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By enabling ammonia synthesis under near ambient conditions, mechan-
ochemistry provides a paradigm shift, a new decentralized production method
that avoids the high temperature (above 400 °C) and high pressure (above
200 bar) requirements of the centralized Haber-Bosch process. Leveraging the
principles of mechanochemistry and its dynamic reaction environment, we
hypothesize that inducing high-density defects on iron (Fe) catalyst can
amplify catalytic activity by increasing initial state and adsorption capacity. In
this study, we introduce a novel mechanochemical ammonia synthesis method
utilizing silicon nitride (Si;N4) as a defect-inducing physical promoter. The
physical properties of SizN, make it an ideal candidate to more efficiently
generate active surfaces on Fe catalyst via mechanochemical actions. The Fe
catalyst with Si;N4 (3.0 at%) promoter achieves an ammonia concentration 5.6-
fold higher than unpromoted Fe, while maintaining substantial stability. This
research not only establishes a promising pathway for low-energy ammonia
production but also provides insights into dynamic defect engineering stra-
tegies for catalytic systems.

Ammonia (NH3) synthesis is a critical industrial process, with demand  As a result, the thermochemical Haber-Bosch process requires large-

primarily driven by its fundamental use in agricultural fertilizers and
other high-value chemical industries'™. Ammonia synthesis (N, +3H, >
2NHj) is a thermodynamically exothermic reaction (AH=-92 k] mol™)*,
which theoretically suggests that decreasing the process temperature
would be advantageous for ammonia conversion. For kinetic reasons,
however, the conventional Haber-Bosch process typically operates
under extremely harsh conditions, at high temperature (above 400 °C)
and pressure (above 200 bar), which results in not only significant
energy consumption and environmental impact, but low conversion>’.

scale centralized manufacturing facilities. In recent years, interest has
grown in using ammonia as an efficient hydrogen carrier for the emer-
ging hydrogen economy®™. Hydrogen energy is increasingly recog-
nized as a sustainable and clean energy source that can significantly
reduce greenhouse gas emissions and dependence on fossil fuels®™.
However, storing and transporting hydrogen poses significant chal-
lenges. Ammonia, with its high hydrogen content (17.6 wt%) and rela-
tively low liquefaction temperature (=33 °C at 1atm)™, offers a viable
solution for hydrogen storage and transportation.
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Mechanochemical ammonia synthesis has emerged as a promis-
ing decentralized technique®?*, offering an alternative to traditional
centralized methods. Utilizing mechanical energy to drive chemical
reactions under near ambient conditions, the method reduces the
overall energy footprint. In our previous study, we introduced potas-
sium (K) as a chemical promoter to enhance ammonia yield when using
an iron (Fe) catalyst®®. However, potassium’s high sensitivity to air can
pose challenges in industrial scale applications. Therefore, developing
a safer and less sensitive promoter with similar performance is crucial
for practical use. Given the principles and dynamic reaction environ-
ments of mechanochemistry, generating high-density defects can raise
initial state (IS) and thus potentially enhance catalytic activity>2’.

In this study, we explore the use of silicon nitride (Si3N4) as a
physical promoter to the Fe catalyst for mechanochemical ammonia
synthesis. The work aims to elucidate the mechanistic role of Si;N,.
SisN, is a robust ceramic material known for its high hardness, low
sinterability, and high oxidation resistance®, making it a promising
candidate for generating high-density defects on an Fe catalyst.
Through defect engineering, SisN4 facilitates hydrogenation processes
by enhancing the catalytic activity of Fe, which can improve hydrogen
adsorption and activation, thereby promoting NH; efficiency. Conse-
quently, SizN, is attractive both because of its technical advantages
and its potential role in addressing pressing sustainability challenges.

Crystalline silicon modules currently comprise over 90% of
globally installed solar power capacity, and the exponential growth of
silicon-based photovoltaic (PV) waste presents a significant environ-
mental concern®. Current projections indicate an accumulation of 49
million tons of PV waste by 2050, making the repurposing of silicon
waste increasingly crucial. Our approach offers a unique solution by
potentially utilizing silicon from PV waste for SizN; production,
thereby simultaneously addressing ammonia synthesis efficiency and
waste management challenges. This innovative approach creates a
bridge between renewable energy waste management and sustainable
chemical manufacturing, realizing principles of the circular economy
and industrial symbiosis.

Adding only 3.0 at% of Si3N4 to Fe during mechanochemical
ammonia synthesis resulted in an approximately 5.6-fold improvement
compared to using the Fe catalyst alone. The high-adsorption capacity
of the Fe catalyst with high-density defects, induced by the hard phy-
sical SisN4 promoter, could be responsible for the enhanced catalytic
performance in the first nitrogen dissociation step (Fig. 1). SizN, also
creates a diverse surface landscape with multiple hydrogen adsorption
sites, potentially advantageous for the second hydrogenation step into
ammonia.

By exploiting the synergistic effects of dynamic mechanical
forces and physical promoters including Si3Ny, it is possible to design
new catalytic systems that operate under milder conditions, thereby
reducing the energy footprint associated with traditional high-
temperature and high-pressure ammonia synthesis. These findings
pave the way for the development of next-generation catalysts that
leverage mechanochemical principles for efficient and sustainable
ammonia production.

