined, NH; was produced
at respectable yield rates, but the faradaic efficiencies were
lower than with EtOH (Fig. 1c) due to the consumption of
charge for the formation of visible, yet not very thick, coatings
on the electrode (Fig. S23 and S24, ESIt). These undesired
processes presumably arise from un-balanced transport of Li', N,
and proton carrier, likely resulting from the increased viscosity and
decreased ionic conductivity of the [Pggg14]-based solutions
(Fig. S4, ESIT). Importantly, no P 2p signals were detected on the
electrodes after experiments with [Pe14]" confirming the robust-
ness of the cation (Fig. S23, ESIT).

Among the alcohol proton carriers tested, iso-propanol
(i-PrOH) and n-propanol (n-PrOH) provided similar electroche-
mical behaviour to that found with ethanol, although current
transients during potentiostatic tests with n-PrOH produced
initially faster reduction followed by deceleration of the process
(Fig. S9a-c, ESIf). Although relaxation of the open-circuit
potential after the Li-NRR with C;-alcohols commenced rela-
tively quickly (~1-2 min), an intermediate state with an open-
circuit potential of ca. 1-1.5 V was observed and attributed to
small amounts of LiH formed (Fig. S9e, ESIt). Nevertheless, the
overall similarities in the electrochemical behaviour of i-PrOH,
n-PrOH and EtOH were mirrored in the similarly high Li-NRR
metrics (Fig. 1c).

Methanol (MeOH), n-BuOH and n-pentanol (n-PeOH) pro-
vided lower reduction rates, along with suppressed oxidative
stripping processes in voltammetry (Fig. S9b-d, ESIT). MeOH
also produced an extensive amount of reduced Li-species on the
electrode surface, which were not removed even after 15 min of
relaxation (Fig. S9e, ESIT). A less significant deposit, which was
fully protonated after ca. 11 min, was found for n-PeOH, while
the evolution of the open-circuit potential after the Li-NRR with
n-BuOH was similar to that for i-/n-PrOH though demonstrated
the presence of higher amounts of LiH (Fig. S9e, ESIt). Again,
the electrochemical observations were reflected in the produc-
tivity of the Li-NRR, which was low for MeOH and mediocre for
n-BuOH and n-PeOH (Fig. 1c and Table S1, ESIY).

Without a dedicated proton source added, the reduction rate
of lithium was still significant notwithstanding the excessive
formation of reduced Li-based compounds on the electrode
surface (see "0 M" data in Fig. S7a, S8a, and S8e ESIf). Since
effective H' transport by tetrahydrofuran molecules is unlikely,

This journal is © The Royal Society of Chemistry 2023

View Article Online

Energy & Environmental Science

we have undertaken NMR analysis of the electrolyte solutions
after 6 h Li-NRR, which revealed the emergence of a character-
istic [CH;] but not carbonyl/carboxyl signals (Fig. S32, ESIf).
This might be ascribed to the cathodic ring-opening of tetra-
hydrofuran producing an alcohol, most likely n-BuOH. Hence,
the measurable rates of the Li-NRR observed in these experi-
ments are likely sustained by the in situ generated alcohol
proton carrier.

A recent study by Krishnamurthy et al. demonstrated a lack
of correlation between the Li-NRR metrics and the pK, of a
proton source,'” as also observed herein (Fig. $10, ESIt). As
alternative descriptors, Krishnamurthy et al. suggested Kamlet-
Taft parameters reflecting the hydrogen bond donating («) and
accepting (f) ability."® Indeed, a correlation between the
Li-NRR performance achieved with the compounds examined
herein and their o parameters seems to exist, with an apparent
maximum achieved at « &~ 0.8-0.9 typical for alcohols (Fig. 1c),
though the correlation between the FE and f is less obvious
(Fig. S11, ESIT). However, neither these parameters nor pK, can
separate and explain the wide-ranging performance of the
alcohols.

