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HIGHLIGHTS

A rechargeable Li-N; battery is
proposed for a reversible N,
fixation process

The Li-N; battery provides
technological progress in N5
fixation

The Li-N; battery shows high
faradic efficiency for N fixation

The catalyst can improve faradic
efficiency and decrease energy
consumption

Based on a rechargeable lithium-nitrogen battery, an advanced strategy for
reversible nitrogen fixation and energy conversion has been successfully

implemented at room temperature and atmospheric pressure. It shows a
promising nitrogen fixation faradic efficiency and superior cyclability.
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SUMMARY

Although the availability of nitrogen (N) from the atmosphere for N, fixation is
limitless, it isimmensely challenging to artificially fix N, at ambient temperature
and pressure given the element’s chemical inertness and stability. In this article,
as a proof-of-concept experiment, we report on the successful implementation
of areversible N, cycle based on a rechargeable lithium-nitrogen (Li-N,) battery
with the proposed reversible reaction of 6Li + N, = 2Li3N. The assembled N,
fixation battery system, consisting of a Li anode, ether-based electrolyte, and
a carbon cloth cathode, shows a promising electrochemical faradic efficiency
(59%). The unique properties of Li-N, rechargeable batteries not only provide
promising candidates for N, fixation but also enable an advanced N,/Li3N cycle
strategy for next-generation electrochemical energy-storage systems.

INTRODUCTION

The conversion of atmospheric nitrogen (Ny) into valuable substances such as fine
chemicals and fertilizers is critical to industry, agriculture and many other processes
that sustain human life. Although it constitutes about 78% of Earth’s atmosphere, N,
in its molecular form is unusable in most organisms because of its strong nonpolar
N=N covalent triple-bond energy, negative electron affinity, high ionization en-
ergy, and so on.'™ In terms of energy efficiency, the honorable Haber-Bosch pro-
cess, which was put forward more than 100 years ago, is the most efficient process
for producing the needed N, fertilizers from atmospheric Ny in industrial processes.
However, the energy-intensive Haber-Bosch process is inevitably associated with
major environmental concerns under high temperature and pressure, leaving almost
no room for further improvement by industry optimization, as indicated in Fig-
ure S1.%° For the development of a more environmentally benign process, a variety
of processes have been studied over the past few years, including non-thermal and
thermal plasma fixation synthesis, biomimetic processes, and metal-complex catal-
ysis methods. Despite the significant achievements that have been made, they still
face some challenges, such as complex and expensive catalysts and electrolytes,
irreversible reactions, and low yields under mild conditions.®”"?

Inspired by rechargeable metal-gas batteries such as Li-O,,"*"’ Li-CO,,"® Li-SO,,"”
Al-C0O,,%° and Na-CO,?" (which have attracted much attention because of their high
specific energy density and ability to reduce gas constituent), research on Li-N; bat-
teries has not seen any major breakthroughs yet. Although Li-N, batteries have
never been demonstrated in rechargeable conditions, the chemical process is
similar to that of the previously mentioned Li-gas systems. During discharging reac-
tions, the injected N, molecules accept electrons from the cathode surface, and the
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The Bigger Picture

The conversion of atmospheric
nitrogen (Ny) into valuable
substances such as fine chemicals
and fertilizers is critical to industry,
agriculture, and many other
processes that sustain human life.
However, because the N=N bond
in N, is one of the strongest
available, N, fixation is a
kinetically complex and
energetically challenging
reaction. Up until now, it has
heavily relied on the energy- and
capital-intensive Haber-Bosch
process, wherein the input of H,
and energy is largely derived from
fossil fuels, thus resulting in large
amounts of CO, emission.
Electrocatalytic N, fixation
represents an attractive prospect.
Unfortunately, given the lack of an
efficient process, the production
yields and faradic efficiency are
still rather poor. In this work, we
propose and demonstrate a
rechargeable Li-N, battery with
the reversible reaction of 6Li + N,
= 2Li3N. The battery shows a
promising electrochemical faradic
efficiency (59%) and good cycle
performance.
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activated N, molecules subsequently combine with Li ions to form Li-containing
solid discharge products. From the results of theoretical calculations, the proposed
Li-N batteries show an energy density of 1,248 Wh kg™~", which is comparable to
that of rechargeable Li-SO, and Li-CO, batteries, as summarized in Table S1.
Most importantly, N, fixation via Li-N, batteries has many environmental advan-
tages, given that it requires only electricity and N; as feedstock under mild condi-
tions. This means that without the need for large-scale, high-temperature, and
high-pressure ammonia synthesis plants, rechargeable Li-N, batteries could be
used flexibly and produce fine chemicals or N, where they are needed.

