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ABSTRACT: The Haber-Bosch process has a massive carbon footprint, and it is highly desired to decentralize NH,
synthesis in a more sustainable manner. Li-mediated NH; electrosynthesis is a promising approach to making NH,
under ambient conditions, but it suffers from poor energy efficiency owing to the highly reducing electroplating
potential of Li. In this Letter, we report a combined theoretical and experimental investigation into other mediators
beyond Li, such as Ca, Mg, Sr, Y, and V. The density functional theory results suggest that, besides Li, Ca and Mg
can also activate N, at room temperature and have a stable surface nitride vacancy necessary for NH; synthesis. NH,
faradaic efficiencies of 50% + 0.2% and 27% + 2% are obtained from Ca and Mg, respectively, at an applied current
density of 15 mA/cm?. This Letter serves as a proof-of-concept for Li-free NH; synthesis and will motivate further

research in metal-nitride-mediated processes.

itigating climate change is one of the biggest
l\ / I challenges of this century. NH; synthesis by the
Haber-Bosch process contributes to 1% to 2% of the
total greenhouse gas emissions, " largely because the process is
exceptionally energy-intensive, requiring extreme temperatures
(>700 K) and pressures (>100 atm).'~” Decarbonizing NH;
synthesis has therefore attracted considerable attention, with
an electrochemical synthesis route possibly enabling carbon-
free, decentralized NH; production using renewable energy.
Previous efforts to directly synthesize NHj; electrochemically
from N, and H,O at ambient conditions have struggled to
overcome the competing H, evolution reaction (HER)." An
efficient electrocatalyst to synthesize NH; by selectively
reducing N, instead of H,O has yet to be discovered. The
electrochemical NH; synthesis in aqueous medium suffers
from low NH; Faradaic efficiencies (FE) and current densities
and requires a breakthrough.”” Due to low NH; yields, several
reports are not reproducible,® and a rigorous protocol to
perform the direct electrochemical N, reduction has been
developed in the literature.”
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In contrast, considerable progress has been made in the past
five years toward the Li-mediated NH; synthesis (Li-MAS)
process.'*~'*7"*7** However, fundamental aspects of the
process remain poorly understood, such as the mechanism of
NH; synthesis, formation of the solid-electrolyte interface
(SEI), and transport across it.””'> Here, we hypothesize a
mechanism illustrated in Scheme 1, which involves the
following steps: (1) electrodeposition of Li onto the metallic
substrate (e.g, Ni, Cu); (2) spontaneous reaction of Li metal
with N, to form Li;N; (3) protonation of Li;N with a proton
donor (e.g, ethanol) to form NH; and a surface N vacancy on
the lithium nitride; (4) exergonic binding of N, in the N
vacancy site on lithium nitride; (5) reduction of N, via an
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Scheme 1. Schematic Overview of Metal-Nitride Mediated
Ammonia Synthesis”
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“In addition to the above process, competition from undesired
hydrogen evolution reaction (HER) may occur via coupled proton—
electron transfer (CPET) steps either on the metal nitride surface or
in the surface N vacancy.

associative mechanism,”’ recovering lithium nitride and closing
the catalytic cycle. Note that this hypothesized mechanism
does not involve concomitant corrosion of Li into solution,
which should be endergonic at the applied potentials typically
used."”

Previous studies have illustrated that a maximum NH; FE of
~100% and NHj; current density of ~—700 mA/cm” can be
obtained by using imide-based Li salts.” A continuous flow
NH; synthesis has been developed by Fu et al. by utilizing H,
oxidation on the Pt—Au alloy anode with 61% NH; FE.** The
Li-mediated NH; synthesis process suffers from low energy
efficiency (well below that of the legacy Haber-Bosch process)
due to the need for extremely reducing plating potential of Li
(~—3.04 V vs SHE). As such, identifying an alternative
mediator for this process with a less reducing electroplating
potential is highly desired. Tort et al.*® developed a systematic
approach to investigate catalytic systems for the electro-
chemical fixation of N,, specifically focusing on understanding
the unique role of Li as a mediator in electrochemical NHj,
synthesis. In their experimental investigations, other mediators
such as Ca and Mg were inactive for electrochemical N,
activation at reported experimental conditions.

