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Laser-induced nitrogen fixation
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For decarbonization of ammonia production in industry, alternative methods
by exploiting renewable energy sources have recently been explored. None-
theless, they still lack yield and efficiency to be industrially relevant. Here, we
demonstrate an advanced approach of nitrogen fixation to synthesize
ammonia at ambient conditions via laser–inducedmultiphoton dissociation of
lithium oxide. Lithium oxide is dissociated under non–equilibrium multi-
photon absorption and high temperatures under focused infrared light, and
the generated zero–valent metal spontaneously fixes nitrogen and forms a
lithium nitride, which upon subsequent hydrolysis generates ammonia. The
highest ammonia yield rate of 30.9 micromoles per second per square cen-
timeter is achieved at 25 °C and 1.0 bar nitrogen. This is two orders of mag-
nitudehigher than state–of–the–art ammonia synthesis at ambient conditions.
The focused infrared light here is produced by a commercial simple CO2 laser,
serving as a demonstration of potentially solar pumped lasers for nitrogen
fixation and other high excitation chemistry.We anticipate such laser-involved
technology will bring unprecedented opportunities to realize not only local
ammonia production but also other new chemistries .

The fixation of molecular nitrogen gas (N2) is of great importance for
the industrial productionofnitrogen–containing fertilizers but also for
natural nitrogen chemistry in general1. The current method depends
upon the Haber-Bosch (H–B) process, which operates at elevated
temperatures (400–500 °C) andpressures (100–200bar). It consumes
1–2% of global annual energy and utilizes methane-derived hydrogen,
which results in the emission ofmore than 300million tons of CO2 per
year2,3 (about 1.5%of the total). In thenear future, renewable electricity,
such as solar and wind, but especially solar radiation and heat may
become cheap alternatives. However, energy–intensive H–B plants
requiring continuous operation with an uninterrupted energy supply
cannot handle the intermittency and decentralized character of
renewable energy sources4.

Recently, several techniques have emerged which are compatible
with the intermittent nature of renewable energy, that are chemical
looping, electrochemistry, plasma– and photocatalysis, and mechan-
ochemical methods5,6. Some reports have shown appealing

performance improvements, but all these methods still lack yield and
rate to be practically relevant, as displayed in a summary of the key
results reported (Supplementary Table 1)2,7–13. For example, an elec-
trochemical approach working via lithium-mediated N2 fixation, was
described. An unprecedentedly high yield rate of 150nmol s−1 cm−2 at
room temperature and 15–bar N2 was achieved, still lower than com-
monly defined minimum for practical application, 900nmol s−1 cm−2

(obtained at a current density of 300mAcm−2 and a faradaic efficiency
of 90%)14–16. A further increase of the yield rate is challenging because
of the kinetic barrier of ionic diffusion from the bulk electrolyte to the
electrode interface and the promotion of side reactions (i.e., decom-
position of electrolyte in organic system) at the higher overpotentials
needed for higher rates14,17.

To address the above challenges, we analyze a laser-pulse driven
chemical conversion system operating under 1.0 bar N2 pressure18,19,
which enables a one-step, solvent-free transformation of metal oxide
to metal nitride, which subsequently can be hydrolyzed to generate
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ammonia. In our approach, three advantages are met in the laser
induction reaction system: (i) laser-induction technology satisfies the
demand of small-scale, distributed production of chemicals with the
energy converted from broad-band solar radiation;20,21 (ii) an impor-
tant characteristic of the focused light is the energy highly con-
centrated in certain space, which allows non–linear, non–equilibrium
chemistry with a potentially high rate for ammonia production;
and (iii) different from the electrochemical method and photo-
catalysis, in which interfacial transport and diffusion of substances,
solvents stability, etc. should be taken into account, our system
involves only a high photons fluxwhich interacts directly with the bulk
phase of high-density metal oxide powder. Accordingly, multiple
issues, such as ionic diffusion limits and competing side reactions, are
effectivelyminimized, while the reaction can be carried out selectively
and efficiently at a high yield rate.

Results
Products characterization of laser-induced N2 fixation
As illustrated schematically in Fig. 1, the laser-induced N2 fixation
(LINF) is presented, where a focused–light–induced lithium cycle is
based on a Li3N intermediate. Specifically, lithium oxide powder loa-
ded on a titanium sheet substrate is placed in a custom-made reactor
(Supplementary Fig. 1). The system is filled with 1.0–7.5 bar nitrogen.
The pulsed CO2 laser beam passes through the ZnSe window and
focuses on the powder, inducing multiphoton heating and thermal
dissociation of Li2O. The generated activemetal instantaneously reacts
with the N2 atmosphere to form Li3N, as proven by X–ray diffraction
(XRD) patterns (Fig. 2a), X–ray photoelectron spectroscopy (XPS)
spectra (Fig. 2b)22,23, Scanning electron microscopy (SEM, Fig. 2c), and
energy-dispersive X–ray spectroscopy (EDS, Fig. 2d). Li3N is subse-
quently hydrolyzed into NH3. The liberated LiOH can be reused in the
laser–induced cycle after thermal dehydration.

