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ABSTRACT

The Haber-Bosch (HB) process, critical for global ammonia production, is hindered by its high
energy consumption and operational demands, requiring extreme pressures and temperatures.
Developing catalysts that reduce these demands while maintaining practical efficiency is essential
for achieving sustainable ammonia synthesis. Here, we investigate the FeCoNi(AlSi)o.76 high-
entropy alloy (HEA) as a catalyst for the HB process using quantum mechanics (QM) and kinetic
Monte Carlo (kMC) simulations. Mechanistic analysis revealed significantly lower reaction
barriers compared to pure Fe, and KMC simulations predict an NHs turnover frequency (TOF) that
is 65 times higher than pure Fe under industrial conditions. Under reduced pressure (21 atm) and
moderate temperature condition (673 K), the HEA retained half the NHs production rate of pure
Fe at extreme industrial conditions, revealing its potential to reduce energy and pressure
requirements. This study demonstrates the promise of HEAS in enabling more energy-efficient and
sustainable ammonia production technologies.
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INTRODUCTION

Since their discovery in 2004, high-entropy alloys (HEAs)—a class of emerging metal-based
materials containing five or more elements—have rapidly gained prominence across diverse
applications, including aerospace engineering®, liquid fuel systems?, biomimetic materials®,
magnetic resonance imaging (MRI) scanners®, and catalysis®”’. Among these, HEAs have
demonstrated exceptional potential as heterogeneous catalysts due to their high catalytic activity,
selectivity, and stability.® This versatility stems from their vast compositional space, which allows
precise tuning of elemental ratios and surface structures.® Recent studies have revealed the
applicability of HEAs in various thermally driven and electrocatalytic reactions, such as oxygen
reduction reaction (ORR)®® and oxygen evolution reaction (OER)}*, ammonia
decomposition”’ and oxidation!®!® azo-dye degradation®®?!, CO oxidation??, CO2 reduction
(CO2RR)*%, hydrogen evolution (HER)?*, and methanol oxidation®. For instance, FeCoNiAITi
HEASs have been employed as HER electrocatalysts, offering low overpotential, high stability, and
cost-effectiveness compared to noble metal-based alternatives.®?2” Similarly, nanoporous
AINiColrMo HEAs have shown dual functionality in acidic OER and HER conditions,? enabling
their use as both cathode and anode catalysts in electrocatalytic cells, outperforming commercial
Pt/C-IrO. systems. Recent studies have also explored HEASs as catalysts for NHz decomposition
and synthesis.”!’ For instance, quinary CoMoFeNiCu nanoparticles have shown catalytic activity
for NH3 decomposition exceeding that of Ru-based catalysts by over 20-fold.” In the context of
NH3 synthesis, FeCoNiAITi HEA nanoparticles have shown high efficiency as electrocatalysts for
electrochemical NOs™ reduction to NHs, leveraging enhanced surface area and charge transfer
efficiency.?®

Theoretical approaches combining density functional theory (DFT), molecular dynamics
(MD), and machine learning have further expanded the design space for HEA catalysts. For
example, Gaussian process regressor models trained on DFT adsorption energies have been used
to identify optimized compositions of CoCuGaNiZn and AgAuCuPdPt HEAs for CO2 and CO
reduction reactions.® These compositions were selected based on criteria favoring weak hydrogen
adsorption and strong CO adsorption, enabling selective and efficient catalytic performance while
minimizing undesirable side reactions.

Ammonia (NHz) production, critical for global agriculture and industry, is predominantly
achieved through the Haber-Bosch (HB) process. This process synthesizes NHz from nitrogen (N2)
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and hydrogen (H) and is vital for fertilizer production that sustains global food security. Beyond
agriculture, ammonia serves as a feedstock for various chemicals and is increasingly recognized
as a carbon-free energy carrier due to its high hydrogen content and clean combustion. However,
the HB process remains one of the most energy-intensive industrial processes, consuming 1-2%
of global energy and contributing 1-2% of global anthropogenic CO. emissions.?® These
environmental impacts are driven by its extreme operating conditions—temperatures of
400—600 °C and pressures of 200—400 atm—necessary for the large-scale production of over 160
million tons of ammonia annually. This figure is projected to more than double by 2050.%°
Currently, most ammonia synthesis plants rely on fused-iron (Fe) catalysts, typically synthesized
from iron oxides such as Fes04.3! To enhance catalytic activity, various promoters, including
alkali- and alkaline-earth-metal oxides, have been incorporated to provide both structural and
electronic enhancements.323 Additionally, iron-based alloy catalysts, such as Fe-Co, Fe-Ni, and
Fe-Zr, have shown improved activity compared to pure Fe.3*3® While these catalysts offer
enhanced performance and stability, advancements in Haber-Bosch (HB) catalysts have been
largely incremental, leaving the process’s high energy demands unaddressed. Developing novel
heterogeneous catalysts capable of achieving high catalytic activity under milder conditions is thus
critical for reducing the energy intensity and the environmental impact of ammonia production.
The HB reaction pathway consists of three primary steps: (1) the dissociative adsorption of
N, (2) surface reactions of adsorbed species, and (3) NH3 desorption.>! However, the complexity
of this mechanism poses challenges for catalyst design. Experimental studies have yielded
conflicting conclusions—some suggest that N> adsorption on Fe surfaces is the rate-limiting step®’,
while others report that surface reactions of adsorbed species require higher activation energy’*-°.
Despite these discrepancies, our theoretical studies provide valuable predictions on the reaction
mechanism, offering a pathway to improved catalyst efficiency and design.*’ In previous studies,
we have employed quantum mechanics (QM) simulations to elucidate the detailed reaction
mechanisms of the HB process on the two most active Fe surfaces: Fe(111)**? and Fe(211)*. For
the Fe(111) surface, 12 key reaction steps and 24 intermediates were identified, leading to a
turnover frequency (TOF) of 17.7 NH3/s on a (2 x 2) unit cell under conditions of 400 °C, 20 atm
reactant pressure, and 1.5 Torr NHs. These predictions closely matched experimental single-crystal
results of 9.7 NHa/s under similar conditions, validating the accuracy of our predictions.*! Building