Given the hypothesized mechanism above, several criteria
for a successful mediator of NH; electrosynthesis must be met
simultaneously and have been identified previously”’ includ-
ing:

(1) spontaneous formation of a nitride in the presence of N,,
(i.e., thermodynamics) and facile activation of N, on the
metal (i.e., kinetics)

(2) stability of a surface N vacancy in the nitride with respect
to the bulk nitride

(3) exergonic binding of N, at a surface N vacancy of the
nitride

(4) solubility of salts of the mediator in nonaqueous
electrolyte

(5) facile diffusion of N in the bulk nitride

Here, we argue that the final criteria (S), facile diffusion of N
in the bulk nitride, is not necessary: although a surface nitride
must form, only a few layers are necessary to achieve the
desired effect given the “near-sightedness” of metals with
respect to distant perturbations.”*~>"
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In addition to our first report on calcium-mediated ammonia
synthesis (Ca-MAS),”" a following report from Fu et al.*”
demonstrated Ca-mediated NHj; synthesis in a flow system and
achieved 40 + 2% NH; FE at —2 mA/cm’ by using
Ca[B(hfip),], as the electrolyte. Here, we are able to
demonstrate Ca mediated NH; synthesis by using calcium
perchlorate salt in dimethyl ether, achieving 50 + 0.2% NH;
FE at an applied current density of —15 mA/cm”* and 6 bar N,
pressure.

Figure 1A shows a theoretical descriptor for criteria (2),
surface nitride vacancy stability, and (3), facile activation of N,
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Figure 1. (A) Selected theoretical criteria for a successful mediator
of electrochemical NH; synthesis, adapted with permission from
ref 27. Criteria include the stability of a surface N vacancy with
respect to the bulk nitride and the spontaneous formation of a
surface nitride under ambient conditions. The temperature to
achieve N, dissociation turnover frequency of 1 s™' was calculated
by assuming a transition metal Bronsted—Evans—Polanyi (BEP)
scaling from ref 34. The vertical dashed line represents N,
dissociation at room temperature. Here, we identify both Ca and
Mg as feasible mediators for the process in addition to Li. (B)
Schematic illustration of criteria (2), quantitatively illustrated as
the y-axis of (A).

at a surface vacancy of the nitride in the SEI The y-axis of
Figure 1A corresponds to the energy required to move a bulk
vacancy to the surface (or, equivalently, the energy required to
move a surface N to fill a bulk vacancgr); ie, following the
approach of Nerskov and Cargnello,” the energy of the
surface vacancy relative to the bulk is the difference between
the free energies of vacancy on surface nitride and the vacancy
inside the bulk nitride, which is illustrated in Figure 1B,
A = By

vac

surf—>bulk —

vac

surf

(1)

If this quantity is positive, a thermodynamic driving force
would exist for the continuous transition of surface N vacancies
to the bulk, inhibiting the adsorption of N, at the surface N
vacancy site. As such, a successful mediator of this process
should exhibit surface N vacancies that are stable with respect
to the bulk, ie., AEjg pux < 0. Note that this criteria is
consistent with discarding facile bulk N diffusion as a necessary
criteria for a mediator: formation of a bulk nitride (i.e., more
than 3—S monolayers of nitride) is not necessary, since a
material with stable surface N vacancies will not electronically
interact with the bulk nitride due to the aforementioned near-
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sightedness of metals.”*7° We further note that, in reactors
with significantly improved transport of N, this criteria may be
unnecessary, as NH; could be displaced by N, without forming
the surface N vacancy.

Figure 1A also addresses criterion (1), facile activation of N,
as the two x-axes. The clean metal (ie., before nitride
formation) must bind N strongly enough to rapidly dissociate
N,, ideally under ambient conditions. To address this, we
assume a Bronsted—Evans—Polanyi (BEP) scaling found in
transition metals’ to map the calculated AEy values to
activation barriers for N, dissociation. It assumes a linear free
energy relationship between the driving force and the reaction
barrier. We verified this approximation by calculating the N,
activation barrier on Ca (211) using DFT and found the
process to be barrierless, with a significantly exergonic reaction
energy (2AEy = —2.6 eV) as suggested by the reported AEy in
Figure 1A. Here, we find E, v dgisoc. & 1.56AEy + 1.38, in units

of eV. To determine the upper x-axis of Figure 1A, we solve
the following nonlinear rate equation for T,

kT

AG issoc.
TPNZO'SG* exp| -

ks T

=1s = -

erdissoc.

