
Article https://doi.org/10.1038/s41467-024-55511-4

Chemical looping synthesis of amines from
N2 via iron nitride as a mediator

Haoyue Li 1,2, Tie Wang 1,2, Shifu Wang3, Xuning Li 3, Yanqiang Huang 3 &
Ning Yan 1,2,4

Amines are commonly synthesized through the amination of organoox-
ygenates using ammonia, frequently involving the use of noblemetal catalysts.
In this study, we present an alternative route tomake amines using iron nitride
(Fe2.5N) as the nitrogen source. Without any additional catalyst, Fe2.5N reacts
with a range of alcohols at 250 °C under 1 or 10 bar H2 to produce amines as
major products. Mechanistic investigations indicate that hydrogen activates
the nitrogen species within iron nitride, converting them into surface NH and
NH2 groups that then react with alcohols to form amines. Building on this
foundation, we further demonstrate an iron nitride-mediated chemical loop-
ing pathway that utilizes N2 as the nitrogen source to synthesize octylamines.
In this process, N2first reactswith iron to formFexNby a ball-millingmethod at
ambient temperature and 6 bar N2. The as-prepared FexN subsequently reacts
with alcohols to yield amines, transferring over 80% of the nitrogen to organic
compounds. This looping process proves stable across four cycles.

Nitrogen-containing chemicals, particularly amines, are key building
blocks for chemical industries1–10. Currently, the primary nitrogen
source for synthesizing these compounds, ammonia, is produced from
the Haber-Bosch process—the single most energy-intensive processes
globally operating at 400–500 °C and 200–250 bar11,12. Additionally,
amination reactions using ammonia often require noble metal cata-
lysts because many substrates do not efficiently react with ammonia.
Even with catalysts, the single-pass conversion of NH3 remains low,
typically ranging from0.2~7% (Fig. 1 and Supplementary Table 1). Given
these challenges, there has been a sustained effort to develop alter-
native pathways that enable the production of nitrogen-containing
organic compounds starting from N2, bypassing the Haber-Bosch
process.

Exciting progresses have been made in the synthesis of organo-
nitrogen chemicals directly fromN2, primarily utilizing Li inmetallic or
other highly reactive states (Supplementary Table 2). For instance, Li
has been employed as the reductant for the synthesis of N2-transition
metal complexes as key intermediates13 or for the direct conversion of
N2 to organonitrogen chemicals14. Li also reacts with N2 to form Li3N,

which further interacts with reactive species such as aromatic halides
or aromatic acyl chlorides to construct C–N bonds15. Additionally, key
synthons like Li2CN2 have been synthesized fromLiHandN2, serving as
precursors for accessing organonitrogen chemicals16. Despite these
elegant studies, the high redox potential of Li makes the preparation
and regeneration of metallic Li energy-intensive15, and its high reac-
tivity also necessitates precautions in wide application. Beyond Li,
organometallic complexes of Mo and Ti have also been explored,
showing potential in activating N2

17–19 and leading to the formation of
organonitrogen chemicals in the presence of Pd catalysts20,21.

Nevertheless, no studies have yet harnessed inexpensive 3-d
metals as effective mediators to synthesize organonitrogen chemicals
from N2. We propose that 3-d metal nitrides could serve as promising
candidates to bridge N2 to organonitrogen compounds. Investigations
into the release of nitrogen atoms from 3-d transition metal nitrides
under H2

22–25, CO26, and mixed atmosphere of CO2 and H2
27, have

shown that latticenitrogen is labile and reactive, potentially facilitating
C–N bond formation. Furthermore, a range of 3-d metals, including
Ti28, Cr29, Mn30,31, and Fe32 have reacted with N2 to form metal
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nitrides33,34. With a moderate nitrogen binding energy that enables
both the fixation of N2 to nitride, as well as the transfer of nitrogen in
the nitride into organonitrogen chemicals, 3-d transitionmetal nitrides
may thus serve as effective nitrogen carriers35.