Results

Si-based promoter comparison

Prior to conducting the main experiments, we performed control
experiments to determine whether the lattice nitrogen in SizN, directly
participates in the ammonia synthesis reaction. In one control
experiment, SisN4 was used as a physical promoter and mechan-
ochemically treated in the presence of hydrogen (H,) without a Fe
catalyst. The second control experiment was carried out with Fe and
SisN,4 (SizNy/Fe) in the presence of argon (Ar) and H, under identical
conditions. Both control experiments yielded no detectable ammonia
concentrations (less than 1 ppm) (Supplementary Figs. 1, 2). The results
indicated that the Si;N4 was not a nitrogen source or catalyst for

ammonia synthesis, but a physical promoter. These insights under-
score the mechanistic role of the Si;N, promoter in facilitating N,
dissociation and H, activation on the Fe catalyst under milder
conditions.

Exploring mechanochemical ammonia synthesis, a comparative
analysis of Si-based promoters—SisNy, silicon carbide (SiC), and silicon
oxide (SiO,)—alongside a Fe catalyst was conducted under identical
reaction conditions (Fig. 2a). SizN, emerged as the superior promoter,
enhancing both ammonia yield and selectivity (Supplementary
Figs. 3, 4). Despite the favorable physical properties of SiC, its catalytic
performance was suboptimal due to the formation of methane
byproduct. SiO, exhibited a beneficial effect on ammonia yield, likely
due to improved thermal stability and the dispersion of active Fe
species, despite the general detrimental effect of oxygen on metal
catalysts®?. N, dissociation studies, crucial for elucidating the ammonia
synthesis mechanism, revealed a strong correlation with NH; synthesis
activity. SisN, promoted Fe (SisN4/Fe) demonstrated high N=N triple
bond activation capacity, while the SiC and SiO, systems showed
diminished performance. Notably, our investigation using high-purity
Fe balls revealed enhanced selectivity for NH; production with sig-
nificantly reduced methane formation (Supplementary Fig. 5). While
trace amounts of CH,4 were still detected, it could be attributed to
residual carbon in the reaction vessel. These findings suggest that the
chemical nature of the promoter significantly impacts its interaction
with N, molecules and, consequently, the overall catalytic perfor-
mance of mechanochemical ammonia synthesis.

The phase dependence of Si3N, was also investigated to deter-
mine the difference between alpha (a-), beta (B-), and amorphous SisN4
(am-Si3N4). Among tested promoters, [B-SisN, demonstrated the
highest physical promoter effect for both the nitrogen dissociation
and subsequent hydrogenation steps, whereas am-Si;N, exhibited a
lower yield due to its high surface area covering a significant portion of
the Fe active sites (Supplementary Figs. 6, 7). Consequently, all of the
following experiments were conducted with -SizN,, unless specified.

Next, we investigated the optimal loading amount of SizN, pro-
moter. The catalytic activity increased with SizN4 loading up to 3.0 at%,
as evidenced from the increased amount of dissociated N, (Supple-
mentary Fig. 8a) and synthesized NH; (Fig. 2b). However, in contrast to
using potassium (K) as a chemical promoter (electron donor to Fe)?,
the activity of Si;N4/Fe sharply declined when the Si;N, loading
exceeded 3.0 at%, which could be attributed to a decrease in the
number of Fe active sites covered by Si;N4. Therefore, the optimal
promoter loading turned out to be 3.0 at% for both the N, adsorption
(N, dissociation) and hydrogenation (into NH3) steps. Unless otherwise
specified, all subsequent experiments were conducted using an SizN,
loading of 3.0 at%.

In-depth performance evaluation
The kinetics of the two-step mechanochemical ammonia synthesis,
involving N, dissociation and subsequent hydrogenation into ammo-
nia, were first investigated for optimization. As shown in Fig. 2c, the
optimum rotation speed for N, adsorption was found to be 450 r.p.m.,
irrespective of the presence of SizN,. The catalytic activity exhibited a
volcano-type dependence on rotation speed. The high hardness and
abrasion resistance of Si;N4 enabled the creation of more defects on Fe
under dynamic reaction conditions, resulting in an improved N, dis-
sociation performance. The SizN,/Fe and Fe catalytic systems both had
the highest surface-adsorbed nitrogen (N*) fixation rate at 500 r.p.m.
(Supplementary Fig. 9a). However, there was a marginal difference in
N, absorption rates between 450 and 500 r.p.m. for SizN,/Fe and Fe.
The amounts of N, dissociation with respect to milling time were
also investigated for both Si3N,/Fe and Fe catalytic systems at a fixed
rotation speed of 450 r.p.m. Following an initial stabilization period of
5h, SisNs/Fe demonstrated linear N, adsorption kinetics over time,
suggesting a repeated defect formation that enabled continuous N,
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Fig. 1| Mechanistic investigation of defect-induced promotion in mechanochemical ammonia synthesis. Proposed reaction pathway illustration of a SizN4/Fe and
b unpromoted Fe catalysts. Color code: Fe—orange, Si— apricot, N—blue, H—white, and ball—gray.