on this understanding, we developed a hierarchical high-throughput catalyst screening (HHTCS)
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approach %244 to identify promising surface (Rh, Pt, Pd, Cu, Co) and subsurface (Co, Ni, Si)
dopants. Notably, subsurface Ni and Si doping showed a 16-fold and 43-fold increase in TOF
compared to pure Fe(111), respectively under milder conditions of 400 °C and 20 atm.*?*° These
findings suggest that alloying with transition metals like Ni and Co, as well as non-transition
metals like Si, can significantly enhance catalytic performance while reducing operating pressures
and temperatures.

In recent years, computational methods, particularly density functional theory (DFT)
combined with Monte Carlo (MC) simulations, have played a crucial role in accelerating the
discovery of heterogeneous catalysts, including HEAs. Several studies have demonstrated the
accuracy of theoretical predictions through careful synthesis and experimental evaluation of
catalytic activity and stability. For instance, a recent study employed a DFT-based high-throughput
screening method to design a BiPt catalyst with enhanced hydrogen evolution reaction (HER)
activity and stability.*® Experimental synthesis and testing confirmed its superior performance
compared to pure Pt, showing strong agreement with theoretical predictions. Similarly, for HEA
catalysts, experimental work has indicated that CoNiCuRuPd HEA nanoparticles can be
synthesized at low temperatures on a TiO platform, displaying exceptional activity and durability
for CO2 hydrogenation.*” Complementary DFT calculations revealed key insights into the
formation mechanism of HEA nanopillars, the increased CO adsorption energy relative to pure Pd,
and the sluggish diffusion effect arising from lattice distortion, which enhances catalyst stability.
Another example involves the computationally guided design of an equimolar AgAuCuPdPt HEA
for electrochemical CO. reduction reaction (CO2RR) and CO reduction reaction (CORR). DFT-
based supervised machine learning optimization identified this HEA as having weak hydrogen
adsorption and strong CO adsorption on its (111) surface, favoring CO;RR.® Subsequent
experimental validation demonstrated 100% CO conversion to gaseous products, particularly
hydrocarbons, at low voltage, indicating the high catalytic activity.?® Further DFT simulations
examined the reaction pathway and supported the observed superior activity through free-energy
calculations of reaction intermediates.?® These studies collectively reveal the predictive power of
DFT simulations in catalyst discovery and optimization. Inspired by these studies, we employ DFT
simulations to investigate an HEA system incorporating transition metals (Ni, Co) and a non-
transition metal (Si)—elements previously identified in our research—to enhance HB catalytic

activity under industrial and milder conditions. One previous study has shown that increasing the
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Si and Al content in FeCoNi(AlSi)x (0 < x < 0.8 in molar ratio) alloys transforms their crystal

structure from FCC to BCC,*® with a single BCC structure emerging at x > 0.4.%34° Based on this,

we focused on BCC FeCoNiAISi HEAs with high Si and Al concentrations (x > 0.7) and employed

QM and KMC simulations to elucidate catalytic reaction mechanisms, free energy barriers, and

kinetics HB reactions. Our results indicate that FeCoN1AlISi HEAs can achieve a ~65-fold increase

in TOF compared to pure Fe under industrial conditions (200 atm, 500 °C), surpassing the

performance of Si-doped Fe catalysts (~43-fold increase).*® More importantly, under milder
conditions (20 atm, 400 °C), the TOF is nearly half that of pure Fe under 200 atm and 500 °C*4°,
suggesting that these HEAs could enable efficient NH3 synthesis at significantly reduced pressures

and temperatures.
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Figure 1. The constructed BCC and FCC models for FeCoNi(AlSi)x HEA systems. (A) and (B)
The 4x4 supercell of BCC structure with a composition of FeCoNi(AlSi)o.76, viewed along
different cryptographic directions. (C) and (D) The 3x3 supercell of FCC structure with a
composition of FeCoNi(AlSi)o.72, viewed along different cryptographic directions. The gold, blue,

grey, pink, and green balls represent the Fe, Co, Ni, Al, Si atoms, respectively.
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RESULTS AND DISCUSSION
Single-Phase High Entropy Alloy (HEA) Stability

Previous studies have shown that FeCoNi(AlSi)x HEA alloys transition from an FCC phase
to a BCC phase as the Al and Si content increases.*®*° When x > 0.4, the HEA adopts a single
BCC phase, as confirmed through both experimental and theoretical analyses.*®*® We constructed
a 4x4x4 supercell BCC model (Figures 1A and B) and a 3x3x3 supercell FCC model (Figure 1C
and D) using the SCRAPs method for compositions of x=0.72-0.76. Specifically, the BCC model
was assigned a composition of FeiCoiNiyt (Sioss Aloss) (x = 0.76), while the FCC model
corresponds to Fe1Co1Niy (Sio.ss Alozs) (x = 0.72). Both structures retained their original lattices
after full relaxation. Using PBE-D3(BJ) functional, our DFT yielded lattice parameters of a = 2.837
A for the BCC structure and a = 3.552 A for the FCC structure. To evaluate the stability of these
two phases, we calculated the formation energy (Es) relative to the ground-state phase of each
element, using the equation below.