In this study, we report our advances in the chemical looping
synthesis of organonitrogen compounds using iron nitride as the
nitrogen carrier (Fig. 1). We first investigated the reactivity of iron
nitride (Fe2.5N) in converting isopropanol to isopropylamine and di-
isopropylamine, demonstrating that iron nitride is a superior nitrogen
source for amine synthesis compared to ammonia (Fig. 1b, left). We
then expanded our investigation to include a range of alcohols—pri-
mary, secondary, and tertiary—to broaden the applicability of this
method. Finally, we demonstrated the effectiveness of the N2-nitri-
dated iron powder (FexN), made at ambient temperature and low
pressure, as a nitrogen source for amine synthesis, during which itself
is convertedback tometallic iron. Through theseefforts,weestablish a
cheap 3 d metal-based chemical looping process for organonitrogen
synthesis beginning with N2 (Fig. 1b).

Results
Synthesis and reactivity of Fe2.5N
We initially prepared iron nitride with stoichiometric Fe:N ratio (2.5:1,
terms as Fe2.5N)

36 for reactivity study, while the more challenging
synthesis of FexN fromN2 andmetallic ironwas explored later. The fresh
Fe2.5N sample exhibited aggregates of 100nm~1μm particles with irre-
gular shapes (Fig. 2a, Supplementary Fig. 1a–e, and Supplementary
Fig. 2a–f) and small surface area (14m2 · g−1, Supplementary Table 3). The
XRD pattern of the sample matches that of Fe2N (PDF #73-2102) and
Fe3N phase (PDF #72-2125) (Fig. 2c). The lattice fringe spacing (d value)
was0.210nm,0.239nm, and0.302nm, corresponding to the (-1 -1 1), (1 1

0), and (1 0 1) crystal plane of ε-phase37 Fe2N/Fe3N hexagonal structure,
respectively (Fig. 2a and Supplementary Fig. 2). The N content of was
9.1wt.% (Supplementary Table 4), confirming a Fe:N ratio of ~2.5:1. In the
Mössbauer spectra (Fig. 2e), a doublet peak corresponding to ε-Fe2.1N is
the major phase while a low-intensity sextet corresponding to γ-Fe4N
coexists (Supplementary Table 5)38,39. In the XPS spectra (Fig. 2d and
Supplementary Fig. 3), the peaks at around 397.6 eV, 396.7 eV, and
399.1 eV corresponded to Fe-O-N, Fe-N and adsorbed NH3, respectively
(Supplementary Fig. 4 andTable6)40–42. The adsorptionedgeof the fresh
Fe2.5N in the XANES spectrum (Fig. 2f) was in between the reference Fe
foil andFeO. Fourier transformof FeK-edge EXAFSof the Fe2.5Nwas also
performed: the peaks centered at ~1.56Å and ~2.27Å correspond to Fe-N
andFe-Fe shells, respectively43,44, consistentwith the interstitial structure
of ironnitride. Fe2.5Nwas thermally stableunder inert atmospherebelow
400 °C, after which it decomposes, releasing N2 (Supplementary Fig. 5).

Next, the amination of isopropanol was conducted in a con-
tinuous fixed-bed reactor, with Fe2.5N placed inside the reactor while a
mixture of H2 and Ar carried isopropanol vapor through the sample
bed (Fig. 3a). The study focuses on the conversionof nitrogen in Fe2.5N,
so that the product yieldswere calculated on nitrogenbasis. Fe2.5Nwas
inactive at 150 °C, but notable productivity towards amines, including
isopropylamine and di-isopropylamine, was observed at 200 °C. The
best performance was achieved at 250 °C, resulting in a high organo-
nitrogen selectivity of 23%under 5 barH2 (Fig. 3b). At this temperature,
the conversion of isopropanol remained relatively stable in the first 5 h
(Supplementary Fig. 6), while the yield of organonitrogen compounds
gradually decreased, indicating the nitrogen consumption led to the
decrease amine production. Hydrocarbons and oxygenates (C6-C9)
were the major non-nitrogen-containing products (Supplementary
Fig. 7–8).When the temperature further increased to 300 °C, themost
favorable reaction became hydrodeoxygenation.

