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ABSTRACT: Although oxygen added to nonaqueous lithium-mediated E ol
electrochemical ammonia synthesis (LiMEAS) enhances Faradaic E \\“ §
efficiency, its effect on chemical stability and byproducts requires _§ _— g
understanding. Therefore, standardized high-resolution gas chromatog- S| |14 m 2
raphy—mass spectrometry and nuclear magnetic resonance were —on @ " % El 2
employed. Different volatile degradation products have been qualitatively e No  Optimal Excess
analyzed and quantified in tetrahydrofuran electrolyte by adding some Lir +0, 0, content

oxygen to LiMEAS. Electrodeposited lithium and reduction/oxidation of Cathode i

the solvent on the electrodes produced organic byproducts to different e i o A LL',%',::,'
extents, depending on the oxygen concentration, and resulted in less o @ N, _ PolyTHF LIOH  x#,0
decomposition products after LIMEAS with oxygen. The main organic ~ Lit *0, NH, e, e S
component in solid-electrolyte interphase was polytetrahydrofuran, which e H:0 A

disappeared by adding an excess of oxygen (3 mol %) to LIMEAS. The

total number of byproducts detected was 14, 9, and 8 with oxygen

concentrations of 0, 0.8, and 3 mol %, respectively. The Faradaic efficiency and chemical stability of the LIMEAS have been greatly
improved with addition of optimal 0.8 mol % oxygen at 20 bar total pressure.

hermodynamically driven by an electric potential at (Cu), are employed."® The desired product, ie, NHj, is

ambient temperature and pressure, lithium-mediated synthesized when the electrodes are submerged in the
electrochemical ammonia synthesis (LIMEAS) can potentially nonaqueous organic electrolyte, which consists of a conducting
compete with the traditional thermochemical Haber—Bosch salt, e.g,, lithium perchlorate (LiClO4);9 an organic solvent,
process'~ with its high temperatures (400 °C) and pressures e.g., tetrahydrofuran (THF);*'* and a potential proton source,
(150—200 bar). This method of ammonia (NH;) production such as alcohol or hydrogen (H,).”~” The charge is usually
is responsible for the emission of a large amount of CO, passed at high overall cell potentials (>S V). Our recent study
(around 1%) associated with steam reforming emissions and is described the stability of LIMEAS with the emphasis on the
characterized by high capital costs related to the high-pressure evolution of the electrolyte degradation products and showed
and high-temperature requirements of the Haber—Bosch that prolonged constant current reaction may lead to
process.” On the other hand, the nitrogen reduction reaction significant changes in the electrolyte composition and SEI,
(N2RR) between lithium (Li) and nitrogen (N,) is driven by presumably deteriorating the efficiency of the whole
the affinity and chemical reactivity of Li toward N, through the LiMEAS."" The decomposition reactions which have been
formation of lithium nitride, Li;N, or other Nz;containing Li identified are hydrolysis, ring-opening, and oxidation products
materials at ambient temperature and pressure.” LIMEAS can of the electrolyte.'" There are many reports regarding the aging
be even fully powered by renewable energies; it thus offers behavior of lithium ion batteries (LIB) cells with various
CO,-free operation, and because of its milder process approaches, including gas chromatography—mass spectrometry

conditions, it can be decentralized in smaller and less capital- (GCMS).”>"* Our recent work on stability of LIMEAS
intensive plants.

Even though it seems simple and is effective, LIMEAS is a
chemically complicated process performed in an electro-
chemical cell by application of the potentials close to Li
deposition. The LIMEAS mechanism is not fully understood to
date, although the literature has some speculative models.” For
an assembly of a typical LIMEAS cell, a noble metal anode, e.g.,
platinum (Pt), and a transition metal cathode which does not
interact and alloy with Li, e.g., molybdenum (Mo) or copper

monitored using GC with high-resolution MS for chemical and
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structural elucidation is a pioneering approach toward stability
of LIMEAS in different organic electrolytes.'"""*