cleavage. (Fig. 2d and Supplementary Fig. 9b). Conversely, Fe showed
natural logarithmic adsorption, suggesting saturation with milling
time. SizNy/Fe demonstrated improved catalytic performance, and
dissociating 20 mmol N, required much less time (21.9 h) than Fe
(54.0 h). It is noteworthy that the ball-milling method typically exhibits
an induction period before the reaction starts, as the Fe catalyst
requires activation by comminution. The induction time (1.3h)
required for Si;N4/Fe was also much shorter than Fe (2.8 h). Further-
more, the energy efficiency of SizN,/Fe in the nitrogen dissociation
step was 2.5 times higher than Fe (Supplementary Fig. 10a). These
findings underscore the role of Si3N, as a physical promoter that
enhances the performance of mechanochemical ammonia synthesis.
Mechanochemical hydrogenation into ammonia (the second
step), which was revealed to be an endothermic reaction'*****, was
conducted at the rotation speed of 500 r.p.m. Si;N4/Fe exhibited dif-
ferent reaction kinetics from Fe: the natural logarithm of the hydro-
genation rate linearly decayed with the natural logarithm of reaction
time (Fig. 2e). This is in contrast to the unpromoted Fe, where the
natural logarithm of the hydrogenation rate linearly decayed with time
(Supplementary Fig. 11). The absolute decay constant was determined
to be 2.22 for SisN4/Fe, much higher than for Fe (0.25). The difference
in the hydrogenation rates of the two catalytic systems could originate
with distinct hydrogen kinetics. As hydrogenation progressed, the
ammonia yield rate exponentially dropped in both systems. A single
hydrogenation cycle proved insufficient to fully dissociated N* species
on FeN* into NH3, most likely because of decreasing N* concentration
as the reaction progressed. Further comparative experiments and
stability tests were performed using the chemical promoter potassium
(K). In the initial ammonia synthesis cycle, no significant differences
were observed between the catalytic performance of the physical
promoter (SisN4) and the chemical promoter (K) (Supplementary
Fig. 12a). However, over subsequent cycles, both the physically pro-
moted Si3Ny/Fe and the unpromoted Fe catalysts maintained stable

performance, whereas the chemically promoted FeK exhibited a sub-
stantial decay in activity (Fig. 2f and Supplementary Fig. 12b).

Both total reactor pressure and hydrogen content were reduced
after hydrogenation as the Si;N4 content was increased (Supplemen-
tary Fig. 8b, c¢). This result suggests that H, cleavage preferentially
occurred on the Si3N, surface in the form of adsorbed hydrogen
adatom (H*) species, and then transferred to the N* species on the in-
situ formed metastable iron nitride (Fe-N) into ammonia. Moreover,
the SisN,/Fe system yielded 28.7 mmol kWh™ ammonia, a value 5.6
times higher than Fe (5.1 mmol kWh™) (Supplementary Fig. 10b). This
substantial improvement in energy efficiency highlights the pivotal
role of SizN, in the hydrogenation step, which is the rate-determining
step (RDS) in this mechanochemical process. The increased hydrogen
mobility contributes to the kinetics for the hydrogenation step,
enabling efficient ammonia synthesis at lower temperatures.

Defect mediated catalyst characterization
Figure 3a shows X-ray diffraction (XRD) patterns of the nitrogenated
SizN4/Fe (denoted as SizN,/FeN*), which exhibited a shift towards
lower angles compared to the pristine Fe powder (COD 96-900-2673).
This peak shift in the XRD patterns indicates lattice expansion. It can be
attributed to the diffusion of dissociated N* moieties into the Fe
matriX, occupying interstitial positions. The mobility of N* atoms
within the lattice implies that they are diffused into the Fe matrix,
providing diverse active sites for efficient reaction. SizN,/FeN*
demonstrated a broader full width at half maximum of 2.75° compared
to the pristine Fe (0.311°), indicating a substantial reduction in grain
size (SizNy/FeN*: 3.26 nm, pristine Fe: 28.88nm). This grain size
reduction is highly beneficial for ammonia synthesis, as it provides a
larger surface area for efficient nitrogen uptake and an increased IS,
relatively decreasing the activation barrier.

The addition of SizN4, had a pronounced effect on grain size
reduction, as evidenced by comparing Si;N,/FeN* with FeN* (FeN*
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1.14°, 7.86 nm, Supplementary Fig. 14). The presence of Si3N4
effectively suppresses grain growth through the pinning effect of N*
atoms®’. The regenerated SizN,/Fe (denoted as re-Si;N4/Fe) exhib-
ited XRD peaks at angles similar to the pristine Fe powder. This
suggests effective catalyst regeneration (comminution © aggrega-
tion) with retention of structural integrity for continuous use. In
addition, the grain size of the regenerated Si;N,/Fe (2.33°, 3.85 nm)
remained smaller than the regenerated Fe (re-Fe, 1.31°, 6.85nm),
suggesting that Si;N, was more effectively pulverized than the Fe
catalyst and experienced less deactivation by aggregation during
regeneration.

Morphological and structural characteristics were examined
using transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). TEM micrographs revealed the presence of multi-
ple crystalline phases, including Fe4N, Fe;gN,, and a-Fe, as well as SizN4
in the milled SisN4/FeN* system (Supplementary Fig. 15). Notably,
SizN,4/FeN* exhibited a higher degree of structural defects and lattice
distortions than unpromoted FeN*. The crystalline Fe;N phase was
observed within the defective amorphous Fe surface in Si;N4/FeN*.
SEM imaging and elemental mapping revealed that the milled Si3N,/
FeN* system possessed a more uniform particle size distribution and

enhanced elemental dispersion than FeN* (Supplementary Fig. 16). The
combination of increased structural defects observed with TEM, and
the improved dispersion observed with SEM analyses, suggests that as
a physical promoter the Si;N, contributed significantly to the mor-
phology of the re-Si;N4/Fe catalyst. The Si;N4 promoter likely gener-
ated high-density defects and increased surface area, and thus
enhanced overall catalytic performance.