At optimum temperature (250 °C), the variation of H2 partial
pressure from 0 to 10 bar significantly influenced amine formation
(Fig. 3c). Without H2, only a minor fraction of organonitrogen com-
pounds were formed, likely through the hydrogen-borrowing pathway
as observed in catalytic amination of alcohols45–47. Increasing the
hydrogen partial pressure to 1 bar substantially enhanced amine pro-
duction. Further increasing the H2 partial pressure led to reduced
amine yields, attributable to the enhanced formation of ammonia,
thereby limiting the nitrogen available to form the organonitrogen
products. Additionally, H2 is known to hinder the dehydrogenation of
isopropanol48–51.

The consumption of nitrogen in Fe2.5N at optimal condition over
time is illustrated in Fig. 3d. The 5 hours of reaction at 250 °Cwith 1 bar
H2 led to almost total loss of nitrogen, where 37% of the initial nitrogen
had been transformed into amines, and the remaining amount was
present as gaseous NH3. The nitrogen balance of the system was also
monitored in 2 h and 5 h reactions and both results were close to 100%,
indicating a well-balanced reaction system (Supplementary Fig. 9).
After 32-hour reaction (Supplementary Table 4), N was completely
depleted. The data indicate a positive correlation between the ami-
nation rate and the nitrogen content in Fe2.5N.

The spent Fe2.5N remained similar shape (Fig. 2b, Supplementary
Fig. 1f–j, and Supplementary Fig. 2g–k) and surface area (12 m2 · g−1,
Supplementary Table 3) compared with fresh Fe2.5N. The lattice fringe
spacing of 32-hour spent Fe2.5N corresponds to the (1 1 0) crystal plane
of metallic iron, and the XRD patterns of both 2-hour and 32-hour
spent Fe2.5N also corresponded well with metallic Fe phase (Fig. 2c).
For the 2 h and 32 h spent Fe2.5N, the Mössbauer spectrum showed
only the sextet corresponding toα-Fe38,52. In XPS analysis, the presence
of N could still be observed in the 2-hour spent Fe2.5N (Fig. 2d and
Supplementary Fig. 3), but no nitrogen was seen in the 32-hour spent
Fe2.5N. These results consistently suggest that the lattice nitrogen in
Fe2.5N was gradually consumed during the reaction while Fe species
are transformed into metallic Fe.
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Fig. 1 | Comparison between previous amine production and proposed N2-to-
amine production. a Catalytic amination of alcohols/aldehydes using NH3. b The
proposed FexN-mediated chemical looping pathway to synthesize organoamines.
(Left) Organoamines synthesis using FexN, (Right) Preparation of stable FexN
using N2.
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Reaction mechanism and substrate scope
Figure 4a displays the in-situ DRIFTS spectra of isopropanol adsorp-
tion on fresh Fe2.5N under H2 atmosphere at 250 °C. The peak at
3656 cm−1 is attributed to the O-H stretching of isopropanol53. More
importantly, the peak at 2655 cm−1 corresponds to the characteristic
peak of isopropylamine (Supplementary Fig. 10), indicating the for-
mation of the desired product. The peak at 1738 cm−1 is assigned to
C=O stretching54,55, revealing the presence of acetone56. The peaks at
1651 and 1642 cm−1 are ascribed to C=N stretching57, and the peak at
1246 cm−1 arises from C-N stretching58,59. Vibrations of NHx species
bonded to Fe sites are also observed27. Further assignments of peaks
are provided in the supporting information (Supplementary Table 7).
Using ammonia as a probemolecule, Lewis acid sites was identified on
Fe2.5N (Supplementary Fig. 11)54,60,61, which are known to be beneficial
for dehydrogenation of alcohol62, activation of C=O63,64, and hydro-
genation of C=N63.