Performances Evaluation of ammonia production
The amount of ammonia produced through the hydrolysis of the Li3N
is calculated as NH3 yield rate normalized to the loading geometric
area of oxides film on Ti sheet substrate (Supplementary Fig. 2). A very
high yield rate of 43.3 µmol s−1 cm−2 was obtained with 7.5 bar nitrogen
when using a light power of 118 kWcm−2 (26.9W) and a scanning speed
of 1.36mms−1 (Fig. 3a, Supplementary Fig. 3). This is equivalent to a

current density of 12.5 A cm−2 in the electrochemical method at a
hypothetical 100%efficiency. The obtainedNH3 yield rate is twoorders
of magnitude higher than the commonly recognized minimum
(300mAcm−2) for practical application of the electrochemical
method14. The corresponding lowest energy consumption of ammonia
synthesis based on the light power can be calculated to be approxi-
mately 322 kWh kg−1 NH3 (Fig. 3b). This value is significantly higher
than that (10 to 13 kWh kg−1 NH3) of the H–B process at an industrial
scale, but is already competitive in comparisonwith the H-B process at
a laboratory scale (400 °C, 1.0 bar) and especially with the other new
emergingmethods (Fig. 3c, Supplementary Table 1)2,5,7,11–13,24–26. A more
favorable economy using scaled processes with heatmanagement and
solar light pumping can however be expected. Such non–linear pro-
cesses aswell as the high reaction enthalpies of Li3N hydrolysis create a
lot of heat, which then has to be used differently, as in many focused
solar light applications.

An experiment using 1.0-bar isotope–labeled 15N2 gas unam-
biguously proves that ammonia originates from nitrides obtained by
the LINF process. Here, we use nuclear magnetic resonance (NMR)
spectroscopy to discriminate 15NH3 from 14NH3 and quantify the
amount of 15NH3 produced (See details in methods, Supplementary
Figs. 4–8)11. As shown in Fig. 3d, a doublet with J(15N–1H) = 73.6 Hz is
observed in 1H NMR spectrum, which is assigned to 15NH3 without
contamination with 14NH3. Upon integration, a 15NH3 yield rate of
32.8 µmol s−1 cm−2 is calculated. The obtained 15NH3 yield rate is close
to that (30.9 µmol s−1 cm−2) of 14NH3 yield rate obtained from the
above experiment using 1.0–bar 14N2 gas as feedstock (Supplemen-
tary Figs. 9–10). Other control experiments using argon with laser
treatment and 14N2 without laser treatment show no NH3 generated.

Mechanism study of the LINF process
From the above results, it is clear that the LINF converts oxides into
nitrides under nitrogen atmosphere. However, it is unclear whether
(1) the oxide is converted into nitride in one step, or (2) the
metal–oxide bond thermally dissociates under the formation of metal,
which then reacts spontaneously with nitrogen and forms metal
nitride. Our experimental results suggest that the latter pathway is
implemented. Although zero–valent lithium is not detected,
zero–valentMg, Al, Ca, and Zn are left to bedetectedwhen using other
metal oxides (MgO, Al2O3, CaO, and ZnO) due to their lower reactivity

Fig. 1 | Schematic illustration of the laser-induced nitrogen fixation process.
Lithium oxide powder is placed on the titanium sheet, and by laser-induction, the
lithium-oxygen bond is dissociated to form metallic lithium. The activated lithium

reacts with nitrogen to form lithium nitride. Lithium nitride is hydrogenated into
NH3 as an energy carrier and raw materials for fertilizer production. The lithium
hydroxide obtained by hydrolysis can be directly used in laser-induced cycling.
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Fig. 2 | Characterization of metal nitrides. a XRD patterns of laser-induced Li3N
with the reference XRD patterns of: Li3N (01-075-8959), Li2O (01-086-3380), TiN
(98-000-0339), Ti (04-003-5042); b N1s region of XPS spectra of laser-induced Li3N
film: A strong N signal is observed on the surface and the N1s region displays three
peaks at 396.1, 396.9, and 399.5 eV, which are assigned to N-Li22, N-Ti and N-O-Ti23,

respectively; c Top-view SEM micrograph of Li3N film with d correlated EDXS ele-
mentmaps. It isworthnoting that in the LINFprocess, Ti (substrate) also reactswith
N2 to form TiN following a thermal nitridation process (Supplementary Fig. 28–29,
Supplementary Table 3).