Herein, as a proof-of-concept experiment, we propose and demonstrate that a
rechargeable Li-N; battery is possible under room temperature and atmospheric
pressure with the following reversible battery reactions:

anode: 6Li = 6LiT + 6e” (Equation 1)
cathode: 6Li* + N, + 6e~ = 2Li3N (Equation 2)
overall: 6Li* + N, = 2LisN (Equation 3)

The proposed Li-N; battery, which contains a Li-foil anode, glass fiber separator,
ether-based electrolyte, and a carbon cloth (CC) cathode (as shown in Figures 1A
and S2), holds a N fixation faradic efficiency (FE) of up to 59%. Because catalysts
can be critical factors for improving the N; fixation efficiency, Ru-CC and ZrO,-CC
composite cathodes were also investigated in this study. Impressively, the assem-
bled Li-N; batteries with catalyst showed higher FE than pristine CC cathodes. Given
the above, this promising research on highly efficient Li-N; batteries not only pro-
vides fundamental and technological progress in energy-storage systems but also
enables an advanced N,/LizN cycle for a reversible N; fixation process.

RESULTS AND DISCUSSION

In this work, both the applied current density (mA cm~?) and achieved specific ca-
pacity (mAh cm~2) were normalized to the area of the cathodes. In the rechargeable
Li-N, battery, Li* combines with N3 to form LisN during discharge, which is decom-
posed into Li and N upon the charging process, corresponding to the above Equa-
tion 3. The electrolyte is 1 M LiCF3SO3 in tetraethylene glycol dimethyl ether
(TEGDME) in consideration of its low vola'cility,zz'23
and LizN (Figure S3), and high ionic conductivity. The CC cathode depicts a porous

relative stability to Li metal

cross-linking structure with a geometric area of 2.0 cm? (Figure S4) and acts as both
as a conductive network and reaction site for nucleating and anchoring discharge
products. Its porous structure is able to store large amounts of N, fixation products
without blocking air channels and benefits the cathode reaction in the gas-electro-
lyte-cathode material interface. As depicted in Figure 1A, once the anode and cath-
ode are connected externally, the Li-N, battery with reaction 6Li + N, = 2Li3N sup-
plies electric energy upon discharge and recovery upon charge.

Figure S5 shows the galvanostatic discharging curves of the assembled battery in Ar-
and Nj-saturated atmospheres, and the electrochemical reaction in the Ar atmo-
sphere is similar to Li — Li* with an intercalation reaction.”* The X-ray diffraction
(XRD) pattern of products on the CC electrode in Ar showed a negative shift for
the (002) crystal face of graphite,” further indicating the occurrence of an
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Figure 1. The Structure and Rechargeability of a Room-Temperature Li-N, Battery

(A) Structure of a Li-N; battery with a Li-foil anode, ether-based electrolyte, and CC cathode.

(B) N fixation (blue) and N, evolution (red) curves of a Li-N; battery with a CC cathode at a current
density of 0.05 mA cm™2.

(C) CV curves of a Li-N; battery at a scan rate of 0.05 mV s7'in Ny-saturated (black) and Ar-saturated

(red) atmospheres.
(D) Cyclic performance of a Li-N; battery at a current density of 0.05 mA cm 2,