Acetone was further employed as a substrate to react with Fe2.5N
(Fig. 4b). At both 200 °Cand 250 °C, acetone generated the same types
of products as isopropanol did, such as isopropylamine, di-iso-
propylamine, and Schiff base (Supplementary Fig. 8), demonstrating
that acetone is a viable intermediate for amine formation. The con-
current formation of isopropanol could possibly be from the hydro-
genation of acetone catalyzed by iron nitride which is known to be
active in hydrogenation reactions27. Compared to using alcohol, the
production of amine compounds is much more prominent at a lower
200 °C, indicating that the dehydrogenation of isopropanol to acetone
is likely to be rate-limiting.

The reduction behavior of Fe2.5N was investigated under H2

(Fig. 4c). A prominent peak, identified as NH3, appeared at 520 °C,
demonstrating the transformation of lattice nitrogen in Fe2.5N to form
NH3. The NH3 signal below 335 °C was minimal, supporting the notion
that the chosen amination reaction temperature of 250 °C reduced the
undesirable side reaction of producing ammonia.

We propose the following mechanism for the reaction (Fig. 4d).
Initially, isopropanol is adsorbed on the Lewis acid sites of the iron
nitride and undergoes dehydrogenation to yield acetone. Subse-
quently, the NHx present on Fe2.5N surface transforms acetone into
imine, which is then hydrogenated to isopropylamine. As surface
nitrogen is progressively consumed, the lattice nitrogen migrates to
the surface for further amination, during which Fe2.5N is gradually
converted to metallic iron. This reaction pathway is analogous to the
conventional amination mechanism, but the nitrogen source is lattice
nitrogen. Given that hydrogen also reacts with Fe2.5N to produce
ammonia, the existence of a conventional amination pathway cannot
be entirely excluded.

To validate the wide applicability of amine production using iron
nitride as the nitrogen source, we evaluated the reaction between
Fe2.5N and a range of alcohols in a batch reactor. The findings revealed
that primary alcohols (Fig. 5) react more effectively than secondary
alcohols, while tertiary alcohols show no reactivity in forming amines.
This variation in reactivity is attributed to the steric hindrance in sec-
ondary alcohols and the absence of α-H in tertiary alcohols, which
prevents the formation of the crucial C=O intermediate. Additionally,
primary alcohols exhibited a higher selectivity for producing tertiary
amines, likely due to the greater stability of tertiary amines. The
highest amine yield achieved is 95.2% with 1-decanol as substrate.
These results suggest that Fe2.5N has broad applicability and adapt-
ability across different alcohol substrates and add supporting evidence
for the proposed mechanism of alcohol dehydrogenation followed by
solid N (in Fe2.5N)-dominated amination.

N2-to-amine via FexN as a mediator
To enable an iron nitride-mediated looping pathway to make amines
using N2 as nitrogen source, we synthesized iron nitride from N2 fol-
lowing an elegant recent report based on a mechanochemical
approach65. Typically, iron powder was loaded into ball-mill jar with iron
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balls and charged with 6bar of N2 for the ball milling to synthesize iron
nitride (FexN) without heat supply. N 1 s XPS spectra of the as-prepared
FexN clearly showed the existence of N on the surface (Fig. 6a). The XRD
patterns of the as-prepared FexN and commercial iron powder are
shown in Fig. 6b. A peak shift towards lower angle caused by N insertion
is observed after ball milling under N2 atmosphere. The presence of N in
the as-prepared FexN was further ambiguously confirmed by EDX map-
ping of SEM and TEM (Supplementary Fig. 12 and Table 8) and CHN
elemental analysis (SupplementaryTable4). Basedon theacid treatment
method (Supplementary Table 9), theN content in the as-prepared FexN
was 0.4wt.%.