Thus, and as expected, the chemical nature of a proton carrier
strongly affects the Li-NRR, with some compounds undersupply-
ing H' (e.g [Ps6,6,14] ) and others delivering detrimentally excessive
amounts of protons (e.g. HNTf,) under the conditions examined.
Another obvious approach to tune the proton activity near the
electrode surface is to alter the concentration of the proton carrier
(cpc), which effects are investigated in Section S3 (ESIt) with the
key conclusions summarised below.

Changing cpc of EtOH, n-PrOH, i-PrOH, [Pg 6.6.14]  and HNTS,
produced qualitatively similar bell-shaped dependencies of the
Li-NRR FE and yield rate (Fig. S18, ESIT). Obviously, this reflects
the lack of protons to convert LizN into NH; and Li" at low
concentrations, and oversupply of H" promoting its reduction
rather than the Li-NRR at high concentrations, respectively.
Optimal cpc in terms of both Li-NRR performance metrics was
the same (0.1 M) for the examined alcohols, confirming simila-
rities in their proton donating properties. For HNTf,, the
highest FE (ca. 40%) and yield rate (70 4+ 30 nmol s™' ¢cm™?)
were achieved at different concentrations (Fig. S18, ESIT),
which highlights the limitations of this system due to the
excessive acidity of HNTf,.

The performance of the [Pgge14]  carrier could not be
improved by changing the cpc with respect to the results
obtained at 0.1 M (Fig. S18, ESI{). In our recent study under-
taken in parallel with the present work, we have ascribed this to
the insufficiently effective mass-transport of this bulky proton
carrier in the more viscous electrolyte solution.'® Hence,
improved results might emerge from decreasing the amount
of LINTf, - an approach that was further examined herein
(Fig. S15 and Table S2, ESI{). The highest NH; yield rate
of ca. 170 nmol s' ecm ? (ca. 66% FE) was achieved at
1.5 M LiNTf,, but the best faradaic efficiency of 75 + 4% (at
140 £+ 3 nmol s~' ecm ) was produced with 1 M LiNTf,.
Importantly, the faradaic efficiency provided by 0.1 M EtOH
at 1 M LiNTf, was only ca. 45%,"® indicating that phosphonium

Energy Environ. Sci., 2023, 16, 1082-1090 | 1085
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cation is the preferred proton carrier under these conditions,
not ethanol. Even better results with the [Pg 6 14]" and LINT,
electrolyte are likely to be achievable through further optimisa-
tion of the concentrations of both components and/or the use
of faster-diffusing phosphonium cations with shorter alkyl
chains, which is the focus of our ongoing studies.

We emphasise that the apparent optimal proton donors and
concentrations thereof identified above are only relevant to the
conditions employed herein, including the chemical nature of
the solvent and electrolyte, concentrations of other key species,
viz. N, and LiNTf,, temperature and mass-transport conditions.
In other words, each Li-NRR system will require separate
optimisation of the protonation conditions.

Electrolyte solution transformations

Since the phosphonium shuttle has been investigated in detail
previously’ and given the promising results provided by Cj
alcohol carriers (Fig. 1c), the latter along with the benchmark
EtOH were the focus of further investigations herein.

View Article Online
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Little is known about the fate of the alcohol proton shuttles
during the Li-NRR and the extent to which they are consumed.
Although EtOH electrooxidation is negligible in the LiNTf,
tetrahydrofuran solutions up to ca. 3.9 V,?* potentials of the
auxiliary electrode during the high-performance Li-NRR tests
here can exceed 5 V (Fig. S9, S12-S14, ESIt). This induces
significant colouration of the solution (Fig. 2a), which is likely
due to electrooxidation of tetrahydrofuran,>'* although trans-
formations involving EtOH cannot be excluded. Indeed,
'H NMR analysis of the electrolysed solutions revealed a new
signal at 1.2 ppm, the identity of which we aimed to establish
through the experiments described below.