Et = Evea- X 6ES 1)
where ci and E{® represent the number of atoms and the energy per atom for each element in its
ground-state structure. The reference structures were FCC for Al and Ni, BCC for Fe and Co, and
diamond structure for Si. The calculated formation energy of the BCC HEA structure (-15.75
KJ/mol/atom) is lower than the energy of FCC HEA structure (-15.11 KJ/mol/atom), indicating
that BCC is more stable than FCC for x ~0.74, These findings align with experimental results*®
showing a phase transition to single BCC for x>0.4.

Surface Energy

Surface energy is a critical property that influences the shape of nanoparticles and their
catalytic behaviors, although it is challenging to measure experimentally. Here, we analyzed three
catalytically relevant surfaces — (100), (110), and (111) — to predict their surface energies. The
c-axis of the HEA structure was oriented perpendicular to the surface while the other two axes
retained <100> directions, as shown in Figure S1 of the supporting information (SI). A 15 A
vacuum layer was introduced along the c-direction. The surface energy (Esurface) Was calculated
according to the following equation:

Esurface = (Etop + Ebottom)/2 = (Estab —Ebuik)/(2 X A) (2)

6
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where the Esian, Ebuik, and A represent the total energy of the constructed slab model, the energy of
the bulk structure with the same number of atoms as the slab, and the surface area of both the top
and bottom surfaces, respectively. To obtain an average surface energy, we considered all eight
possible slab configurations, generated by sequentially separating every two atomic layers.

The surface energies for (100), (110), and (111) surfaces are listed in Table S1. Among these,
the (111) surface the highest surface energy (3146 mJ/m?), followed by (110) (2583 mJ/m?) and
(100) (2577 mJ/m?) surfaces. This indicates that the (111) surface is less stable but potentially
more chemically active, consistent with previous observations for pure Fe surfaces*®. Notably, the
(111) surface energy of the HEA is slightly lower than that of the pure Fe (111) surface (3233
mJ/m?), suggesting improved energetic stability. Since the (111) surface of pure Fe is known to
exhibit the highest reactivity for HB process*, we selected the (111) surface of the HEA as the

primary focus for studying its reaction mechanism and kinetics in the HB process.

Initial Screening of Surface Regions

The HEA surfaces contain many potential reaction sites, making it challenging to examine
each site individually using DFT simulations. To address this, we implemented a screening
procedure that divides the larger surface into smaller units, enabling the selection of those with the
highest potential for reaction activity or the lowest reaction energy. We employed the smaller 2 x
2 cells extracted from the bulk structure (128-atom model) for reaction mechanism predictions.
The orientations for small models were defined as a = [110], b= [112], and c¢= [111] (Figure S2;
see the Methodology section). A total of 128 distinct small cells were constructed, serving as
simplified representations of the catalyst surface to enable efficient computational screening. To
preliminarily assess the reactivity of these small surface cells, we employed the OpenMX code
due to its high computational efficiency. This initial screening involves slab models with 6 atomic
layers (24 atoms), where the bottom two layers were fixed, and the top four layers were allowed
to relax. We then evaluated the energies of all possible isomeric configurations for 128 candidate
bare surface 2 X 2 cells with the following species (states): ON, IN, 2N, 3N, 4N, 3N.NH, 3N.NH3,
3N.NH, as well as 2N.NH, 2N.NH>, and 2N.NH3. Each bare surface generated multiple isomeric
configurations: 4 for the 1N, etc. states, 6 for the 2N, etc. states, and 12 for the 2N.NHo, etc. states.

In detail, we adopted a reaction cycle “4N — 2N + N> — 4N” as the reaction scheme of ammonia
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synthesis, specifically the “4N + 3 x %2 H» — 3N.NH + H> — 3N.NH: + %2 H, — 3N.NH3; — 3N
+ NHs” path as its first section, and we performed a state-by-state analysis to identify possible
candidates with optimal reactions for HB process optimization. First, we eliminated candidates
with endothermic reaction energy profiles during the intermediate steps: “I1N — 2N — 3N — 4N”
(we included the 1N state to allow for possible variation of the standard cycle such as: “3N — 1IN
+ N> — 3N”, as indeed it will occur for the most promising candidate, see below). We then focused
on the four reaction steps:
4N + % H, — 3N.NH
3N.NH + % H> — 3N.NH:
3N.NH:2 + % H> — 3N.NH3
3N.NHs — 3N + NH3
and screened out those candidates with endothermic reaction energy values in any of these first
three steps, or NH3z desorption energies exceeding 1.2 eV (we found larger values of NHs
desorption energy with respect to pure iron so that we singled out NHs desorption as a possible
rate-determining step for these strongly alloyed surfaces with a low work function). Out of 128
candidates, 7 candidates met all these criteria (candidates’ number 1, 4, 11, 31, 67, 79, 110 in the
Energy Tables of the SlI), with candidate 67 (Figure S2B and Figure 2) emerging as the most
promising due to its lowest NHs desorption energies.