Taking into consideration that Li metal is very reactive
chemically, one would assume that its instability and reactivity
with traces of moisture (H,0); O,; and organic solvent
components, such as ethanol (EtOH) and THF, should
deteriorate LIMEAS."> However, this is not the case; it has
been reported recently by our group that small amounts of O,
boost the LIMEAS.'® Tt is very important to mention that the
electrochemical reduction of the electrolyte on the negative
electrode of LIB results in the formation of the solid electrolyte
interphase (SEI),'> which must be considered in LiIMEAS as
well. Both inorganic and organic components of this SEI are
required for long-term performance if it is permeable for Li
ions, thus protecting the highly reactive cathode against
unwanted reductive side reactions.'” """ The SEI layer on the
working electrode (WE) in LIMEAS would be different from
LIBs affecting the nature and amount of byproducts, which
dissolve in the electrolyte and stay as part of the SEL*°~>* The
nature of the SEI is distinct to prevent further electrolyte
decomposition, improving the synthesis process, and would
depend on the conditions and various aspects and parameters
of LIMEAS.

In the current study we demonstrate that small amounts of
oxygen (O,) present together with N, gas enhance not only
the FE but also the stability of the electrolyte in LIMEAS. For
analyzing and identifying mainly organic degradation products
or byproducts in both the electrolyte and SEI, high-resolution
GCMS and nuclear magnetic resonance (NMR) were
employed. We compared the outcome and stability of LIMEAS
with different O, concentrations in nonaqueous LIMEAS both
qualitatively and quantitatively. It has been shown that 0.8 mol
% of O, is an optimal amount for promotion of LiMEAS
toward NH; with improved stability of the nonaqueous organic
electrolyte based on THE.*'°

Typical electrochemical results obtained for LIMEAS in an
autoclave (see Figure S1) at elevated total pressure (20 bar)
and ambient temperature with Mo WE of 1.8 cm® area are
shown in Figure 1. A total amount of 50 C charge was passed
in 116 min with current density of —4 mA cm™> The regular
LiMEAS in THF without O, (Figure 1a) shows an unstable
voltage profile where the WE potential drops significantly after
10 min. In contrast, the electrolyte with optimal O, content of
0.8 mol % demonstrates a more stable WE potential (Figure
1b). In addition, the most stable WE potential is seen with
excess (3.0 mol %) of O, (Figure 1c). The more oxygen in the
system, the greater the electrochemical stability. This can be
attributed to the complete reaction of Li with O, forming oxide
materials and suppressed accessibility for N, to reach the
metallic Li for N2RR as the Faradaic efficiency (FE) of
LiMEAS drops as well. Moreover, the WE potential with excess
O, is the most stable. This could be attributed to the most
stable SEI and permeability of Li ions in the SEI. The presence
of O, minimizes the decomposition products as supported by
the GCMS/NMR data. Consequently, most of the further
reduction occurs either as hydrogen evolution reaction (HER)
or electrolyte decomposition. Thus, the LIMEAS run with 0.8
mol % O, in the gas feed shows intermediate WE stability that
is markedly better than that observed in the absence of O,.
The electrochemical behavior observed for the experiments of
this work is in line with results we reported previously.”'*'***
One difference can be seen in the linear sweep voltammmetry
(LSV), shown in Figure S2, where a clear feature at —1.5 V vs
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Figure 1. Chronopotentiometry (CP) results of LIMEAS with the
presence of (a) 0, (b) optimal 0.8, and (c) excess 3 mol % of O,
added. All the experiments were performed at 20 bar (N, + O,) and
at —4 mA cm ™2 with 50 C of charge passed.

Pt pseudoreference (Pt,.,q,) can be seen with the presence of
O,, which represents oxygen reduction reaction according to
the literature.” For all of the cases in Figure 1, the counter
electrode (CE) potential is around 2 V vs Pt,,q4,- The noises
and some instability of CE were most likely due to mechanical
contact issues. We assume that the main reason for such a high
CE potential is electrolyte (THF and EtOH) oxidation and
formation of the products reported elsewhere.''