First, potentiostatic tests were undertaken with the working
and auxiliary electrodes separated with a low-porosity frit and
with no EtOH added to the auxiliary compartment (Fig. 2¢ and
Fig. S16, ESI}), contrasting the single-compartment experi-
ments above. The use of the two-compartment configuration
suppressed the colouration of the working solution under both
N, and Ar, but produced intense-black solutions in the auxiliary

_—

b
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Fig. 2 Transformations of the 2 M LiNTf, + 0.1 M EtOH tetrahydrofuran solutions during the Li-NRR. (a) Photographs, UV-vis spectra (optical pathlength
10 um), and (b) *H NMR analysis of the 2 M LiNTf, with and without 0.1 M EtOH electrolyte solutions in THF after 6 h potentiostatic experiments at —0.55 V
vs. Ligé:; with a bare Ni wire electrode (0.15 cm?) under 15 bar Ar (green and wine) and N, (blue and purple). Experiments were undertaken in a single-
(green and blue) and two-compartment cell (provided by a P3 frit; wine and purple) configuration under stirring of the working electrolyte solution; WE
and AE notations indicate working and auxiliary compartment electrolytes from the two-compartment cell. Data for the 2 M LiNTf, tetrahydrofuran
solution with no EtOH added in the auxiliary compartment under N, are shown as orange curves (data for Ar were very similar and are not shown). Grey,
green and pink shadings in panel b highlight NMR signals from tetrahydrofuran, EtOH and 2-ethoxytetrahydrofuran (labelled as “side product”),
respectively. (c) Photographs of the auxiliary electrode compartment for the experiment with a P3 frit, and chronoamperometric data for experiments at
—0.55Vvs. Ligé; under 15 bar Ar (green and wine) or N (blue and purple) without (green and blue) and with (wine and purple) P3 frit. This frit does not
provide perfect separation of the solutions, which produces colouration of the working electrolyte solutions in the two-compartment experiments.
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compartment with enhanced absorption at >350 nm (Fig. 2a  product was also suppressed during experiments in the undi-
and c). Hence, major degradation pathways are associated with  vided cell under Ar (Fig. 2b, ESIT), indicating that degradation
the oxidation processes. processes in the absence of N, are different. UV-vis absorption

The "H NMR triplet at 1.2 ppm was not detected in the two- also suggests that the quantity and diversity of the side-
compartment experiments when EtOH was not added to the products were higher in Ar (Fig. 2a). This suggests facilitated
auxiliary electrode chamber (Fig. 2b). Formation of this side- decomposition of the electrolyte solution when excessive
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Fig. 3 'H NMR analysis of fresh and tested 2 M LiNTf, + 0.1 M EtOH electrolyte solutions. (a) Spectra of tetrahydrofuran-h8 (grey lines show data for
2-ethoxytetrahydrofuran from the AIST database®®) and (b) tetrahydrouran-d8 solutions recorded before (black) and after 3 (blue), 6 (green), 9 (magenta)
and 12 h (orange) of electroreduction at —0.55 V vs. Liaoé;; using a bare Ni wire electrode (0.15 cm?) under continuous stirring and 15 bar N pressure in a
single-compartment configuration; insets show enhanced plots of peaks contained in red boxes highlighting the signals associated with EtOH and side
product. Except for the peaks of dg-benzene standard, no signals and changes in the spectra were observed beyond 7 ppm; hence, this region is omitted
in the figure. (c) Most plausible side products 2-ethoxytetrahydrofuran and pentanal diethyl acetal with ethanol and tetrahydrofuran sources highlighted
with blue and green, respectively.
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amounts of Li’/LiH are accumulated, additionally emphasising
the importance of achieving 100% FE for stable operation of the
Li-NRR.