To validate the OpenMX results, we recalculated adsorption energies for four configurations
of the 3N state on the candidate 67 surface (6 layers) using VASP. The results showed excellent
agreement with OpenMX values (Table S2), confirming the robustness of the predictions. The
structure of candidate 67, depicted in Figure 2, exhibits a distinct atomic arrangement. The top
surface layer comprises two Fe atoms, one Ni atom, and one Co atom arranged diagonally (Figures
S2B and 2C). The subsurface layer contains two Ni atoms (also diagonally aligned), one Co atom,
and one Al atom. The third layer consists of one Fe atom, two Co atoms, and one Si atom centrally
positioned within a two-dimensional hexagonal pattern formed by Co, Ni, and Fe atoms in the top

layer and Al and Ni atoms in the subsurface layer.
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Figure 2. Structure of the HEA (111) surface with labeled adsorption sites. Top and side views of
the (111) surface show multiple adsorption sites, including bridge (B), top (T), shallow (S), deep
(D), top-shallow (TS), and top-shallow-deep (TSD) sites. The bridge sites are further categorized
as B1, B2, B3, and B4. Two additional bridge-like sites for 3N based structures are also defined
as B5 and B6. Panels (C) and (D) display three of the nine layers used in calculations, revealing

the adsorption site positions.

We then optimized this surface structure with a full 24-layer model via both the OpenMX and
the VASP code (Figure S2B). The optimized structure contains 25 Fe, 24 Co, 23 Ni, 11 Si, and 13
Al atoms, and the results from the two codes were highly consistent, validating the findings from
OpenMX. Subsequently, the surface energy of this structure was calculated using VASP, yielding
a value of 3033 mJ/m?. This value is slightly lower but comparable to the surface energy of the
(111) surface for the large model (Table S1), indicating that the 2 x 2 model provides a reliable
approximation for studying reaction mechanisms on the HEA BCC(111) surface. Based on these
findings, the specific surface structure shown in Figure S2B was selected for subsequent reaction
mechanism studies, with all further calculations performed using the VASP code. For these

investigations, we focused on the top-surface region of the 2 x 2 cell, employing a 9-layer structure

9
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that includes six top-surface layers and three bulk layers below. Figure 2A and B exhibits the
surface structure after relaxation in which the Al atom on the subsurface layer slightly moves
toward the top surface layer, causing a small surface distortion. However, the overall surface
structure remained stable, with no significant surface reconstruction, revealing a robust surface
model.

Surface Adsorption Sites

1. Nitrogen Adsorption Sites and Coverage on the HEA Surface

Previous studies on the Fe(111) surface have identified four primary adsorption sites*: top
(T), bridge (B), 3-fold-shallow (S), and 3-fold-deep (D), along with intermediate sites such as top-
shallow (TS) and top-shallow-deep (TSD), as shown in Figure 2C and D. These sites are described
as follows:

e Top (T) site: Adsorbates are positioned above an atom in the top surface layer.

e Bridge (B) site: Adsorbates are located between two adjacent atoms in the top surface layer.

e 3-fold-shallow (S) site: Adsorbates coordinate with three top-surface atoms near the
subsurface layer.

e 3-fold-deep (D) site: Adsorbates interact with both top surface and subsurface atoms,
occupying a deeper layer.

For the BCC HEA system under investigation, which exhibits structural similarities to the
Fe(111) surface, these sites were also considered as potential adsorption sites for reactive species
such as H, N, NH, NH>, and NHs.

For N adsorption, prior studies on pure Fe have shown that N atoms preferentially occupy B
sites. Accordingly, this study begins by evaluating N adsorption at B sites on the heterogeneous
HEA surface. Due to the structural complexity of the HEA, we initially identified four distinct
types of B sites (Figure 2D).

e B1: Between top-layer Fe and Ni atoms, near subsurface Al and third-layer Co atoms.
e B2: Between top-layer Fe and Ni atoms, near subsurface Ni and third-layer Fe atoms.
e B3: Between top-layer Fe and Co atoms, adjacent to subsurface Ni and third-layer Si atoms.
e B4: Between top-layer Fe and Co atoms, near subsurface and third-layer Co atoms.
To identify the most energetically favorable adsorption sites, we evaluated configurations with 1,
2, 3,and 4 N atoms (1N, 2N, 3N, 4N states) at these B sites, calculating their adsorption energies

using bare surface and N2 gas phase as the reference. The optimized surface structures and

10
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corresponding adsorption energies are shown in Figure. S3. Among the evaluated configurations,
the 4N state (Figure S3A) exhibited the lowest adsorption energy of -2.44 eV. Notably, one N at
the B3 site shifted to a TSD site, forming bonds with neighboring top-layer Fe, subsurface Al, and
third-layer Si, with bond distances of ~1.89 A. This suggests that some N atoms on the HEA
surface prefer the highly coordinated TSD site, which differs from their behavior on pure Fe. For
3N states, four configurations were evaluated by removing one N atom from the 4N state (Figures
S3C-F). While these configurations were less stable than the 4N state, the 3N_124 r configuration
(Figure S3B) exhibited an adsorption energy of -2.42 eV, very close to that of the 4N state, and
significantly more stable than the 2N states (see below). Given that the free energy required for
the 4N state to release %2 N2 into the gas phase exceeds the free energy of the 3N state under typical
ammonia synthesis conditions, the 3N_124 r configuration is thus predicted to be the resting state
under a wide range of HB conditions, suggesting a “3N — 1N + N> — 3N” ammonia-synthesis
cycle. In this structure, two N atoms initially located at the B1 and B4 sites shifted to two bridge-
like sites, B5 and B6 (Figure 2D), where they connect to two top-surface atoms, respectively. The
third N atom remained at the B2 site. The B5 site is defined as a bridge-like position between two
top-layer Ni and Fe atoms aligned diagonally, near a subsurface Ni atom and a third-layer Co atom.
Similarly, the B6 site is a bridge-like site between two diagonally aligned Fe atoms, adjacent to a
subsurface Al atom and a third-layer Co atom, as depicted in Figure 2D and Figure S3B.