X-ray photoelectron spectroscopy (XPS) was conducted to
elucidate the chemical states of the materials (Fig. 3b). SisN,/FeN*
was determined to have a higher proportion of Fe4sN (396.6 eV,
37.3%) than FegN, (397.2 eV, 31.8%), while the FeN* predominantly
exhibited Fe;¢N, content (397.5 eV, 67.1%) (Supplementary Fig. 17)*.
The enhanced nitrogen content can be attributed to the high-
density defects induced by Si;N4. The lower binding energy results
in a higher surface electron density, thereby providing more
favorable conditions for hydrogenation. Minor surface oxidation
was also observed, likely due to sample handling, despite storage in
a glovebox (Supplementary Figs. 17 and 18)***’. Post-hydrogenation
analysis revealed the peak shifted toward higher binding energies.
This peak shift could be ascribed to the interaction between nitro-
gen and hydrogen, potentially resulting in the formation of NH,*
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Fe and nitrogenated Fe (FeN*) powders. f EXAFS spectra of pristine Fe, commercial
FexN (x=2-4), re-SizN,/Fe, and Si;N4/FeN*. g Corresponding wavelet transform
analyses.

intermediates. The protonation of nitrogen during hydrogenation
alters the electron density distribution.

Mossbauer spectroscopy was utilized to elucidate the active
phases of the catalyst systems, capitalizing on its exceptional sensi-
tivity to Fe. The resultant spectra revealed that Si;N4/FeN* consisted of
a heterogeneous mixture of amorphous Fe4N (52.3%), FegN, (25.5%),
and a-Fe (22.2%) (Fig. 3¢c). Notably, the Fe 4N, exhibited three distinct
coordination environments (4 d, 8 h, 4e) that differed based on the Fe-
N bond lengths. In an ideal scenario, the site occupancy ratio should be
1:2:1%%, The analyzed ratio closely approximated this ideal ratio (Sup-
plementary Tables 1, 2). In contrast, the proportions of Fe;gN, (29.6%)

and a-Fe (33.0%) were higher in FeN* compared to Si;N4/FeN*, but
Fe4N (37.4%) was still the predominant phase (Supplementary Fig. 19).
The FegN, site ratio in FeN* also approached the ideal 1:2:1 distribu-
tion. The presence of Si;N4 favored the formation of Fe4N, which is
known to be more active for hydrogenation into ammonia.

Electron spin resonance (ESR) and Raman spectroscopy analyses
demonstrate that the physical promoter SisN, induced an increased
defect density within the catalyst structure. ESR analysis revealed that
SizN,4/FeN* displays a significantly enhanced signal intensity compared
to both pristine Fe and FeN* (Fig. 3d). This progressive intensification
of the ESR signal provides compelling evidence that the addition of

Nature Communications | (2025)16:5703


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60715-3

SisNs generates supplementary defect sites, enhancing nitrogen
adsorption through the redistribution of electron spins across the Fe
surface. Complementing these findings, the Raman spectrum asso-
ciated with the Fe phase exhibited asymmetrically broadened peaks,
indicative of iron nitride phases in both Si;N,/FeN* and FeN*, which
were not present in pristine Fe (Fig. 3e)*’. Notably, a characteristic peak
in the spectrum of Si;N4/FeN* was observed to redshift, which is
attributed to strain within the Fe lattice. The strain weakens Fe-Fe
bonds and creates coordinatively unsaturated Fe sites. Such lattice
distortions significantly modify the d-band center of transition metal
catalysts, bringing it closer to the Fermi level and thereby enhancing
reactivity toward N, activation. This enhanced interaction can facilitate
back-donation from Fe d-orbitals to the * antibonding orbitals of N,.

Extended X-ray absorption fine structure (EXAFS) spectroscopy
(Fig. 3f) revealed structural changes in the Fe-based catalyst systems
with/without Si3N, promotion. Si;N,/FeN* shows a distinct Fe-N peak
at 1.54 A. Notably, the Fe-Fe peak (2.1A) for Si;N,/FeN* shifted to lower
R-value than the pristine Fe (2.2A), suggesting lattice contraction
despite nitrogen incorporation. This unexpected phenomenon likely
resulted from mechanochemically induced high-density defects and
lattice distortions, promoting metastable Fe-N phases. Wavelet trans-
form analysis (Fig. 3g) complemented these findings by providing a 2D
representation of the R-space and k-space information. SizN,/FeN*
exhibited Fe-N interactions at higher k values (4.5 A™) than Fe,N (where
x=2-4,31A7), indicating its stronger Fe-N bonding. The Fe-Fe scat-
tering path in the nitrogen-adsorbed catalyst shifts to a lower k value
(7.6 A™") relative to the pristine Fe (7.8A™), consistent with the
observed Fe-Fe bond contraction. These results collectively support
the formation of unique Fe-N structures and highlight the structural
changes induced by mechanochemistry.

Hydrogen dissociation analyses

Although pure Si;Ny itself did not show good reactivity (Supplemen-
tary Fig. 23), we assumed that Si;N,4 also enhanced hydrogen adsorp-
tion by Fe during hydrogenation step in mechanochemistry because
the amount of hydrogen uptake increased as the amount of Si3Ng4
increased. The hydrogen temperature programmed reduction (H,-
TPR) profiles provided compelling evidence (Fig. 4a). SizN,/FeN*
exhibited a prominent reduction peak at a substantially lower tem-
perature (369 °C) than the FeN* (437 °C), indicating improved reduci-
bility and accessibility of active sites. This shift towards a lower
reduction temperature suggests that Si;N, facilitated the dissociative
adsorption of hydrogen molecules, potentially lowering the activation
energy for the second hydrogenation step. It is noteworthy that the
inset graph revealed the complex reduction behaviors of SizN4/FeN* in
the temperature range of 100-300 °C. These multiple reduction steps
in the low-temperature region indicated a synergistic effect between
SisN; and Fe, creating an optimal surface environment that could
promote efficient hydrogen dissociation.