2)

Here, kg and h are the Boltzmann and Planck constants, py, is

the nitrogen pressure (taken to be 1 bar), 6. is the coverage of

free sites on the surface (approximated as 1), and AG, y, discoc.

is the Gibbs free energy of N, activation. For T = 300 K, we
calculate a corresponding AEy of approximately —0.6 eV,
forming the vertical red line in Figure 1A and enclosing the
green box, which denotes viable candidates as mediators for
this process. Note that all materials in Figure 1A satisfy criteria
(1) from the thermodynamics perspective (i.e, they all
spontaneously form nitrides in the presence of N,). Here,
the vertical line illustrates those that our DFT calculations
suggest will form a surface nitride at room temperature. Note
also that our analysis neglects criteria (S), the existence of salts
soluble in nonaqueous electrolytes.

Here, we wish to highlight that the system being investigated
here—metal/metal nitrides in contact with a nonaqueous
electrolyte under highly reducing conditions—is exceptionally
complex, and so verifying our hypothesized mechanism
conclusively is, at present, not possible. A study by Tort et
al,”® which proposes a different mechanism, yet arrives at a
similar list of possible mediators of this process, further
highlighting the complexity. Experimental control studies
testing some of the criteria outlined above would be useful
areas of future research. For example, an experiment in which
the cathode begins as a nitride material and with no salt in
solution may test the hypothesis that surface N vacancies in the
nitride are the key active site for this process.

Among the identified mediators beyond Li, we explored Ca
and Mg experimentally as candidates for N, activation and
electrochemical NH; synthesis. Ca was chosen for detailed
analysis because it is predicted to be the most reactive (i.e., Ca
binds N stronger than Mg), and it has a standard reduction
potential of Ca (—2.87 V vs SHE) close to Li (—3.04 V vs
SHE), suggesting that a similar experimental protocol may
succeed. The formation of Ca;N, is favorable due to the
spontaneous reaction of N, and Ca, as the free energy of the
formation of Ca;N, is —4 eV. It is known that the formation of
a bulk nitride can be kinetically slow,”>® but as discussed
above, we hypothesize that bulk nitride formation is not
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necessary for a successful mediator of this process. We
hypothesize that Ca-MAS occurs in a process analogous to Li-
MAS, i.e., based on the following reaction scheme and also
shown in Scheme 1:

[Ca electrodeposition]

Ca’" +2¢” - Ca, ()
[Ca nitridation]

6Cay) + NaGag) = 2Ca3Nyy) (it)
[Ca;N; protolysis]

Ca;Ny) + HX + e —» Ca;N-NH (iii)
[Ca;N,H protolysis]

Ca,N-NH* + HX + ¢~ — Ca,N-NH, + X~ (iv)
[Ca;N,H, protolysis]

Ca;N-NH, + HX + ¢= —» Ca,N—-NH; + X~ (v)
NH; desorption

Ca;N-NH, — Ca;N™ + NH,,) (vi)
[Ca;N* nitridation]

Ca;N™ + lN2 - CayN, ;

2 (vii)

First, Ca is electrodeposited on a substrate by dissolving Ca
salt in a nonaqueous solvent (Calcium Electrodeposition, eq i)
and applying a strongly reducing bias on the cathode. The
electrodeposited Ca metal reacts spontaneously with N,
(either dissolved or gaseous in a GDE setup) to form Ca;N,
(Calcium Nitridation, eq ii). Following the formation of
Ca;N,, a sequence of coupled proton-electron transfer
(CPET) steps (eqs iii—v) forms NH; adsorbed to calcium
nitride (Calcium Nitride Protolysis). Finally, NH; desorbs,
forming a surface N vacancy on the calcium nitride (eq vi).
Given the stability of this surface nitride vacancy shown in
Figure 1A,’® we hypothesize that it is filled by N, which is
subsequently reduced by an associated mechanism in a
sequence of CPET reactions, thereby completing the catalytic
cycle. Ca metal and nitride can also serve as catalysts for
hydrogen evolution to form H,, an undesired side reaction
(Calcium Protolysis). We again note that this proposed
mechanism is slightly different than those appearing in some
published reports for the analogous Li-MAS process, "> which
has been hypothesized to involve the concomitant dissolution
of Li to form Li". As discussed above, the precise mechanism is
still poorly understood and likely depends strongly on specific
details of the experimental protocol in use (e.g, dynamic
potential control, electrolyte and salt choice, N, pressure, and
others). However, we hypothesize here that concomitant
dissolution cannot occur under the strongly reducing
conditions typically used, as the corrosion subreaction will be
endergonic. In this Letter, we provide a proof of concept for
the Ca and Mg-mediated NH; synthesis.