Starting from the lowest-energy 3N state, three 2N configurations were evaluated by
removing one N atom (Figures S3G-I). Adsorption energies for these states ranged from -1.59 eV
to -1.41 eV, much higher in energy than the lowest energy 3N state. The most stable 2N
configuration (Figure S3G) involved N atoms at the B2 and B5 site. Finally, for the 1N state,
adsorption energies were calculated for two configurations (Figure S4). The structure with a N
atom at the B2 site showed the lowest adsorption energy of -0.90 eV (Figure S4B), indicating its
relatively greater stability. Based on these findings, the first step of NHs synthesis is the formation
and desorption of NHs of the N at the B6 site. Subsequently, the second step will involve NH3
formation from the N (B5 site) due to the lower adsorption energy in the 1N state with the N atom
at B2 site.

2. Hydrogen Adsorption on the HEA Surface
Previous studies on the pure Fe(111) surface have shown that hydrogen (H) atoms

preferentially adsorb at the top-shallow (TS) site—Ilocated between a top-layer Fe atom and a

11
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second-layer Fe atom—or at the top-shallow-deep (TSD) site, where they interact with Fe atoms
from the top three layers.** However, the structurally complex HEA surface alters the hydrogen
adsorption behavior. To identify the most favorable adsorption configurations, we evaluated 3N.H
(Figures S5A-C) and 2N.2H (Figures S5D-F) states by introducing one or two H atoms at bridge
sites B1, B3, and B4. The optimized structures were analyzed, and adsorption energies were
calculated using the 3N or 2N configurations and the Hz gas phase as the reference states. For the
3N.H state, the most favorable structure (3N.H_B4), with the lowest adsorption energy of -0.30
eV, features a H atom initially placed at the B4 site but relocating to a TS site after relaxation. In
this configuration, the H atom forms bonds with a top-layer Co atom (1.76 A) and a subsurface Co
atom (1.71 A), as shown in Figure S5C. The second-most favorable configuration (3N.H_B1),
with an adsorption energy of -0.26 eV, involves a H atom initially at the B1 site shifting to a TSD
site. Here, the H atom bonds to a top-layer Fe atom (1.76 A), a subsurface Co atom (1.67 A), and
a third-layer Co atom (1.69 A), as illustrated in Figure S5A. In the least favorable structure
(3N.H_B3), the H atom is placed near the B3 region at an SD site, where it interacts with a
subsurface Ni atom and a third-layer Co atom, leading to an adsorption energy of -0.25 eV.

For the 2N.2H state, the two H atoms preferentially adsorb near B1 and B4 (2N.2H_B1_B4).
Notably, the H atom at B1 relocates to the same TSD site observed in the 3N.H state (Figure S5F).
However, in contrast to the 3N.H configuration, the H atom at B4 remains at the same site after
relaxation. This behavior differs because, in the 3N.H state (one H moves to TS site), the N atom
at B6 site also weakly connects with a third-layer Co atom (distance: 1.98 A). This weakens the
interaction with the H atom positioned at B4 site, causing it to shift to the TS site. These findings
indicate that the preferred H adsorption sites are highly sensitive to the local atomic environment
and bonding conditions, which vary across adsorption states.

Overall, H atom adsorption on the HEA surface follows a preference sequence based on
adsorption energies: the site near B4 is most favorable, followed by the site near B1, and finally
the site near B3. In the subsequent investigation of reaction pathways involving H adsorption, we
carefully considered this sequence to ensure an accurate representation of adsorption and
subsequent reactions on the HEA surface. For configurations with two adsorbed H atoms, regions
near B1 and B4 were chosen as the adsorption sites, while configurations with three adsorbed H

atoms included regions near B1, B3, and B4.

12
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Figure 3. Schematic depiction of the configurations used for reaction mechanism study. The red
ellipse shows the groups contributing to each reaction step. The numbers below each configuration
represent the free energy relative to the 3N.H reference state, expressed in units of eV.

3. Sites of NH, NHz, and NHs3 species

For these species, we focused on configurations involving the N atoms on two bridge-like
sites at B5 and B6, as they play a direct role in NHz synthesis, as previously discussed. Our results
indicate that for NH, the N atoms remain at the bridge-like sites, while the NH group adopts a
sideways orientation, pointing toward the D site (Figure 3). The NH2 species preferentially adsorb
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at the TS site, positioned between a nearby top-surface atom and a subsurface atom (Figure 3).
This behavior is consistent with findings from studies on the pure Fe(111) surface. NHz species
favor adsorption at the T site, where they terminate on top-surface atoms (Figure 3), aligning with
the adsorption behavior observed on the pure Fe(111) surface. The detailed characteristics of these
adsorption states and their roles in the reaction pathway will be discussed in greater depth in the

following section.
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Figure 4. Energy landscape for NH3 synthesis at a temperature of 673 K, and a total pressure of
21 atm (N2: H2: NHs = 15:5:1 atm). The energy profile illustrates the reaction pathway, with the
lowest-energy state (2N.NH..H) and the highest-energy transition state (transition from 1N.NH.3H
to 1N.NH2.2H) highlighted by red ellipses.
Energy Landscape for 3H2 + N2 = 2NHs and Mechanisms of Reactionat T =673 Kand P =
21 atm