To further clarify the catalyst behavior in hydrogen atmosphere,
temperature programmed desorption mass spectroscopy (TPD-MS)
profiles were conducted. The H,-TPD profile of the re-SizN,/Fe catalyst
exhibited two distinct desorption peaks at 227 and 454 °C, indicating
the presence of multiple hydrogen adsorption sites with different
binding energies (Fig. 4b). This heterogeneity in adsorption sites
suggests that SisN, creates a more diverse surface landscape®,
potentially facilitating the dissociative adsorption of H, molecules and
their subsequent reaction into ammonia. Moreover, the significant
increase in peak intensities in re-SizN4/Fe implies a higher concentra-
tion of active sites and improved surface area utilization (Supple-
mentary Fig. 24). This result matched XPS and ESR spectra well.

The mechanistic pathway of hydrogen dissociation and incor-
poration was further elucidated through time-of-flight secondary ion
mass spectrometry (TOF-SIMS) analysis. The re-SizsN;/Fe system
exhibited MS signals for FeNH" (m/z 70.9) and FeNH," (m/z 71.9)

species (Fig. 4c-f), accompanied by SiNH" (m/z 43.0) and SiNH," (m/z
44.0) intermediates (Supplementary Fig. 25), suggesting a cooperative
hydrogen activation mechanism involving both Fe and SizN, inter-
faces. In contrast, the re-Fe catalyst demonstrated weaker signals for
analogous FeNH,* species. The substantially higher emission of NH,"
species (m/z 18.0) observed in re-Si;N,/Fe relative to re-Fe provided
compelling evidence for enhanced hydrogen activation and ammonia
formation in the hybrid catalyst system. The presence of both SiNH,"
intermediates alongside the enhanced FeNH,' signals demonstrates a
synergistic effect, where SizN, facilitates H, dissociation on Fe sites
and mediates its transport to reaction centers. The corresponding 2D
chemical maps visualized efficient successive hydrogenation pro-
gression in re-Si;N4/Fe.

Theoretical study

To elucidate the atomic-level effects of physical promoters on NH;
synthesis, DFT calculations were conducted on the surface of Fe catalyst
systems with three types of physical promoters: SiO,, SiC, and Si3N,, as
investigated in the experiments (Fig. 2a). At high temperatures, the RDS
of ammonia synthesis is typically the N, dissociation step. However, at
low temperatures, as in our experimental setup, the RDS shifts to the
hydrogenation step because of strong H* adsorption on Fe surfaces,
which readily blocks catalytic active sites”. Based on this, we evaluated
both N, dissociation and hydrogenation reactions, with a higher focus
on hydrogenation. When evaluating the energy barriers for N, dis-
sociation on the Fe(110) catalyst surface with these promoters, minimal
changes were observed compared to the clean Fe(110) surface (Sup-
plementary Fig. 27). Similarly, the hydrogenation of N* into NH; showed
only marginal variations in energy barriers at the RDS. This indicates that
the overall impact of these physical promoters on the catalytic activity of
the clean Fe(110) surface is negligible.

However, the primary role of physical promoters is the significant
comminution of catalyst particles, driven by the high hardness of the
promoters, which leads to the creation of more defective surfaces. In
our previous work', we demonstrated that Fe catalysts with surface
defects, such as vacancies or adatoms, exhibited reduced energy
barriers for N, dissociation. Furthermore, it has been reported that the
Fe(211) surface, characterized by a corrugated geometry, has a lower
energy barrier for N, dissociation*"*?, and that the N* hydrogenation
process leading to NH; formation is also accelerated on this surface
(Supplementary Fig. 28). These findings suggest that surface defects
play a crucial role in lowering reaction energy barriers. Therefore, we
extended our study to include defective surface models that could be
induced by the physical promoters, focusing on vacancies and ada-
toms due to their high feasibility.

Although adatoms are more readily formed than vacancies on the
clean Fe(110) surface, vacancy formation becomes energetically more
favorable when surface-adsorbed promoters are present. This results
from the strong interaction between the Fe surfaces and promoter
clusters, which weakens the bonds between Fe surface atoms (Sup-
plementary Table 4). This effect is particularly pronounced for SiC
and/or SizN, promoters.

DFT calculations in this work also reveal that defective Fe (Fey)
surfaces with SiO, or Si;N, promoters, denoted as SiO,/Feq or SisN,4/Fey,
respectively, exhibit lower energy barriers for both N, dissociation and
N* hydrogenation compared to the clean Fe(110) surfaces (Supplemen-
tary Fig. 29). This is attributed to the stronger interaction between the
Feq surface and the promoters (Supplementary Fig. 30). The promoter
effect persisted in the system with a larger cluster (SigNg), verifying that
the small-sized model reflects its essential role and suggesting com-
parable trends could be expected for even larger nanoclusters (Sup-
plementary Fig. 31). However, the SiC promoter does not significantly
lower these barriers, consistent with our experimental results (Fig. 2a).

According to our DFT calculations, Si;N,4 is the most effective
promoter, significantly reducing the energy barriers for both N,
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dissociation (0.40eV) and the hydrogenation steps at the RDS
(1.29 eV) (Fig. 5a, b, Supplementary Table 5). Additionally, the Si3N4
promoter weakens hydrogen adsorption (Supplementary Table 6)
and reduces the adsorbed hydrogen (H*) diffusion energy barrier by
half, facilitating the diffusion of H* species to surface-bound N*
species and ultimately enhancing NH; formation (Fig. 5¢). The cal-
culated reaction rate constants (Supplementary Fig. 32) and turnover
frequencies (TOF, Fig. 5d and Supplementary Fig. 33) confirm the

superior reaction kinetics of the Si;N4-promoted Fe (SisN4/Fe) sur-
face to the clean Fe(110) surface or the SiO, or SiC promoted Fe
surfaces.