10-6
10-5
10-4
10-3
10-2
10-1
100
101
102

B

d

7.1 7.0 6.9 6.8

15N2

Ar

no laser

73.6 Hz

Chemical shift / ppm

μm
ol

 s
-1

This 
work

a b

c

Sp
ee

d 
/ m

m
 S

-1

Power density / kW cm-2

Sp
ee

d 
/ m

m
 S

-1

Power density / kW cm-2
60 80 100 120 140 160

0.2

0.4

0.6

0.8

1.0

1.2

0.4
0.6
0.8
1.1
1.5
2.1
3.0
4.2
5.9
8.2
11.5
16.1
22.5
31.5
44.0

mol s-1 cm-2

60 80 100 120 140 160
0.2

0.4

0.6

0.8

1.0

1.2

320.0
419.3
549.4
720.0
943.4
1236
1620
2123
2781
3645
4776
6258
8200

kWh kg-1

Fig. 3 | NH3 production from laser-induced nitrogen fixation. a 2D plot of
ammonia yield rate by using Li2O as a precursor vs. laser power density and scan-
ning speed at 7.5 bar; b 2D plot of the corresponding energy consumption by using
Li2O as a precursor vs. laser power density and scanning speed at 7.5 bar;
c Comparison of the maximum ammonia yield of this work with other ammonia

synthesis methods: Mechanochemical13, Haber-Bosch24, chemical looping25,
photochemical26, plasma electrolytic5, and electrochemical;2, 7,9–11 d The NMR data
from experiments by using 15N2 and Argon with laser treatment and 14N2 without
laser treatment.

Article https://doi.org/10.1038/s41467-023-41441-0

Nature Communications |         (2023) 14:5668 3



towards N2 compared to lithium metal (Supplementary Figs. 11–24,
Supplementary Note 1), which agree well with the fact that using Li2O
as a medium produces NH3 with the highest rate (Fig. 4a, Supple-
mentary Fig. 25). Thereby, considering that the required bond dis-
sociation energy of Li2O (341 kJmol−1) is lower than that of MgO
(394 kJmol−1), Al2O3 (512 kJmol−1), and CaO (464 kJmol−1) (Supple-
mentary Table 2), it is reasonable to infer that Li2O also goes through
the dissociation process to form zero–valent lithium first.

Overall, the experimental results support that the reaction
mechanism is based on the activation of Li2O followed by the reaction
of a zero–valent metal with N2. The energy of a single IR photon
(170μm,0.12 eV) employed in LINF is not sufficient to break Li–Obond
(BDE = 3.5 eV). However, the non–linear absorption of about tens of
photons is required for the promotion to zero-valent Li when the
microseconds pulse with a power density greater than 107W cm−2 is
applied27,28. Bloembergen et al. conjectured that multiphoton dis-
sociation might also occur at power flux as low as ~103Wcm−2 when
energy is provided within second–long pulses28. In our PMNF, by using
a laser power density of 1.18 × 105Wcm−2 with a pulse duration of 75

microseconds (a frequency of 1000Hz), we achieve an energy flux of
118 J cm−2 (Fig. 4b), which is, for example, 64 times greater than the
threshold level of 1.84 J cm−2 required to reach a regimeofmultiphoton
absorption – in this regime the SF6 is dissociated by absorption of
about 30 infrared photons27. Our current data can be recalculated to
the use of some thousand IR-photons per generated lithium, reflecting
the still low efficiency on the scale of atoms.

Furthermore, we give a simplified description of the mechanisms
in the PMNF process. The multiphoton dissociation of metal oxides
can be described by the equation:

MO+nPhotons ! MO� ! M+O+heat+ light ð1Þ

whereMO is ametal oxide bond, n is the absorbed number of photons,
MO* is the excited metal oxide bond unit, M and O are the metal and
oxygen atoms generated upon dissociation of the bond unit. IR
absorption spectrum of Li2O features a symmetric LiO stretching
vibration (v1), LiOLi bending (v2), and asymmetric LiO stretching
(v3)29,30. Only the v3 vibrationmode, which is observed as a broad peak
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with the wavenumber ranging from 930 to 1066 cm−1 (Fig. S30), can
resonate with the 10.6 μm CO2 laser (943 cm−1). Therefore, in PMNF,
Li2O is able to absorb a large number of infrared photons. At a high
energy flux density, the v3 vibration mode is coherently excited, and
due to the coupling of the vibration modes, the excited v3 vibration is
equivalent to a periodic external force oscillation, which activates
other vibration modes. It remains unclear if molecular dissociation is
thermal or indeed by nonlinear saturation of the vibration mode by
significantly more than 30 photons, and the truths presumably are in
parts based on both pathways, i.e., temperature lowers bond stability
and thereby supports spectral dissociation. Density functional theory
(DFT) simulations on (111) and (211) facets of Li2O provide more hints
on its potential activation mechanisms in the CO2 infrared laser fre-
quency ranges. (Fig. 4c, d, Supplementary Figure 26–29, supplemen-
tary note 2). Specifically, the Li2O phonon density of states of stepped
(211) surface (Fig. 4c) indicates that high-frequency phonon modes
(843.7 cm−1) drive towards structural defects: activation of lithium or
oxygen atoms or the exchange of lithium and oxygen on the surface
(Fig. 4c inset). Consequently, three distinct defects were examined: Li
activation as an adatom on the surface, O atom activation as a
peroxide, and anti-site O-Li exchange (Supplementary Figure 26–27).
Among the investigated defects, Li activation as an adatom showed the
most favorable energetics and can lead to a metastable 0-valent
species (Supplementary Table 4–6). Here, Li+ first migrates to the
surface as an adatom with a reaction energy of ΔE = 1.25 eV and an
activation energy ΔEact = 1.31 eV (Fig. 4d) following the 843.7 cm−1

phonon normalmode. This leaves a vacancy in the lattice where N2 can
subsequently adsorb exothermically (ΔE = −0.88 eV) and get activated
from a gas-phase equilibrium distance of 1.115 Å to 1.165 Å (Fig. 4d).
Additionally, the investigation of the other two defects also resulted in
stretched N2 bonds of 1.270Å (Supplementary Table 8). This can be
considered as the initial step in the Li3N formation process.

A model of multiphoton absorption for metal-oxygen bond clea-
vage is shown in Fig. 4e. Specifically, the ground state is excited into
virtual continuum states by absorbing over tens of photons to reach
the M–O bond dissociation threshold energy level31. When excited
molecules dissociate into corresponding atoms, the excess energy as
well as the energy of rebinding the fragment atoms is released as heat,
as well as the emission of photons in the visible range. Special lumi-
nescence is indeed noted during the LINF process. Under argon, the
emission of white light is observed (Supplementary Movie 2). Under
N2, employing Li2O emission of red light is observed (Supplementary
Movie 1), while the emission of green light is observed in the case of
usingMgO as amedium (SupplementaryMovie 3). The heat generated
in vibration relaxation is utilized in the cases when MgO, Al2O3, CaO,
and ZnO are used as media, where nitridation of Mg, Al, Ca, and Zn
requires temperatures above 700 °C. This also explainswhy the yield is
lower when using these metal oxides compared to lithium (Fig. 4a),
which readily reacts with nitrogen to form lithiumnitride even at room
temperature17. In addition, to compare the performance of MgO to
Li2O, the formation of the adatom and peroxide defects together with
the N2 adsorption on the MgO(100) surface was calculated (Supple-
mentary Table 9–10). The total reaction energy for this pathway on
MgO(100) was found to be at least 1.63 eV higher than on the Li2O(111)
surface, indicating the lower reactivity of the MgO.

Discussion
The LINF achieves an ammonia yield rate that is two orders of mag-
nitude higher than in the other emerging synthesis processes and has a
substantial competitive advantage in energy consumption. Remark-
ably, in this lithium recycling approach, the lithium hydroxide
obtained through the hydrolysis of lithiumnitride canbe stimulatedby
laser at room temperature, yielding ammonia similarly. Additionally, a
considerably high yield of 40.3 µmol s−1 cm−2 of ammonia was achieved
under 200 °C (Supplementary Figs. 31–32). Lastly, successful lithium

cycling the Li2O→ Li3N ⇄ LiOH was accomplished, further validating
the effectiveness of the process. Furthermore, scaling up the LING
process is both straightforward and feasible, with ammonia produc-
tion of 1.3mg achievable after only 78 seconds of irradiation (Supple-
mentary Fig. 33). Given the ongoing optimization of laser technology
and equipment, the LINF method shows great potential for practical
application in industrial production. Under the best conditions
obtained so far, the photon utilization efficiency from lithium oxide to
lithium nitride is 5% (Supplementary Fig. 34). Adjustment of the sub-
strate oxide film or optimizing the synthesis equipment to further
optimize thermal management certainly allows for improving the uti-
lization rate of photons and the conversion efficiency in the reaction.
For instance, a large proportion of photons is certainly lost through
light reflection due to unmatched film densities of the oxides or is
dissipated as heat by pre-nonlinear relaxation in current experiments.
In terms of the economic benefits, achieving a photon utilization rate
of 40% or higher can yield cost advantages surpassing current indus-
trial ammonia production in the market (Supplementary Fig. 35). Also
the final ammonia hydrolysis generates substantial amounts of heat,
which requires secondary uses of heat management.