To elucidate the complete reaction pathway of the HB process on the HEA (111) surface,
DFT calculations were performed for various intermediate states, including N, H, NH, NH>, and
NHz species adsorbed at stable sites on the 2 x 2 cell. Free energies of these states were calculated
by calculating vibrational frequencies at operational temperatures of 673 K and 773 K. Reaction
barriers along pathways leading to NHs synthesis were then evaluated, identifying the pathway
with the lowest free energy barrier for the conversion of one N2 and three H> molecules into two
NHs molecules. To benchmark the HEA catalyst against pure Fe, we compared reaction pathways
and free energy landscapes under identical conditions: 673 K and 21 atm total pressure (15 atm
H>, 5 atm N2, and 1 atm NHz). Notably, these conditions are much milder than the typical industrial
HB process (773-823K and total pressure of 150-250 atm) and will be discussed in the following

section.
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As discussed above, we found that 3N instead of the 4N is the N-adsorbed surface resting
state. Thus, the 3N.H (3N.H_B4) configuration, with one H atom adsorbed at the TS site near B4,

was used as the reference state (free energy G = 0) for constructing the reaction free-energy

diagram. We then focused on the formation of NHyx species from adsorbed H and N, the reduction

and dissociation of the triple bond in adsorbed N2, and the desorption of NHs. The reaction pathway

with the lowest energy barriers is shown in Figure 4 and involves 16 primary states (Figure 3) and

15 transition states (Figure S6). Key steps include (the G represents the free energies of the

intermediate states, while G* and G' denote the calculated free energies of the transition states and

the assumed free energies for H and N2 adsorption): .

1)

2)

3)

4)

5)

6)

3N.H_(B4) + 3H2(g) + N2(g): Initial state with G = 0 eV where a H is adsorbed at the TS

site near B4.

2N.NH (N* + H* - NH*): G = -0.25 eV and the predicted barrier for this transition G* =

0.71 eV. A H atom migrates to bond with the N atom at B6 site, orienting NH* toward the
third-layer Co atom. The formation of the NH* species arises from a

Langmuir—Hinshelwood (LH) mechanism (Figure S6A), similar to our previous research*.,
2N.NH.2H_(B1, B4) (Hzgas - H* + H*): G = -0.11 eV and G' ~ 0.28 eV. Two H atoms
adsorb at TS site near B4 and the TSD site near B1, respectively, that are the two preferred

sites for H adsorption. Based on our previous study on the Fe (111) surface***2, the barrier

for Hz dissociation is low, so an estimated barrier for this step is used here.

2N.NH2.H_(B4) (NH* + H* - NH>*): G=-0.76 eV and G*=0.87 eV. H near B1 connects

with the N atom at B6 via a LH mechanism (Figure S6B), weakening its interaction with
surface atoms, as shown in Figure 3 and Figure S7B. Thus, the N atom transitions to the
TS site, connecting with the top-surface Fe atom (distance: 2.02 A) and the subsurface Al
atom (distance: 1.92 A). The two H atoms point toward the D sites. Another configuration,
2N.NH2.H_(B1), where the H* near B4 bonds with the N atom at B6 (Figure S7A), is less
stable, 0.21 eV higher energy.

2N.NH2.2H_(B1, B4) (H2gas — H* + H*): G = -0.67 eV and the estimated barrier G ~ -

0.27 eV. An additional H atom is adsorbed on the surface, occupying the TSD site near B1.

2N.NH3.H_(B4) (NH2>* + H* - NH3*): G = -0.40 eV and G* = 0.62 eV. The H near B1
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bonds with NH>* to form NHs* via a LH mechanism (Figure S6C), which moves to the T
site and weakens its bond with subsurface Al (Figure 3 and Figure S7D). The NH3z* moves
from the TS site to the T site, terminating on the top-surface Fe atom (distance: 2.11 A).
An alternative configuration, 2N.NH3.H_(B1) (Figure S7C), where the H near B4
contributes to NHs* formation, is less stable by 0.37 eV.

7) 2N.H_(B4) (NHs* to NHsgas): G = -0.45 eV and G* = 0.29 eV. The first NHz molecule is

released from the surface, completing the first step of NH3 synthesis.

8) 2N.2H_(B1, B4) (Hzgas —» H* + H*) : G = -0.39 eV and the estimated G ~ 0.01 eV.

Another H atom is adsorbed on the surface, occupying the TSD site near B1.

9) IN.NH.H_(B4) (N* + H* > NH*): G = -0.57 eV and G* = 0.27 eV. The newly added H

at the TSD site near B1 bonds with N* at B5 to form NH* via a LH mechanism (Figure
S6D). This NH* remains at the bridge-like site but points to the D site close to the third-
layer Co atom. An alternative configuration, 1IN.NH.H_(B1), where the H originally near
B4 bonds to form NH*, is less stable due to higher energy (Figures S8A and B).

10) IN.NH.3H_(B1, B3, B4) (Hagas > H* + H*): G = -0.41 eV and G T ~ -0.01 eV. Two H

atoms adsorb on the surface, occupying the TSD site near B1 and the TS site near B3. The
H near B3 forms bonds with the top-surface Co atom (distance: 1.61 A) and the subsurface
Ni atom (distance: 1.65 A).

11) IN.NH..2H_(B1, B4) (NH* + H* > NH>*): G =-0.82 eV and G * = 0.65 eV. The H atom

at the TS site near B3 transitions to form NH2* via a LH mechanism (Figure S6E), which
shows the lowest energy among possible configurations (Figure S9). The NH2* moves
from the bridge-like site to the TS site, connecting with the top-surface Fe atom (distance:
1.94 A) and the subsurface Ni atom (distance: 1.97 A). The two H atoms point to D sites.