Moreover, Fe-N phases, such as Fe;N and FegN,, which are likely
formed after N* adsorption on the Fe catalyst (the first nitrogen dis-
sociation step), significantly lower the energy barriers for the second
and third hydrogenation steps of N* (Supplementary Fig. 34 and Sup-
plementary Table 7). Although the clean FeN, phase exhibits a
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relatively high RDS energy barrier for hydrogenation, the combination
of a Si3N, cluster and a surface vacancy on the Fe catalyst dramatically
reduces the energy barrier. Experimentally, we observed that the pre-
sence of SisN4 promoters led to an increased formation of Fe-N phases,
such as Fe;N and FeN, (Fig. 3c and Supplementary Table 1), which
further enhances catalytic efficiency in NH; synthesis. We additionally
evaluated the effect of SiO, promoter on these phases, as SiO, also
exhibited a higher ammonia production than that on clean Fe(110)
(Fig. 2a). Our calculations showed that the use of SiO, lowers the
hydrogenation energy barriers on both Fe4,N and FesN, surfaces (RDS
E,:1.23 eV for SiOy/FesN 4 and 1.21 eV for SiO,/FegN, 4) compared to the
clean Fe4N and FegN, phases (Supplementary Fig. 35). However, these
barriers remained slightly higher than those with the Si;N, promoter,
which explains the much higher ammonia yield with SiO, compared to
that with the clean Fe(110), but still lower than that with SizN,.

In summary, the SizN, promoter, with high hardness, enhances
ammonia formation not only by increasing surface defects, but also by
lowering the energy barriers for N, dissociation and N* hydrogenation,
attributed to the strong interactions between Si;N,4 clusters and the
defective Fe (Fey) surface. Additionally, the improved hydrogen diffu-
sion further accelerates the hydrogenation process. The influence of
SisN, extends beyond the clean Fe catalyst surface, significantly
enhancing the catalytic activity of the Fe;N and FegN, phases, which
are more abundantly formed in the presence of the Si;N, promoter, as
demonstrated in our experiments.

Discussion
When the physical promoter was employed for mechanochemical
ammonia synthesis, a synergistic effect was observed. The high

hardness and abrasion resistance of the Si;N, facilitated the generation
of high-density defects and active sites on the Fe catalyst during ball-
milling, thereby improving N, dissociation and H, activation kinetics.
Moreover, SisNs acted as a dispersing agent, preventing catalyst
agglomeration and maintaining a large area of active Fe surface. Our
study provides a deeper understanding of the interplay between
physical promotion and catalytic performance in mechanochemical
ammonia synthesis, which could guide future research in developing
more effective catalysts for various chemical processes.

Based on the results here, we anticipate that the mechan-
ochemical approach, augmented by physical promotion, will provide
significant advantages for new modes of ammonia synthesis in a
hydrogen-based economy. The ability to conduct ammonia synthesis
at lower temperatures and pressures could open avenues for
decentralized, small-scale production facilities, which could be
pivotal for the widespread adoption of ammonia as a hydrogen
carrier. By enabling more efficient ammonia production, this
mechanochemical methodology could play a vital role in overcoming
the challenges associated with hydrogen storage and transportation,
thereby facilitating the broader implementation of hydrogen-based
energy systems and contributing to the development of sustainable
energy infrastructure.

Methods

Chemicals and materials

High-purity silicon nitride powders, comprising B-phase (B-Si3Ny,
predominantly [-phase, <10 micron) and oa-phase (a-SizN4, pre-
dominantly a-phase, <10 micron), were supplied from Sigma-Aldrich.
Additionally, iron (Fe) powder (iron sponge, ~100 mesh, 99.9% metals
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basis), amorphous SizN4 (am-Si3N,, silicon(IV) nitride, amorphous,
nanopowder, 98.5 + %), B-phase silicon carbide (3-SiC, silicon carbide,
beta-phase, 99% metals basis), silicon oxide (SiO,, silicon(IV) oxide,
99.5% metals basis), potassium (K, potassium, chunks, in mineral oil,
98%), and iron nitride (FeyN, x = 2-4) were purchased from Alfa Aesar.
To maintain the integrity of the materials, all chemicals were stored in
an argon (Ar) atmosphere glove box (UNIlab pro, MBRAUN) with a
purity of 99.999% (KOSEM Corp.). Mechanochemical experiments
were conducted using a planetary ball-milling machine (Pulverisette 6,
Fritsch) equipped with a hardened steel ball-milling jar (250 ml) and
balls (@ =5 mm). All experiments using Si;N, were conducted with f3-
SizN,, unless specified. To ensure reproducibility, each experiment was
independently repeated at least three times to determine the
error bars.

Nitrogen dissociation kinetics

A mechanochemical experiment was conducted by loading 12.0 g of
iron (Fe) catalyst and 0.9 g of Si;N, into a hardened steel ball-milling jar
with 500 g of steel balls in an Ar-filled glove box. The jar was then
sealed and evacuated using a vacuum pump to remove any residual
argon. Subsequently, high-purity nitrogen gas (N, 99.999%, KOSEM
Corp.) was introduced into the jar at a pressure of 9 bar. The experi-
ment was performed with 30 min of milling followed by a 10 min break
to manage heat generation. This process was repeated for a total of
240,000 cycles to optimize the rotation speed for nitrogen adsorp-
tion. To determine the amount of adsorbed nitrogen, additional
experiments were conducted at a milling speed of 450 r.p.m. for 5, 10,
15, 20, and 25 h, respectively. The pressure difference in the jar was
measured using a pressure gauge, allowing for the calculation of the
amount of adsorbed nitrogen.