From our prior work and literature reports on Li-MAS, we
observe that increased N, pressure results in improved NH;

https://doi.org/10.1021/acsenergylett.4c01455
ACS Energy Lett. 2024, 9, 4188—4195
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Figure 2. (A) Schematic and configuration of the batch autoclave for electrochemical ammonia synthesis. (B) NH; FE and NHj; current
density (CD) at different applied CDs. (C) "H NMR spectra for '*N experiments at varying current densities. (D) '"H NMR spectra for '*N

experiment at —15 mA/ cm?.

FE.'”" This enhancement extends only to a certain level
beyond which there is no improvement in the NH; FE as the
system is no longer in an N, mass transport limited regime."’
Similarly, there exists an optimal concentration of the proton
donor which balances the Li;N protolysis (toward NH;) and
Li protolysis (toward HER) steps. Hence, for Ca-MAS, we
operate our reactor at a slightly elevated N, pressure of 6 bar.
Ethanol (EtOH, also referred to as HX in eqs iii, iv, and v) was
used as the proton donor at a concentration of 0.65 M. The
reaction was carried out in a modified autoclave setup to
withstand high pressures, as shown in Figure 2A. Ni foam was
used as the cathode; Pt was used as the anode in a
membraneless setup, and the electrolyte was stirred at 700
rpm. Tetrahydrofuran (THF) is commonly used as an aprotic
solvent to dissolve Li salts in Li-MAS. One of the challenges
inCa-MAS is to have a suitable Ca salt that can be dissolved in
an aprotic solvent. Calcium salts generally have poor solubility
in water and are mostly insoluble in nonaqueous solvents. The
Ca salts that are soluble in water generally exist in their
hydrated form, as they are hygroscopic. Among the tested Ca
salts, Ca(ClO,), has good solubility in dimethyl ether (DME).
The water content in freshly prepared preelectrolytes was
measured using a Karl Fischer titrator, yielding an average
value of 3.04 & 0.12%. Experiments were conducted at varying
current densities, ranging from 5 mA/ cm? up to 45 mA/ cm?,
as illustrated in Figure 2B. At lower current densities, calcium
deposition rate is lower, resulting in a decrease in available Ca
sites for nitridation steps, leading to lesser formation of calcium
surface nitride. As the current density and, hence, the cell
potential increases, the selectivity of calcium nitride protolysis
vs calcium protolysis seems to improve, as interpreted from the
increased FE of NH; in Figure 2B. At —15 mA/cm?, the
calcium nitridation and calcium nitride protolysis steps seems
to reach an optimal balance, resulting in the maximum NH; FE
of 50%. At higher current densities, such as —30 mA/ cm?” and
—45 mA/cm?, the cell voltage rapidly increases as denoted in
Figure S2A which could lead to electrochemical degradation of
the solvent and poor formation of the SEL. Hence, we observe

a low NH; FE at higher current densities. An optimal cell
voltage of ~4 V is required for stable performance.
Quantitative analysis of ammonia was conducted using 'H
NMR spectroscopy, following the previously published
protocol that ensures that the measured NHj arises from the
electrochemical N, reduction and not from air or other
potential contamination sources.” The approach involves the
use of the N, isotope as a substrate for electrochemical N,
reduction. Since the *N isotope is a spin 1/2 nucleus, the 'H
NMR spectrum of the ammonia electrogenerated from "N,
will give a characteristic doublet at 7.52 ppm with a coupling
constant of 180 Hz. This doublet can be readily distinguished
from the triplet peak associated with ammonia containing the
most abundant '*N isotope (spin 1 nucleus), which appears at
6.89 ppm with a coupling constant of 54 Hz. The resulting
spectra for the post-electrolyte samples at different current
densities are depicted in Figure 2C. Isotope labeling experi-
ments were conducted at —15 mA/cm? as this condition
yielded the highest FE and ammonia current density. The
isotope-labeled experiments were quantified by using 'H
NMR, as depicted in Figure 2D, resulting in an FE of 50 +
0.2% at —15 mA/cm’. Rigorous control experiments were
performed to ensure that NH; is produced by the electro-
chemical reduction of N, and not from adverse contaminants
(see Supporting Information). To depict the accumulation of
ammonia over time, two different experiments were performed
in a batch system. One experiment ran for 2 h at —15 mA/cm?,
while the other ran for 1.5 h at =15 mA/cm? The isotope-
labeled experiments were quantified using 'H NMR, as
depicted in Figure 2D, resulting in an FE of 50 + 0.2% at
—15 mA/cm® In the isotope labeling experiment conducted
for 1.5 h at —15 mA/cm?, an NH; FE of 38% was obtained,
with an ammonia current density of 5.6 mA/cm?® Open circuit
control experiments were performed for both '*N, and "°N,,
where no potential was applied, and the solutions were kept on
a stir plate for 2 h. NMR spectra of the pre-electrolyte and
post-electrolyte samples for both cases showed no ammonia in
the post-electrolyte samples, as shown in Figure S3A.
Additionally, another control experiment was conducted