intercalation reaction (Figure Sé). In contrast, the discharging curve in the N, atmo-
sphere showed a plateau from 1.2 to ~0.8 V, which might indicate a multi-step reac-
tion of N, adsorption and/or multiple electron-transfer processes.”” Figure 1B
displays a typical charge-discharge curve of the Li-N; battery at atmospheric pres-
sure and room temperature. The high charge overpotential at the end of the charge
might be due to some side reactions, such as electrolyte and/or cathode decompo-
sition. In addition, cyclic voltammetry (CV) was measured from 0.4 to 4.2V for further
examination of the N5 fixation and evolution reaction on the CC cathode between
the Ny and Ar atmospheres (Figure 1C). Obviously, different cathodic peaks were
observed in the CV curves under different atmospheres, and the cathodic peak at
1.3 Vin the N, atmosphere (black curve) could be assigned to the electrochemical
N, fixation reaction. Correspondingly, the cathodic peak at 0.7 V in the Ar atmo-
sphere (red curve) could be due to the formation of intercalation compound.
Furthermore, cycling performance tests in Figure 1D were subjected to a current
density of 0.05 mA cm ™2 and a limited capacity of 0.30 mAh cm 2. The results
demonstrated that discharge and charge potentials underwent slight deviations
even in the initial 40 cycles. This limited cycle life of the Li-N, battery possibly re-
sulted from the instability of the anode and cathode, which was verified by scanning
electron microscopy (SEM) of the cycled Li anode and by X-ray photoelectron spec-
troscopy (XPS) of the cycled CC cathode; the Li anode surface turned from smooth to
rough, and the O content of the cycled CC cathode increased in relation to that of
the pristine one (Figures S7 and S8). Therefore, improving Li-N; batteries will require
development of a stable anode, cathode, and electrolyte to avoid side reactions.
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Figure 2. Ex Situ Analysis of the Electrochemical Nitrogen Fixation and Evolution Processes
SEM images (A-C), XRD patterns (D), N1s XPS spectrum (discharged CC cathode, E), and FT-IR
spectra (F) of the CC cathode at different electrochemical conditions.

Intensity (a.u.)

«» Absorbance (a.u.)

Furthermore, various ex situ measurements were designed to record the Li-N; bat-
tery reaction processes. The SEM results demonstrated that after N; fixation, some
particles had deposited and accumulated on the CC cathode but not the pristine CC
cathode (Figures 2A and 2B). Subsequently, these particles had almost disappeared,
and the CC cathode recovered to a smooth surface as charging proceeded (Fig-
ure 2C). XRD, XPS, and Fourier transform infrared spectroscopy (FT-IR) were then
employed to determine the composition of the above products. As shown in Fig-
ure 2D, after discharge (dark-yellow curve), besides the peaks originating from the
CC substrate and the vacuum sample cell, a characteristic diffraction peak of LizN
(JCPDS 65-4547) was observed at 20 = 32.4°, consistent with the XPS result (N1s
binding energy at 396.6 eV; Figure 2E).?*?” It should be noted that we cannot
exclude the formation of other Li-N compounds, such as lithium azide (LiN3), during
N fixation reactions. After charging, the LizN characteristic peak had almost disap-
peared with N evolution (dark-red curve), demonstrating the decomposition of LizN
and consistent with the above SEM results. In addition, the energy-dispersive X-ray
spectrometry elemental mappings in Figure S9 revealed the uniform distribution of
N (28.21 atom %) on the discharged cathode; the N content was also reduced to 4
atom % after charging, indicating the decomposition of N, fixation products and
consistent with the FT-IR results (Figure 2F).28:29

The concentration of LizN in N5 fixation and N, evolution reactions was monitored
with a UV-vis spectrometer by colorimetry.® It is known that LisN reacts with water
immediately to form NHj as follows:

LisN + 3H,O = NH; + 3LiOH (Equation 4)
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Figure 3. Colorimetric Analysis of the Electrochemical Nitrogen Fixation and Evolution Processes
The N fixation (blue, A-C) and N, evolution (red, D-F) points were examined with Nessler's
reagent via hydrolysis of LisN (LizN + H,O — NH;3 + LiOH).

The produced NHj; derived from hydrolysis can combine with Nessler’s reagent to
form NH;Hg,Ol yellow complex,

2[Hgls]?~ + NH3 + 30H™ = NH,Hg,Ol + 71~ + 2H,0, (Equation 5)
and the NH,Hg,Ol complex presents a light absorption at 425 nm.” In our case, the
cathodes at different charge-discharge states were immersed into the solution con-
taining Nessler's reagent. As shown in Figure 3, the color of the solution gradually
darkened from (A) to (C) as discharge time increased, demonstrating gradual accu-
mulation of Li3N. Variation in Li3N during charging was also recorded at the same
time intervals (Figures 3D-3F). The color gradually returned to transparent as the
visible CC cathode appeared in the vessel, whereas the cathode that had not under-
gone an electrochemical process was transparent (Figure S10), further proving the
decomposition of LisN upon charging. Even though the Li-N; cell with the CC cath-
ode discharged in Ar, the discharged CC cathode was still transparent under color-
imetric assay, and this indicated that the other compounds produced in Ar had no
response to LiN3 under colorimetric assay (Figure S11).