Ammonia synthesis kinetics

Ammonia (NH;) synthesis was performed via hydrogenation of the as-
prepared SizNs/FeN* and FeN* powders. Prior to hydrogenation,
nitrogen adsorption was conducted at 450 r.p.m. for 20 h. Subse-
quently, the residual nitrogen gas in the jar was displaced with high-
purity hydrogen gas (H,, 99.999%, Daesung Industrial Gases Co.) using
the same gas displacement method employed earlier for switching
from argon (Ar) to nitrogen (N,). The charged H, gas pressure was
maintained at 9 bar. Because hydrogenation is an endothermic pro-
cess, the hydrogenation cycle was implemented for 3 h, consisting of
60 min of milling followed by a 10 min break at a rotation speed of 500
r.p.m. After hydrogenation, the total gas pressure in the reactor was
measured using a pressure gauge. Gas chromatography (GC, Agilent
7890B) was used to determine the gas concentration, allowing for the
calculation of the amount of synthesized NH;. To investigate the time
dependence on NH; synthesis, the experiment was repeated seven
times, with H, (9 bar) being recharged every 3 h. Finally, the powders
were collected in an Ar-filled glove box to prevent surface oxidation.

Silicon-based promoter comparison

A total of 12.0 g of iron (Fe) powder was loaded into a stainless-steel
ball-milling jar along with 500 g of stainless-steel balls. Subsequently,
each silicon-based promoter, including Si;N4, B-SiC, or SiO,, were
added at a concentration of 3 at% with respect to Fe (0.03 x moles of
Fe). The Fe powder and promoter was carefully handled and loaded
into the ball-milling jar within an Ar-filled glove box to prevent con-
tamination. The mechanochemical reaction was performed in two
sequential steps. First, nitrogen dissociation was conducted by sealing
the jar, evacuating residual argon using a vacuum pump, and intro-
ducing high-purity N, at a pressure of 9 bar. The ball-milling was per-
formed at a rotation speed of 450 r.p.m. for 20 h, with a cycle of 30 min
milling followed by a 10 min break to manage heat generation. After
the nitrogen dissociation step, the pressure in the jar was measured
using a pressure gauge to calculate the amount of dissociated

nitrogen. For the subsequent hydrogenation step, the residual nitro-
gen gas was evacuated, and high-purity H, was introduced at a pres-
sure of 9 bar. The hydrogenation was conducted at a rotation speed of
500 r.p.m. for 3 h, with a cycle of 60 min milling followed by a 10 min
break. After hydrogenation, the total gas pressure in the reactor was
measured using a pressure gauge, and gas samples were analyzed
using GC to determine the concentration of synthesized NHs.

Control and systematic experiments

Three control experiments validated the mechanistic role of Si;N,4 in
ammonia synthesis. First, to assess lattice nitrogen release, Si;N4 was
ball-milled under H, atmosphere (9 bar) for 3 h without Fe catalyst at
500 r.p.m., yielding no detectable ammonia (<1 ppm). It confirms SizN,
does not serve as a nitrogen source. Second, a blank test using SizN,4/Fe
under 9 bar of Ar for 20 h at 450 r.p.m., followed by hydrogenation at
500 r.p.m. for 3h in 9bar of H,. It verifies that atmospheric N, is
essential for the reaction. Third, investigation of methane byproduct
formation using high-purity iron balls (Fe 99.99%) was conducted N,
dissociation for 20 h at 450 r.p.m. and 9 bar of N,, and NH3 synthesis
for 3 h at 500 r.p.m. and 9 bar of H,.

Promoter loading amount and phase effects

For studies on promoter loading amount effect, Fe powders (12.0 g)
were loaded into a stainless-steel ball-milling jar, followed by the
addition of 3-Si3N, at ratios ranging from 0.0 to 5.0 atomic percent (at
%) to Fe. For studies on the SizN, phase effect, Fe powders (12.0 g) were
loaded into a ball-milling jar along with 3 at% of each distinct SizN,
phase, a-SisNy, B-SizN,, or amorphous SizN, (am-SizN,). Nitrogen dis-
sociation and hydrogenation were, respectively, carried out under
9 bar of N, for 12 h at 450 r.p.m. and 9 bar of H, for 5 h at 500 r.p.m., as
was employed to determine the promoter loading amount effect. The
phase effect studies were conducted under the same experimental
conditions as the kinetic studies.

Chemical promoter comparison and stability test

To compare the performance of ammonia synthesis catalysts with
different promoters, both the chemical promoter (K) and the physical
promoter (SizN,4) were prepared under an inert atmosphere in an Ar-
filled glove box to prevent contamination. Each promoter was used in
equimolar quantities to ensure a consistent atomic basis for compar-
ison, and for the catalytic experiments, either metallic K or Si3N; was
combined with 12.0 g of Fe powder and loaded into a steel jar. The
experiments were conducted nitrogen dissociation followed by
hydrogenation. Stability tests were performed over a series of 10
cycles, each cycle consisting of two sequential stages. Nitrogen dis-
sociation at N, 9bar for 20 h, followed by hydrogenation at H,
9 bar for 3 h.