The FE of LIMEAS in THF electrolytes was evaluated using
an indophenol method described in more detail in the
Supporting Information.”>*® The LiMEAS resulted in FE of
10%, 56%, and 2% (all <1% error within 3 different
measurements) with 0, 0.8, and 3.0 mol % of O,, respectively.
The advantages of adding a small amount of O, to the system
over typical non-O, reaction can be clearly seen. Therefore, the
optimal amount of O, enhances the FE and electrochemical
stability of the system (Figure 1).

Several images of the WE in the Ar-filled glovebox after
LiMEAS for 2 h in THF are shown in Figure S3. Even though
the experimental conditions were the same, the images are
difficult to analyze. The WE with 0 and excess of 3 mol % O,
show only a thin deposit on the front side that is facing the CE.
A slightly thicker deposit is observed for the optimum O,
content of 0.8 mol %, both on the front and back sides of the
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electrode. It should be noted that the formation of the
dendrites was not observed on the surface of the electrodes,
and the yellow color is due to image quality, not a yellow
deposit. A slightly more homogeneous surface was obtained for
the case of LIMEAS with optimal 0.8 mol % O, concentration,
especially in the peripheral shinny metallic part of the
electrode. The effect of O, on the FE and the WE potential
was investigated in detail in the literature.'®

Herein, we investigate the effect of O, on the stability of the
electrolyte with GCMS and NMR. For the GCMS analysis, all
the samples were analyzed for 20 min each with repeated
injections, and the temperature program used is shown in the
Supporting Information (Figure S$4). Overall GCMS results are
shown in Figure 2 and Figures SS and S6 in the Supporting
Information as 3D chromatograms after 2 h of constant current
LiMEAS in THF-based electrolytes with different O,
concentrations. The freshly obtained electrolytes were trans-
ferred to the GCMS after LIMEAS followed by immediate
analysis of the electrolytes to limit reaction of the electrolyte
with air and moisture. The experimental details regarding the
GCMS experiments and analysis of the samples are described
in brief in the Supporting Information and were reported by us
in detail in ref 11. Longer GCMS recording time did not reveal
any eluents from the samples, and all the byproducts of
LiMEAS eluted in less than 15 min. It can be seen that the
increase of the O, content in the system reduces the number
and the amount of the byproducts formed during LiMEAS.
The thorough analysis of the organic volatile species in the
electrolytes after LIMEAS resulted in 10, 5, and S compounds
detected by GCMS for the 0, 0.8, and 3 mol % O,, respectively.
The results are shown in Tables S1—S3 of the Supporting
Information. As shown in Figure 2 and summarized in Figure
3, the total number of organic volatile species detectable with
GCMS decreases with increasing O, content; the sum of the
total amounts (organic and nonorganic), however, increases
because of the permanent increase of H,O, which is caused by
the oxygen reduction reaction (ORR). On the other hand, the
addition of excess O, does not have an effect on the structure
of the byproducts introducing some novel or different
compounds, only the number and the amount of them. The
chromatograms become cleaner from organic species with
increasing O, (Tables S1—S3). The quantity and mass of the
decomposition products and their concentration measured in
the electrolytes decrease when the optimal 0.8 mol % O, is
added. On the other hand, the excess of O, induces much less
decomposition products than that without O,. This suggests
that denser or thicker surface films are formed on the basis of
inorganic Li compounds on the surface of the electrodes
because of reaction between Li and O,. Consequently, these
inorganic Li materials are not involved in further decom-
position reactions of the electrolyte.

The decomposition extent of the THF-based electrolyte
after LIMEAS with addition of O, to the system is exhibited in
Figure 3. The LIMEAS without O, leads to all the compounds
shown by green arrows (10). However, the addition of O, to
LiMEAS reduces the number of the byproducts formed during
the electrolysis represented by blue arrows (5), and the mass of
organic decomposition products decreases as shown in Figure
3a,b. The detected compounds were characterized and their
amounts were evaluated as summarized in Tables S1—S3. It
can be seen that O, added to the LiMEAS electrochemical
system significantly improves FE for ammonia and stability of
the system. We hypothesize that this is due to the changes in
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Figure 2. GCMS contour chromatograms visualizing electrolyte
composition after LIMEAS with the presence of (2) 0, (b) 0.8, and (c)
3.0 mol % of O, added to the system.