Further, NMR investigation was undertaken using both
regular and deuterated reactants, which observations are
described in Section S4 (ESIt). These experiments indicate that
(i) formation of the side product occurs when the auxiliary
electrode is accessible to both EtOH and tetrahydrofuran, (ii)
transformation of ethanol preserves the [CH;CH,O] structural
motif, (iii) ethanol is not oxidised to aldehyde, carboxylic acids
or C; products, (iv) transformation of the solvent results in the
formation of a compound containing [O-CH-O] functionality
(Fig. 3a, b and Fig. 526, ESIt). These conclusions narrow down
the possible side products to pentanal diethyl acetal and 2-
ethoxytetrahydrofuran (Fig. 3c). Acetal can be formed via reac-
tion between ethanol and butyraldehyde, and the latter may be
the product of the electrochemically induced ring opening of
tetrahydrofuran; however, no 3C NMR evidence for the
presence of carbonyl species could be found (Fig. S29, ESIt).
Formation of 2-ethoxytetrahydrofuran is much more probable
and the NMR data obtained here are in agreement with
the AIST database®® (Fig. 3a and Fig. S26, ESIT). This product
is produced via tetrahydrofuralynation,”>® viz. a reaction of

a i-PrOH (

e
T

After 24h CA [OH]

After 6h CA

2 M LiNTf, + 0.1 M i-PrOH
in THF [OH]

0

N
(@)
I

<
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EtOH with a carbocation formed upon oxidation of
tetrahydrofuran.

Formation of the side-product majorly occurred during the
initial ca. 3 h and complete degradation of EtOH was not
observed during longer experiments (Fig. 3a, b and Fig. S26,
ESIt). This is consistent with the apparent ethanol turnover
numbers with respect to the amount of NH; formed being
greater than 1 in the 12 h experiments herein and greater than
4 in our previous study.'® Hence, EtOH might be capable of
operating as a genuine proton shuttle for the Li-NRR, but with
sacrificial consumption occurring via processes induced by
electrooxidation of the solvent.

Improved proton carrier stability

Significant degradation of EtOH during the Li-NRR likely
renders this proton carrier unsuitable for practical ammonia
synthesis, which urged us to investigate if this limitation also
applies to the C; alcohols shown in Fig. 1 to be productive. After
6 h potentiostatic Li-NRR, n-PrOH also suffered partial tetra-
hydrofuralynation (Fig. S30, ESI{), but the relative intensity of
the corresponding "H NMR triplet with respect to the [CH;]-
group of #n-PrOH was much lower (ca. 0.1) than that found for
EtOH (ca. 0.5). When using i-PrOH, hard to resolve "H NMR
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Fig. 4 Long-term Li-NRR experiment with 2 M LiNTf, and 0.1 M i-PrOH. (a) *H NMR spectra before (black) and after the Li-NRR at —0.55 V vs. Ligp/,:;
undertaken using a bare nickel wire electrode (0.15 cm?) for 6 h (green) and isolated nickel wire electrode (0.05 cm?) for 24 h (red); inset shows
enhanced plots of side product. (b) Evolution of the current density (blue), cell potential (green) and charge passed (red) during chronoamperometric
reduction of an isolated nickel wire (0.05 cm?) in stirred 2 M LINTf, + 0.1 M i-PrOH tetrahydrofuran solutions at —0.55 V/ vs. Li3%, in a single-compartment
cell; data are shown as mean (lines) and standard deviation (shading) derived from n = 3 independent repeats of the experiment; horizonal grey line
shows j = 0 mA cm™2. (c) Electrode photograph along with S 2p, F 1s and N 1s XPS data for electrodes after the Li-NRR test shown in panel b; control data
(black) were collected for an electrode kept in contact with the corresponding electrolyte solution with no potential applied; reference data are shown as
grey curves; time (0, 600 and 1200 s) indicates the duration of argon ion etching of the electrode.
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signals emerged after 6 h experiments, but their intensity was
less than 0.05 of the half intensity corresponding to the major
signal from the two CH; groups of i-PrOH (Fig. 4a). Moreover,
3C NMR could not detect any side products formed from the C;
alcohols (Fig. S31, ESIt). Thus, n-PrOH and especially i-PrOH
are significantly less prone to the partial degradation as com-
pared to EtOH.