Catalyst characterizations

The crystal structures of the samples were characterized by XRD
using a D/max2500V instrument (Rigaku) with Cu-Ka radiation
(1=1.5418 A). The XRD patterns were recorded with a step size of
0.02° and a scan rate of 2°min™. Mdssbauer spectroscopy mea-
surements were performed using a ¥Co (Rh) source at room tem-
perature (Palacky University, 01216CN). The Mdssbauer spectra
were obtained in transmission geometry with a triangular velocity
waveform. The isomer shifts of a-Fe were calibrated at room tem-
perature. Hard X-ray absorption spectroscopy (XAS) measurements
were conducted at the 6D UNIST-PAL beamline in the Pohang
Accelerator Laboratory (South Korea). The XAS data were analyzed
using Athena software. The morphology of the samples was char-
acterized by field emission scanning electron microscopy (FE-SEM)
using a Nova NanoSEM (FEI company) and a spherical-aberration-
corrected transmission electron microscope (JEM-2100F, JEOL) for
high-resolution atomic imaging.
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XPS measurements were performed using a Thermo Fisher
K-alpha XPS spectrometer in an Ar atmosphere glove box. The XPS
spectra were deconvoluted using XPSPEAK41 software. The
temperature-programmed reduction of hydrogen (H,-TPR) was con-
ducted on a chemisorption analyzer (Microtracbel, BELCAT II). The
sample was heated from room temperature to 250 °C, maintained for
60 min in an Ar atmosphere, and then heated to 900 °C at 10 °C min™
in a 5% Hy/Ar atmosphere. The released gases were continuously
detected by a thermal conductivity detector. TPD-MS powders were
pretreated using the same process, then gas adsorption was con-
ducted at 100 °C for 60 min in a 5% desorption gas/helium (He) or Ar
atmosphere. Subsequently, TPD-MS was conducted under He or Ar
atmosphere. TOF-SIMS was performed using an ION-TOF GmbH
instrument equipped with a 25keV Bi* primary ion source and a 2kV
Cs' sputtering beam. Prior to TOF-SIMS analysis, the hydrogenated
powders were compressed into 13 mm diameter pellets. All measure-
ments were conducted in positive ion mode to identify and char-
acterize the chemical species present.

Raman spectra were recorded using a DXR3 Raman microscope
(Thermo Fisher Scientific) with a 532 nm laser excitation source at a
power of 9 mW. ESR spectra were acquired using a Bruker EMXplus
9.5/12 spectrometer, fitted with an Oxford Instruments ESR900 cryo-
stat. All measurements were performed at 295 K under non-saturating
conditions. The spectrometer was operated at an X-band microwave
frequency of 9.83 GHz, with a modulation frequency of 100 kHz, a
modulation amplitude of 4.0 G, and a microwave power of 0.633 mW.
N, adsorption-desorption isotherms were obtained using a BELSORP-
max at 77 K over a relative pressure range of P/Po =107 to 0.99. Before
the measurements, all samples were degassed under vacuum at 100 °C
for 16 h to remove adsorbed impurities. The specific surface area of
each sample was then calculated using the Brunauer-Emmett-Teller
(BET) method.

Computational details

Spin-polarized density functional theory (DFT) calculations were per-
formed using the Vienna Ab initio Simulation Package software**** with
the projector-augmented wave method®. The exchange-correlation
energy was treated using the generalized gradient approximation using
the revised Perdew-Burke-Ernzerhof * functional. A plane-wave energy
cutoff of 500 eV was applied, and the Brillouin zone was sampled using a
2 x 2 x1 Monkhorst-Pack k-point grid. During geometry optimization, all
atoms in the top two layers, including adsorbates, were allowed to relax
until reaching a force threshold of 0.05eVA7, with electronic self-
consistency iteration convergence set to 10°eV. A smearing width of
0.05 eV was employed to account for partial occupancies, and the DFT-
D3 method by Grimme et al.*’ was used to improve the description of
long-range van der Waals interactions. Additionally, a dipole correction
was applied along the z-axis. For the Fe-N phases, a Hubbard U cor-
rection was applied to the Fe 3 d orbitals using the approach of Dudarev
et al.*® to better account for localized electron correlation effects.
Effective U values of 0.9 eV and 0.4 eV were used for Fe,cN, and FeyN,
respectively**™,

The Fe surface model was cleaved from an optimized Fe bulk
crystal along the (110) plane, resulting in a slab measuring
1148 Ax12.17 A x 6.09 A, with a 20 A vacuum layer separating periodic
images. During geometry optimizations, the top two layers were free to
relax, while the bottom two layers were held fixed. Free energy for each
reaction intermediate was calculated using the following equation:

AG=AFEper + AZPE — TAS 1

where AEper is the DFT energy of each system, AZPE accounts for zero-
point energy corrections, and TAS is to correct the entropy changes.
The NIST web database’ was used to calculate the AZPF and TAS of the
gas-phase molecules.

Prior to modeling various physical promoters for NH; synthesis,
USPEX** was employed to identify the most stable cluster structures of
the promoters. The SiO, structure was sourced from the literature®,
where it has been extensively studied. However, due to the limited
availability of studies on SiC and Si3N, clusters, we utilized the USPEX
code to determine their most stable geometries (Supplementary Notes
and Supplementary Fig. 36). The physical promoters can induce
defects on the catalyst surfaces; hence, we also evaluated the forma-
tion energies of defective surfaces such as vacancies and adatoms. The
formation energies of these defective surfaces (E;) were calculated
with the following equation:

Ef = Edefective _Eclean +n EFe (2)

where Egereciive represents the total energy of the defective surface
model, Egean is the total energy of the clean slab model without
defects, n is the number of defects (positive for vacancies and negative
for adatoms), and E. is the energy of a single Fe atom calculated from
the Fe bulk crystal.

The activation energies for N, dissociation and N* hydrogenation
(* denotes a surface site) leading to ammonia were determined using
the climbing image nudged elastic band™* method. The transition
states were verified through vibrational frequency analysis to ensure
they exhibited only one imaginary frequency. The results were visua-
lized using the VESTA software™.

Data availability

The data generated in this study are provided in the Supplementary
Information/Source Data file. Additional data can be obtained by
contacting the corresponding author. All source data have been pro-
vided with this paper to ensure transparency and reproducibility of our
results. Source data are provided with this paper.
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