When considering a Li-N; battery as a novel electrochemical N, reduction method, it
is necessary to determine how many N fixation products are formed and the corre-
sponding FE during N3 fixation. As shown in Figure S12, a standard curve of NH,"
under low concentration was plotted according to Lambert-Beer’s law, the concen-
tration of N fixation product was tested according to the standard curve, and N fix-
ation FE was acquired as follows:

_3F X MNH;-N
FE= 14 xQ

where 3 is the electron-transfer number of one N atom, F is the Faraday constant,

(Equation 6)

mH,—N is the measured mass of N as determined by UV-vis spectrophotometry,
14 is the molar mass of the N atom, and Q is the sum of electric charge recorded
by electrochemical workstation. The results in Figure 4A demonstrate that the N,
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Figure 4. Faradic Efficiency of Li-N, Battery

(A) Galvanostatic curves and corresponding faradic efficiency (FE) at each given N, fixation period

from 5 to 9 hr at a current density of 0.05 mA cm 2.

(B) Potentiostatic curves and corresponding FE at each given N, fixation potential.
(C) "H NMR spectrum.

fixation FE rapidly increased from 32% (5 hr) to the maximum value of 59% (7 hr).
Afterward, it reduced to 44% (8 hr) and 39% (9 hr). We also determined the FE in
charge for 7 hr N, fixation, and the result demonstrated 87% LisN decomposition,
corresponding to 51% FE for charging (Figure S13).

To consider the optimal potential for electrochemical N; fixation, we performed
potentiostatic measurements at initial potential (1.36 V), average potential
(1.08 V), and cutoff potential (0.80 V) according to the best FE curve (Figure 4B).
After 5 hr of measurement, FE was up to 64% at 1.08 V, nearly 2.5 times higher
than the other two potentials. Under the maximum yield of N; fixation, we further
characterized N; fixation products by hydrolyzing to form NH;. The obtained NH3
protonated to NH4" in the slightly acidic reaction environment (pH = 4), which
was characterized by "H nuclear magnetic resonance ("H NMR) (Figure 4C). The
result showed that coupling of N was a triplet in DMSO-dé, as previously re-
ported,®’ providing indirect evidence that the detected ammonia originated
from the N; fixation product.

Because catalysts can be critical factors for electrochemical N, fixation, a series of
catalysts, such as Ru and ZrO,, have been studied for improved efficiency of artificial
N, fixation process.?”*? Therefore, we also introduced Ru-CC and ZrO,-CC com-
posite cathodes, prepared via high-temperature pyrolysis under H,/Ar atmosphere,
into the Li-N; battery (Figures S14 and S15). CV results showed that the Li-N; battery
with the Ru-CC cathode achieved more positive cathodic potential and larger
current density than that with the ZrO,-CC or pure CC cathode (Figure S16). The gal-
vanostatic charge-discharge measurements of the Li-N, batteries with different
catalysts showed lower overpotential upon N3 evolution in the N, atmosphere (Fig-
ure S17). The Li-N; batteries achieved a longer cycle life with the Ru-CC (72 cycles) or
ZrO,-CC (80 cycles) cathode than with the pure CC cathode (65 cycles) under the
same test conditions, demonstrating the efficiency of catalysts in improving the
stability of the cell (Figure S18). The Ru-CC and ZrO,-CC cathodes were further
subjected to potentiostatic tests at 1.08 V for 5 hr in Li-N; batteries. As shown in
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Figure S19, the FE of the Ru-CC cathode was only 67%, lower than that of the
ZrO,-CC cathode (71%).

In conclusion, to tackle the challenges of artificial N, fixation under mild conditions,
as a proof-of-concept experiment, we have demonstrated that electrochemical N,
fixation in ambient conditions is possible with rechargeable Li-N, batteries. The
electrochemical formation of LizN, the major N; fixation product of a Li-N; battery,
was reversible in charge-discharge processes. More importantly, these results show
that rechargeable Li-N; batteries offer a promising green candidate for N fixation
and enable an advanced N,/LisN cycle approach for next-generation energy-stor-
age systems. However, it should be noted that intense efforts should be devoted
to developing stable anodes, cathodes, and electrolytes and investigating the un-
derlying complex reaction mechanism of Li-N; batteries.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.
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Supplemental Information includes Supplemental Experimental Procedures, 19 fig-
ures, and 1 table and can be found with this article online at http://dx.doi.org/10.
1016/j.chempr.2017.03.016.
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