the formation and stabilization of the SEI layer which inhibit
further decomposition of the electrolyte compared to LIMEAS
with only N, present, which gives relatively better stability of
the electrolyte and better protection of the electrode. The
second argument is that some O, present suppresses the HER
reaction from EtOH by employing it in oxidation reactions
toward acetaldehyde and acetic acid on the transition metal—
transition metal oxide surface, as has been reported previously
in the literature.”””® We have observed that EtOH at less than
1 vol %, as used in this study, increases FE but decreases
stability of the system; that is, more dendrites are formed and
more flakes are seen in the electrolyte (not reported in this
study). The LIMEAS demonstrates enhanced performance and
stability with the addition of the optimal amount of O,.
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same experiment.

As can be seen in Figure 3b, the total amount of the organic
decomposition products detected by GCMS shown in Figure
3a is decreases from 0 to 0.8 mol % and increases from 0.8 to 3
mol % of O,, respectively. In total, the amount of H,O and
EtOH oxidation products, i.e., acetic acid and acetaldehyde,
increases with addition of O,.

Our NMR study after LIMEAS involves two main types of
samples: (i) solid residual on the WE and (ii) solid residual
from dried electrolyte. For the former, the WE was dried in the
glovebox atmosphere overnight and then washed with two
different deuterated solvents, i.e, CDCl; and D,0O; for the
latter, the used electrolyte was first dried at 60 °C to evaporate
THF and EtOH, then the solid residual was dissolved in
deuterated solvent. Figure 4a presents NMR spectra of the dry
residue on the working electrode after LIMEAS washed with
CDCl;. As expected, no obvious signal of THF and EtOH is
visible as they were removed by drying the sample prior to
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Figure 4. 'H NMR results of the surface species on the working
electrode (WE) washed with CDCI, after LIMEAS with different O,
content in the feed gas. A and B show magnified parts of the spectra
for specific aliphatic protons of the polyTHF. (b) The 'H NMR
results of the surface species on the WE washed with D,O after
LiMEAS with different O, content in the feed gas. A and B represent
selected regions in the spectrum.

NMR analysis. This seems to be sufficient for removing most
of the volatile solvent because there are no obvious signals of
the electrolyte components. On the other hand, the main
organic component of the solid film on the surface of the WE
is the THF polymerization product, polytetrahydrofuran
(polyTHEF), accordlng to the chemical shifts and multiplicity
of the peaks.””*® This polymer is the main organic and
polymeric constituent of the SEI in LIMEAS together with
inorganic species reported previously,”'”** which is formed on
the surface of the WE and responsible for mass transport in
and out of the electrode surface. The characteristic signals at

https://doi.org/10.1021/acs.jpclett.2c00768
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3.7—3.8 ppm belong to the protons of the methylene groups
attached to the carbon close to the heteroatom, i.e., oxygen in
—-OCH,CH,CH,CH,0—- chains.®® The chemical shifts at 1.8—
2.0 and 1.7 ppm belong to different protons attached
to the carbons between other carbon atoms
(—OCH,CH,CH,CH,0—) of polyTHF. The higher the
chemical shift, the closer the proton is attached to the
heteronucleus, i.e., oxygen in the chain. The latter polymer has
been reported and characterized in the literature as a substance
produced in acid-treated polymerization of THF ;> however, it
has not been reported in any electrochemical systems or as an
SEI component to date. PolyTHF forms on the surface of WE
with or without O, added to the system. However, with excess
O, (3 mol %), the surface of the electrode is most likely
completely dominated by hydrated lithium oxide materials
(LixOyHZ) because of increased reaction of electroplated Li
and O,, as can be seen in Figure S7 of the Supporting
Information. For other types of protons in the materials, no
aromatic or unsaturated protons have been detected in the
samples, as there are no peaks at 6—8 ppm and higher chemical
shifts, indicating that polyTHF is the main organic matrix of
the SEI. Only some additional peaks can be seen in Figure 4a,
which are very difficult to attribute to some structure of the
molecules, and we speculate that according to their chemical
shifts, they belong to lithium ethoxide (LiOCH,CH; or
LiOEt). The 'H NMR spectrum of the WE after LIMEAS with
excess (3.0 mol %) O, is relatively clean with respect to
protons detected in organic molecules including polyTHF,
indicating less organic decomposition products. Overall, the
NMR results lead to the conclusion that excess O, reacts with
electroplated Li and stops its activity toward electrolyte
decomposition on the WE but also shut down the ammonia
synthesis.