The as-prepared FexN was subsequently reacted with octanol in
the samemanner as described in the previous session. Encouragingly,
around 80% N in the as-prepared FexN was transferred to octylamines,
majority of which was trioctylamine due to its higher stability. Post-
reaction FexN was washed with methanol and freeze-dried before
taking to thenext round looping synthesis. The nitrogen content of the
spent FexNwas not detected by acid treatment and elemental analysis,
(Supplementary Tables 4 and 9) indicating the N in FexN was depleted
during the reaction. The excellent activity maintained throughout the
4 cycles, highlighting the high N utilization efficiency and durability of
the proposed N2-to-amine looping strategy. The overall activity and
specific selectivity towards dioctylamine both increased with increas-
ing cycles, which could be explained by enriched H species on the iron
nitride surface during repeated use, which facilitates reaction and
product desorption.

Discussion
In conclusion, this study provides an entry point into the broader
potential for transition metal nitrides as the nitrogen carrier

bridging the looping synthesis of organonitrogen chemicals from
N2. We confirmed the donation of nitrogen from iron nitride to
alcohols, with the concurrent transformation of Fe species metal
nitride into metallic Fe. When Fe2.5N was used as a nitrogen carrier,
more than 85% of the nitrogen was extracted to produce amines
from C6~C10 primary alcohols in a batch reactor at 250 °C and
10 bar H2. More importantly, FexN, produced by nitridating iron
powder with N2 at ambient temperature and low pressure, has
proven to be an effective nitrogen source for the catalyst-free
production of organic amines. High N utilization efficiency of over
80% was consistently achieved over 4 cycles. To enhance its
applicability, additional efforts should focus on increasing the
nitrogen content of FexN, such as by nanostructuring of Fe or
alloying it with a second metal. Despite this, our study unlocks the
previously untapped potential of using inexpensive 3d-transition
metal nitrides to produce organonitrogen compounds with N2 as
the nitrogen source.

Methods
Materials
2-propanol (≥99.5%) and phenol (99%) were purchased from Fisher
Scientific Pte. Ltd. Iron (≥99%, reduced, fine powder), concentrated
sulfuric acid (ACS reagent, 95.0–98.0%), concentrated hydrochloric
acid (ACS reagent, 37%), potassium hydroxide (ACS reagent, ≥85%,
pellets), isopropylamine (≥99.5%), acetone (anhydrous, ≥99.5%),
cyclohexanol (99%), 1-butanol (99.8%), 1-hexanol (≥99%), 1-octanol
(≥99%), 1-decanol (98%), and tert-butanol (≥99.5%) were provided by
Sigma-Aldrich Pte. Ltd. (Singapore). Fe3O4 (≥97%) was purchased from
Shanghai Macklin Biochemical Co., Ltd.
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Typical activity test
The catalytic performance tests were carried out in a vertical, fixed-
bed tube reactor (SS316), with a reactor tube length of 0.5m and a
diameter of 7.6mm. A furnace (1.2 kW, 220 V, up to 1000 °C) was
utilized to heat the reactor, and a thermocouple was inserted into the
catalyst bed to monitor the temperature in real-time. The tempera-
ture was regulated by a temperature controller that was inserted into
the reactor. The samples were diluted with quartz sand and held in
place with quartz wool to form a sample bed in the middle of the
reactor. The liquid substrates were first introduced into a three-way
autoclave, which had dedicated paths for the addition of liquid
substrates, a gas supply, and a gas outlet connected to the reactor

tube. The autoclave was maintained in the water bath at 25 °C, and
the pressure inside was regulated using a back pressure valve. The
gas inlet path of the autoclave was submerged at the bottom of the
liquid for bubbling so that the liquid-vapor could be carried by the
gas to enter the reactor and go through the sample bed, while the
hydrogen gas and argon gas were supplied to the autoclave con-
trolled by gas flow meters.