12) 1IN.NHs_(Fe).H_(B4) (NH2* + H* - NH3*): G =-0.93 eV and G*=-0.17 eV. The H atom

originally at the TSD site near B1 bonds with NH>* to form NHs* via a LH mechanism
(Figure S6F), resulting in a lower energy compared to the alternative structure
(IN.NHs.H (B1)), where the H at the B site near B4 contributes to NHs formation (Figures
S8C and D). The NHz* remains at the T site, bonded to the top-surface Fe atom (2.10 A).
13) IN.NHs_(Co).H_(B4) (diffusion of NH3*): G =-0.96 eV and G*=-0.33 eV. NHz* diffuses
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across the surface, breaking its bond with the Fe atom and forming a new bond with a top-

surface Co atom, stabilizing the system further. The transition state is shown in Figure S6G.

14) IN.NHs.H_(B4).N2 (N2gas - N2* triple bonded, top layer): G = -0.80 eV and G ' ~ -0.05

eV. This step involves N2 adsorption. N adsorbs at a two-fold site, bonding to one top-
surface Fe atom and one top-surface Ni atom. The bond distance in N2 is 1.17 A, which is
between a triple bond and double bond.

15)3N.NHa.H_(B4) (N2* > N* + N*): G = -1.39 eV and G* = 0.07 eV. N dissociates

sequentially to form 3N. The dissociation mechanism can be divided into three steps, as
shown in Figure S10.

e The adsorbed N>* molecule at the initial two-fold site rotates to occupy a
neighboring two-fold site near the subsurface Al atom. Due to the slight upward
displacement of the Al atom toward the top-surface layer, both nitrogen atoms
connect with the Al atom (bond distance: ~2.20 A), leaving a double N=N bond
with a bond length of 1.22 A,

e The N2 molecule then rotates further to occupy a three-fold site, where it bonds to
two top-surface Fe atoms and one top-surface Ni atom. At this stage, the N=N bond
weakens, forming a single N-N bond with a length of 1.34 A.

e The single N-N bond dissociates completely, with each nitrogen atom occupying a
bridge-like site (B5 and B6). This transition converts the molecule into two
individual nitrogen atoms, completing the dissociation process and returning to the
3N state.

16) 3N.H (NH3* - NHasgas): G = -1.24 eV and G* = -0.58 eV. This step involves the

desorption of the NHs from the surface, completing the second NHs synthesis and
concluding the reaction cycle.
In summary, the complete reaction cycle for ammonia synthesis on the HEA (111) surface
follows the following principles:
1. Hydrogen Adsorption Preference: H atoms preferentially adsorb at the site near B4,
followed by the site near B1, and finally the site near B3. This order reflects the relative

stability of the structures with adsorbed H atoms at these sites. However, for transition
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steps involving the formation of NH*, NH2*, and NHs* species via H migration and
bonding with N (L-H mechanism), the site preference reverses: the most favorable site is
the TS site near B3 (as in the 1N.NH.3H state), followed by the TSD site near B1, and
lastly the site near B4. Energy comparisons between structures at different sites further
confirm this trend, as discussed earlier.

2. Effect of Additional H Adsorption: Adsorbing additional H atoms on the surface may
slightly increase the free energy under these specific conditions but also enables H atoms
to occupy less stable sites, which can lower the reaction barriers. For instance, during the
transition from 2N.NH: to 2N.NHz, the energy barrier for the step starting with 2N.NH2.H
(where only one H atom is adsorbed at the B4 site) to form 2N.NH3z is 1.64 eV at 673 K
and 21 atm. However, this barrier decreases to 1.38 eV when transitioning from 2N.NH2.H
to 2N.NH2.2H and then to 2N.NHs.H, as the less stable H atom at the TSD site near B1
contributes to NHs* formation. .

From the complete energy landscape shown in Figure 4, the overall energy barrier for the HB
process on this HEA (111) surface is 1.41 eV at 673 K and 21 atm. This value is 0.27 eV lower
than that of the pure Fe and 0.07 eV lower than the Si-doped Fe catalyst, indicating that the
FeCoNi(SiAl)o.7e HEA catalyst significantly enhances the reaction rate. The rate-determining step
is the hydrogen migration or H addition to NH* species via a LH mechanism, with a free energy
barrier of 1.41 eV.

QM Estimated Energy Diagram for Different Reaction Conditions

To comprehensively assess the catalytic reactivity of the HEA system compared to pure Fe
and the best-performing single-doped system (Si-doped Fe) from our previous studies, we
analyzed the reaction landscape for the HB process under six different conditions. These include
two temperatures, 673 K and 773 K, combined with three pressures: 10.5 atm (7.5 atm Hy, 2.5 atm
N2, and 0.5 atm NHs), 21 atm (15 atm Hz, 5 atm N, and 1 atm NHs), and 201 atm (150 atm Ha,
50 atm N2, and 1 atm NH3). Under typical industrial conditions (773 K and 201 atm), the calculated
free energy landscape (Figure S11) shows an overall reaction barrier of 1.30 eV, with the rate-
determining step being H migration and addition to NH2* in the 2N.NH.2H state. The second-
highest barrier, 1.07 eV, occurs during the H migration and addition to NH* in the 1N.NH.3H
state, which becomes the rate-determining step under 673 K and 21 atm. Notably, the overall
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reaction barrier for the HEA catalyst is 0.48 eV lower than that for pure Fe under similar conditions,
revealing the superior catalytic performance of the HEA system. Additionally, at high pressure
(201 atm), the adsorption of additional H atoms on the surface slightly reduces the free energy,
making the adsorption process more energetically favorable compared to low-pressure conditions.