To further demonstrate the capability of i-PrOH to sustain
the high-performance Li-NRR, extended 24 h experiments with
an improved electrode configuration with no gas-solution-
electrode phase boundary present were undertaken. The reduc-
tive charge passed during these tests was 560 + 40 C (Fig. 4b),
which is slightly lower than 670 & 20 C for similar experiments
with EtOH'® and attributed to lower diffusion coefficient of the
C; alcohol. Most importantly, the Li-NRR faradaic efficiency
provided by i-PrOH was as high as 96 £ 1%, viz. very close to
98 + 2% found with EtOH; the corresponding ammonia yield
rates were 430 + 20 and 530 & 20 nmol s~ cm ™2, respectively
(Table S4, ESIT). The apparent turnover number of the i-PrOH
carrier achieved in these experiments was ca. 2.

Finally, the NMR signals associated with possible side
products after the 24 h tests with i-PrOH remained essentially
unchanged after being formed in minuscule amounts at the
initial stages of the test (Fig. 4a and Fig. S31b, ESIt). The
surface of the electrode remained visually clean, and was
functionalised with LiF, reduced [S-O] and polysulphide spe-
cies that could be only detected by XPS (Fig. 4c). These species
formed a very thin, nanometre-scale layer, as concluded from
the detection of strong signals of the Ni metal electrode
(Fig. S25, ESIt).

Conclusions

Protonation of the product of the Li* and N, co-reduction
during the Li-NRR is a critical step towards the formation of
ammonia, the optimisation of which can produce significant
improvements in the performance. The present work shows
that the optimal chemical nature and concentration of the
proton carrier are unique for every set of the reaction condi-
tions, and it might be challenging to establish universal selec-
tion rules. This is particularly important for the scale-up of the
Li-NRR, since associated modifications to the cell geometry
induce inevitable changes to the mass-transport of all the
participating species, including the proton carrier, and thereby
affect performance. Nevertheless, it can be suggested at this stage
that C,-C, alcohols and phosphonium cations present the most
viable candidates as effective proton carriers for the Li-NRR under
conditions currently examined in the field.

Investigation of transformations of the EtOH proton carrier
during the Li-NRR revealed that it is indeed consumed irrever-
sibly, although not in the way previously hypothesised. This
undesired consumption is not direct and not reductive, but is
induced by sacrificial oxidation of tetrahydrofuran. Notwith-
standing significant formation of 2-ethoxytetrahydrofuran dur-
ing the Li-NRR, apparent turn-over numbers for ethanol higher
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than 1 are still achievable under conditions examined here.
However, this might not be the case for practical flow Li-NRR
cells under development. Theoretically, electrooxidation of
tetrahydrofuran and therefore irreversible degradation of etha-
nol might be avoided if H, is introduced as a proton/electron
source. However, the hydrogen oxidation reaction presents its
own challenges under the Li-NRR conditions where conven-
tional platinum-based catalysts rapidly lose activity,*®> which
might eventuate in the potentials of the anode that are suffi-
ciently positive to enable tetrahydrofuran oxidation. As an
alternative solution, we demonstrate that iso-propanol does
not undergo the tetrahydrofuralynation process to a significant
extent and enables the Li-NRR with the faradaic efficiency
approaching 100%.

This brings us to an important conclusion on the pernicious
role of tetrahydrofuran in the degradation of the system com-
ponents. While the highly robust phosphonium cation shuttle
does not undergo tetrahydrofuralynation, there might be other
mechanisms for degradation emerging through deeper oxida-
tion and reductive decomposition of the solvent,>*>”>%
when a practical anode reaction like oxidation of H,*> or H,0O"?
is in place. Thus, the search for an alternative, electrochemi-
cally stable solvent for the Li-NRR seems to present an impor-
tant direction for future research. Importantly, the new solvent
will likely require re-optimisation of the proton carriers in order
to achieve high and stable performance.
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