https://doi.org/10.1021/acsenergylett.4c01455
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Figure 3. (A) SEM image of Ca deposited Ni foam post-electrolysis. (B) EDS spectrum of post-electrolyte electrode showing the presence of
Ca and Ni. (C) High resolution XPS scan of the post-electrolysis electrode confirming the presence of Ca. (D) XPS survey scan of the post-
electrolysis electrode showing the presence of O from perchlorate species.

using argon (Ar) to pressurize the reactor instead of N,. The
reactor was pressurized to 6 bar with Ar, and the reaction was
carried out at —15 mA/cm? for 2 h. Post-electrolyte analysis
using 'H NMR showed no ammonia peaks as shown in Figure
S3B. Finally, an electrolyte sample was prepared and left open
in the fume hood to ensure that ammonia was not coming
from atmospheric contaminants but was instead being
electrochemically synthesized. After 2 h in the fume hood,
'"H NMR analysis showed no ammonia peaks as depicted in
Figure S3B.

The characterization of the post-electrolysis catalyst was
conducted using Scanning Electron Microscopy with Energy
Dispersive X-ray Spectroscopy (SEM-EDS) and X-ray Photo-
electron Spectroscopy (XPS) on the postreaction sample, as
depicted in Figure 3. The analysis was performed ex situ just to
confirm the deposition of Ca. In situ analysis to understand the
interface would be interesting, but it is beyond the scope of the
current work.

After establishing calcium as a successful mediator, we
briefly investigated the potential of magnesium (Mg) as an
alternative mediator. Similar experimental setups as employed
in Ca-MAS were utilized for this study. One M magnesium
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perchlorate in N,N-dimethylformamide (DMF) with 0.065 M
ethanol was used as the electrolyte. Chronopotentiometry was
performed at a constant current density of 15 mA/cm’.
Detailed experimental methods are provided in the Supporting
Information. Ammonia quantification was conducted using a
UV—vis spectrometer and the indophenol method. To ensure
accurate concentration estimation, the method of additions
was followed as shown in Figure 4B. According to UV—vis
quantifications, we obtained a Faradaic Efficiency (FE) of
27.2% + 2.4% for Mg-mediated Ammonia Synthesis (Mg-
MAS) with an ammonia current of —4.08 + 0.26 mA/cm®
Our observations were quantitatively validated using Nuclear
Magnetic Resonance ("H NMR) as depicted in Figure 4 which
predicted 27.14% and 4.07 mA/cm* ammonia current density.
The signature triplet for ammonia appears at 6.83 ppm in
NMR with a coupling constant of 96 Hz. The operating cell
voltage for magnesium was observed to be lower than that for
calcium, which is consistent with DFT calculations. Detailed
research on MgMAS is still ongoing; a comprehensive study is
planned for future investigation.

The work presented in this paper demonstrates the Ca-
mediated NHj; synthesis and is one of the first few reported
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Figure 4. (A) "N NH; NMR calibration curve with a —15 mA/cm?*
data point for MgMAS. (B) UV—vis absorbances as a function of
NH; concentrations at 632 nm for Mg-MAS post-electrolyte.
(C)'H NMR spectra of Mg-MAS post-electrolyte at —15 mA/cm’”
with a cell voltage of —3.43 V. (D) NMR spectra of calibration of
N-14 ammonia solution for MgMAS.

works in this domain. A maximum NH; FE of 50 + 0.2% was
obtained at —15 mA/cm?® The process suffers from several
challenges that must be overcome. Calcium salts are insoluble
in most of the solvents explored here. Future studies screening
the solubility of different Ca salts in different aprotic solvents
would enable testing different salt and electrolyte config-
urations for the Ca-mediated NH; synthesis, leading to an
optimal configuration to maximize NH; FE. Similarly, such a
study would enable lowering the total cell potential of the
system and, therefore, the overall energy efficiency of the
process. The role of the SEI in determining the NH; FE
remains poorly understood, and in situ studies to probe the
SEI are required. The presented work would enable future
studies of the NH; synthesis by using Ca and other materials
beyond Li as a mediator.
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