Iron nitride (Fe2.5N) was prepared by nitridating commercial
Fe3O4 under 40mL/min atmospheric NH3 at 600 °C for 120min.
After nitridation, the Fe2.5N was purged in Ar at 40mL/min after
cooling down to 300 °C to purge out residue NH3 while avoiding
Fe2.5N decomposition. Characterizations were conducted after
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combining Fe2.5N samples obtained in multiple nitridation batches.
For each reaction test, 0.5 g of Fe2.5N was loaded in the fixed bed
flow reactor. After loading Fe2.5N in the middle of the reactor and
increasing the temperature to the reaction temperature (250 °C for a
typical test) under Ar, substratesmixedwithH2 and Arwere supplied
into the reactor at desired flow rates with a fixed total gas flow of
60mL/min. The mean gas residence time is 22.7 s during the typical
activity test in the fixed-bed flow reactor. Since Fe2.5N was prepared,
all the storage and loading were conducted in glovebox with ultra-
dry apparatus as water contamination could be detrimental to the
amine production performance (Supplementary Table 10). The
products were collected and analyzed by an online GC-FID system
equipped with an Agilent CAM capillary column. The outlet flow
could also be collected by passing through a bottle of methanol in
the ice bath to obtain the organic chemicals for off-line GC or GC-MS
analysis.

Activity test for substrate scope (Autoclave batch reactor)
The transformation of alcohols with Fe2.5N was also performed in an
autoclave. For example, 50mg Fe2.5N, 70μL dodecane (internal stan-
dard), and 1mL alcohol substrates were added to the reactor in the
glovebox. After that, the autoclave was introduced with 9 bar H2, and
placed in a metal jacket wafer on an electronic hotplate (typically
250 °C). After 6 hours of reaction, the reactor was immediately termi-
nated by cooling the reactor in ice. The gas phase products were col-
lected by gas bag, and the gas was then bubbled into the diluted
sulfuric acid solution. The obtained solution was detected by IC (ion
chromatography). The liquid products were collected and tested by
GC and GC-MS for qualification and quantification analysis.

The synthesis and activity test of N2-nitridated Fe (FexN)
Specifically, iron powder (5 g) and iron balls (50g, 5mm diameter)
were loaded into the ball-mill jar (50mL) inside an Ar-atmosphere
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30.4%,b 99 μmolc
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Fig. 5 | The extraction ofN in Fe2.5Nwithdifferent alcohols. Top:The chemical equation representing proposed transformation.Bottom:Alcohols tested accompanied
with corresponding yields (below each molecule) and the selectivity towards primary, secondary, tertiary amine, and Schiff base summarized in the radar chart.
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glovebox. The ball-mill jar was then evacuated and charged to 6 bar
using N2 before being taken to the planetary ball mill machine for 30 h
2000 rpm ball milling. The ball milling was stopped for 10min every
30min to release the heat.

The as-prepared FexN powder was transferred into an autoclave,
together with 1mL octanol and 70 μL dodecane (internal standard).
The autoclave was purged with 10 bar H2 more than 10 times carefully
to exchange the Ar inside. After purging, the batch reactor was
charged with 10 bar H2, and reacted at 250 °C for 6 h on an electronic
hotplate with metal jacket. Similarly, the reactor was instantly cooled
with ice after 6 hours of reaction, and the gas phase was carefully
released into a 0.5M sulfuric acid solution. The liquid products were
washed with 1mL methanol and tested by GC-FID and GC-MS. The
remaining spent FexN powder was further washed with 50mL metha-
nol 3 times inside the glovebox before being taken to ball-mill reaction
with nitrogen gas again.