The '"H NMR investigation of the chemical species on the
WE soluble in H,0O with different O, content in the feed gas is
shown in Figure 4b. For this purpose, D,O was used as a
solvent, and the results were identical for all three O,
concentrations. The main components of materials formed
on the surface of the WE are lithium hydroxide, LiOH, and
lithium hydroxide hydrates (LiOH-xH,0). No lithium hydride
(LiH) was detected ((—5) to (—20) ppm), as this would react
with any traces of H,O to form LiOH. We have previously
reported and described these materials as SEI components in
LiMEAS using XRD and XPS,"° and they have also been
reported as components of SEI in LIBs.”> Also, aliphatic
protons belonging to most likely deuterated ethanol (DOEt)
can be seen.

The '"H NMR spectra of the residue after LIMEAS dried at
60 °C from THF and EtOH and dissolved in CDCl; are shown
in Figure S7. The main components are a mixture of materials
recorded and already identified by GCMS and the polyTHF
described above and in Figure 4. Moreover, the aliphatic region
of the NMR spectra seems to be similar without and with
optimal 0.8 mol % of O,. On the other hand, the excess of O,
reduces the amount of signals with distinct chemical shifts,
indicating that less organic species are formed as byproducts of
LiMEAS, confirming the results discussed above and
previously.'" The samples with no and optimal oxygen contain
unsaturated carbons because of protons detected at 5—6.5 ppm
(Figure S7). This supports the GCMS findings shown in
Figure 3 when it comes to byproducts of the oxidation of the
solvent containing double or triple carbon bonds (Figure S7).

No signals at 7—8 ppm could be detected except CDCl;, which
indicates no aromatic protons.

It is therefore important to mention that we cannot evaluate
the whole extent of decomposition as the byproduct spectrum
after LIMEAS because other inorganic substances, such as
Li,CO; and lithium chloride, LiCl, are not detectable by
GCMS and 'H or *C NMR. The latter methods, as with many
in the field, have to be supplemented by, e.g., XRD or XPS.
Thus, the “real” amount of byproducts would be different than
assumed here because of nonmeasurable inorganic species. We
have seen and reported several inorganic phases before by
XRD and XPS,*'”'“** and they are reproducible.

In summary, the stabilizing effect of oxygen in LIMEAS was
demonstrated in THF-based electrolyte by GCMS and NMR
analysis. It was shown that adding O, to the gas feed
suppresses the electrolyte degradation and chemical side
reactions, leading to a more efficient and stable LIMEAS
process and enhancing the chemical stability of the system. A
stable voltage profile for more than 2 h at a current density of
—4 mA cm™? and the least amount of the organic byproducts is
achieved with excess O,, however at the expense of reduced
FE. The total number of byproducts detected by GCMS and
NMR decreased with increasing O, and was 14, 9, and 8 with
O, concentration of 0, 0.8, and 3 mol %, respectively. The 0.8
mol % oxygen is optimal for very efficient and stable LIMEAS.
The high performance of LIMEAS with optimal amount of O,
presented in this work was attributed to the formation of a
stable and efficient SEI on the surface of the working electrode
run in THF-based electrolyte and the subsequent suppression
of hydrogen evolution reaction from the proton source, EtOH
or THF, in LiMEAS. The use of O, in the THF-based
electrolyte is very promising as it makes it possible to obtain
more efficient and stable LiMEAS, while simultaneously
reducing the costs associated with purifying air to N,.
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