Therefore, we believe that an optimized LINF process using solar
light pumping may be a promising approach for low–cost, fast,
decentralized, renewable NH3 synthesis. Here the focused light was
generated by the technical industry laser, which however only serves
as a lab model for a hypothetical solar–light pumped laser
converter20,21. For the arguments of this article, such solar–pumped
laser systems are thereby comparable to currentlywell-known systems
in which solar cells convert solar energy into electrical energy, which is
then used with another efficiency factor for electrochemical synthesis.
Therefore, unlike the traditional H–B process for ammonia synthesis,
which requires a large-scale centralized reactor and capital, shipping,
and storage costs, in LINF we apply overall mild reaction conditions
andminimize reaction set–up costs, with the non–linear chemistry and
high temperatures only occurring for short times in the focus of laser
pulses.

Methods
Preparation of metal oxide film
Li2O, MgO, Al2O3, CaO, or ZnO powders (~3.0mg) are filled into a
circular hole with a diameter of 2.1 ± 0.1 cm and a thickness of 0.1mm
in a titanium sheet. Then the powder is dehydrated under argon at
350 oC.

Laser-induced process
A high-precision laser engraver setup (Speedy 100, Trotec) was
equipped with a center wavelength of 10.6 ± 0.03 µm (0.12 eV) CO2

laser for laser-induced nitrogen fixation. Focusing was achieved with a
2.5-inch focus lens providing a focal depth of ≈3mm and a focus dia-
meter of d = 170 µm. The scanning speed ν, generically given in %, was
converted into mm s−1. The effective output power P in watts of the
laser wasmeasuredwith a Solo 2 (Gentec Electro-Optics) powermeter.
The pulsed mode with a frequency of 1000Hz is set for all laser
induction experiments. The resulting photon density per area and
each pulse is given by

f =
p

ωeπr2
ð2Þ

wherep is effective power inW,ω is the laser frequency, e is thephoton
energy, and r is the focus diameter of the laser lens.

The setting laser parameters: laser power between 10.8and37.3W
and the laser scanning speed between 0.17 and 1.36mms−1 (corre-
sponding reaction times of 53–7 s to scan the reaction area in this work
(Table S14)), adjusted for the experiments to improve the ammonia
yield rate. A standard laser-induced pattern is two parallel circles
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where the larger is 2 cm indiameter and the smaller is 1 cm in diameter.
Then the dehydrated oxide film was placed in a closed reaction
atmosphere chamber designed to generate an N2 gas pressure
(1–7.5 bar). The top of the reactor is equippedwith a ZnSe lens that can
allow the IR light to go through and focuses on the primarymetal oxide
film. Before laser treatment, N2 gas (99.999%) flows through the
chamber at a rate of 30mLmin−1 for 10min to ensure the N2 atmo-
sphere within the reactor.

Control experiments were carried out using pure argon with laser
treatment or using N2 without laser treatment. In addition, for the
experiment operating at ambient conditions, feeding N2 gas passed
through four solutions before entering the reactor to purify and pre-
pare the gas. First, the gases were passed through 0.1M NaOH to
capture any NOx, then 0.1M HCl to capture any NH3, and finally
through two bottles with polycarbonate (PC) and molecular sieves to
capture water in the gaseous stream. For the isotope labeling experi-
ment, 30mLmin−1 of argon gas was initially passed through the
chamber to remove air. Then 10mLmin−1 of 15N2 after pre-purification
(Sigma-Aldrich, 98 at% 15N, 5 L) was fed to the reactor.

The choice of titanium sheets as a substrate is primarily attributed
to their excellent stability and high melting point. Furthermore, the
titanium nitride produced as a result of the LINF process exhibits
enhanced stability, thereby augmenting the substrate’s overall stabi-
lity. This desirable characteristic allows for the repeated utilization of
the substrate, ensuring its prolonged functionality.

Data availability
The data supporting the key findings of this study are available within
the article and the Supplementary Information. Additionally, DFT
datasets have been uploaded to iochem-BD database32 under acces-
sion code: https://doi.org/10.19061/iochem-bd-1-28333. Sourcedata are
provided with this paper.
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