N content determination
The nitrogen content of iron nitride samples was determined by dis-
solving 0.1 g of the sample in 30mL 0.2M hydrochloric acid at 80 °C
overnight. After that, 50mL of 5M KOH solution was injected to the
clear aliquot under continuous N2 purging at 80 °C. The outlet gas was
bubbled through 10mL of 0.5M sulfuric acid for 2 hours, which was
taken to IC analysis for NH4

+ concentration.

Characterization
The crystal structure of iron nitride was tested by a Bruker D8 Advance
X-Ray diffractometer, equipped with a Cu Kα source (40 kV, 30mA).
BET surface areaswere calculated fromnitrogen adsorption isotherms
obtained by N2 adsorption and desorption at 77 K in a Micromeritics
ASAP 2020 surface area. Scanning electron microscopy (SEM) was
performed with a JEOL JSM-7610F. Transmission electron microscopy
images were acquired on a JEM 2100 F (JEOL, Japan) microscope
operated at 200 kV. XPS spectra were recorded on a VG Escalab MKII
spectrometer, using amono Al Kα X-ray source (hv = 1486.71 eV, 5mA,
15 kV), and the calibrationwasdone by setting theC1s peak at 284.5 eV.
Elemental mappings of iron nitride were obtained using an JEOL
microscope equipped with a Bruker Quantax energy-dispersive X-ray
spectrometer (EDXS). CHN elemental analysis was conducted on the

Thermo Scientific Flashsmart CHNS analyzer. The room temperature
57Fe Mössbauer spectrum was observed on a Topologic 500A spec-
trometer, which equipped 57Co(Rh) as the radioactive source. Fitted by
the MössWinn 4.0, all of the spectra were distinguished by different
parameters, such as quadrupole splitting (QS) and isomer shift (IS).
Besides, an α-iron foil was used to calibrate the IS values and Doppler
velocities.

In situ diffuse reflectance infrared Fourier transform (DRIFT)
spectra were acquired on a Thermo Scientific Nicolet iS50 FT-IR. The
measurementwas under atmospheric pressure, with ZnSewindow and
MCT-Adetector cooledby liquidnitrogen. The solid Fe3O4powderwas
treated at 550 °C under 30mL/min NH3 flow for 30minutes in the cell
to in situ form iron nitride, and then the temperature was changed to
the required temperature under the H2 flow or the Ar flow for the in-
situ observation. The background was recorded under Ar before
testing samples. The vapor of the liquid substratewas carried by the Ar
gas flow into the cell. The NH3 gas was supplied by the gas sample bag
injection and degassed under Ar gas flow. The spectra were recorded
with 4 cm−1 resolution of 32 scans.

H2-TPR-MS measurements were performed using a Quanta-
chrome instrument coupled with a quadrupole mass spectrometer
(Hidden Analytical). Prior to the measurements, the sample was pre-
treated in a flow of pure He gas at 150 °C to remove the moisture and
any contaminants. The H2-TPR profile was obtained by heating the
sample from 30 °C to 800 °C at the rate of 10 °C/min in a 5% H2/N2

atmosphere, while Ar-TPD (decomposition) measurements were con-
ducted under pure Ar flow when heating the sample at the rate of
10 °C/min to 800 °C. Themass spectrometer was set to record the gas
outlet composition.

Ex situ Fe K-edge XAS measurements were conducted at a
public beamline, BL01B1, Spring-8 (Japan Synchrotron Radiation
Research Institute, Hyogo, Japan). (Proposal Number: 2023A1533)
The incident X-rays were monochromatized with a Si (111) double
crystal monochromator. Conventional Fe K-edge XAS spectra of a Fe
metal foil, FeO, Fe3O4, and Fe2O3 were collected as reference data.
Data were reduced using the Athena and Artemis software ver.
0.9.26 included in the Demeter package. The 7mm catalyst pellets
were made from a thoroughly ground mixture of 1.1 mg FexN with
60mg boron nitride.
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Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information file.
Should any raw data files be needed in another format they are avail-
able from the corresponding author upon request.
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