The free-energy diagrams for the other conditions are summarized in Figures S12. At a total
pressure of 10.5 atm, the rate-determining step at both temperatures (673 K and 773 K) is the H
migration and addition to NH* via a Langmuir-Hinshelwood (LH) mechanism in the 1N.NH.3H
state. This leads to overall barriers of 1.48 eV at 673 K (Figure S12A) and 1.51 eV at 773 K (Figure
S12B). At 21 atm and 773 K, the highest barrier (1.43 eV) occurs during H migration and addition
to NH2* in the 2N.NH>.2H state, similar to the reaction at 773 K and 201 atm (Figure S12C). At
201 atm and 673 K, the overall barrier (1.29 eV) is again associated with H migration and addition
to NH: in the 2N.NH2.2H state (Figure S12D).

These results indicate that for the HEA catalyst, H migration to NHx* species via a LH
mechanism is the dominant rate-determining step across all considered conditions. This behavior
closely resembles that of the Si-doped Fe catalyst. By contrast, for pure Fe, the rate-determining
step (barrier: 1.68 eV under 21 atm and 673 K) involves activation of the N—N bond, including N>
adsorption and dissociation. Compared to pure Fe, the HEA system demonstrates significantly
lower energy barriers for the process of the N activation, without significantly increasing the
barriers for other steps, suggesting a balanced and efficient catalytic activity. For example, under
the conditions of 21 atm and 673 K, the barrier of the N, activation for HEA is 1.03 eV,
significantly lower than for pure Fe (1.68 eV). In addition, for the rate-determining step of HEA
system (H migration to NH>* species), the HEA system still shows a lower barrier (1.41 eV)
compared to pure Fe (1.53 eV). When compared to the Si-doped Fe, the hydrogenation barrier
(rate-determining step for both systems) for the HEA system is also lower (1.48 eV for Si-doped
Fe), further supporting the enhanced catalytic activity of the HEA catalyst.

Variations in the Hz/N2 ratio can influence catalyst performance in NH3 synthesis.>® To
systematically evaluate this effect, we examined the catalytic activity of the HEA under different
reactant pressures. In addition to the baseline condition of 15 atmospheres of H> and 5 atmospheres
of N2 (H2/N2 = 15/5), we considered three nitrogen-rich conditions (H2/N2 = 12/8, 13/7, and 14/6)
and two hydrogen-rich conditions (H2/N2> = 16/4 and 17/3) at 673 K. The calculated overall

reaction barriers under these conditions are summarized in Table S3. Our results indicate that as
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H. pressure increases, the overall reaction barrier decreases, suggesting that hydrogen-rich
conditions enhance catalytic activity. Conversely, nitrogen-rich conditions lead to an increase in
the reaction barrier, implying a potential reduction in catalyst performance. These findings reveal
the critical role of reactant partial pressures in determining catalytic efficiency.

Kinetic Monte Carlo Modeling

To predict the steady-state reaction kinetics of the HEA system, we employed a single-cell
kMC approach based on the QM-derived free-energy landscape discussed above. This method,
previously utilized in our earlier work 44245 calculates reaction rates for the HB process using
transition state theory (TST). Specifically, kMC rates were obtained as (ksT/h)exp(AG'/ksT),
where AGT is the difference in free energy between the starting state and the saddle point, keT is
the Boltzmann constant, and h is the Planck constant. As in our earlier work #4245 the barriers for
adsorption of gas-phase species were modeled via reverse desorption and the principle of
microscopic reversibility, with entropy and enthalpy terms estimated along the desorption pathway
for each simulation. In the kMC runs, we employed 20 independent replicas with 2 x 10 kMC
steps per replica, representing approximately 5-20 minutes of real reaction time depending on the
given reaction free-energy diagram. The predicted TOFs for NHz synthesis under six different
conditions, alongside the QM-derived reaction barriers, are summarized in Table 1 (the
corresponding percent populations, i.e., residence times, for the most relevant configurations under
steady state of ammonia synthesis are reported in Table S4). Under industrial conditions (201 atm
and 773 K), the HEA system achieved a TOF of 54,524 NHs/s—a remarkable 65-fold increase
compared to pure Fe (835 NHa/s) and a five-fold increase over Si-doped Fe (11,130 NHs/s),
demonstrating its superior catalytic activity. At a reduced pressure of 21 atm and 773 K—
conditions where Si-doped Fe matches the industrial catalyst performance for pure Fe—the HEA
system displayed a TOF of 4,595 NHa/s, approximately six times higher than that of Fe with Si
doping. More importantly, under target operating conditions for a less energy-intensive HB process
(21 atm and 673 K), the HEA system maintained a TOF of 374 NHa/s. This rate is double that of
Si-doped Fe (194 NH3/s) and 83 times higher than pure Fe (4.5 NH3/s) under the same conditions.
Notably, the HEA system achieves nearly half the NHs production rate of the pure Fe catalysts
(835 NHa/s, industry condition) at significantly reduced temperature and pressure, highlighting its

potential for energy savings.
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These kMC results indicate that the HEA system can reduce production costs by over 60-fold
while maintaining current HB plant operations. Moreover, it enables comparable performance to

industrial Fe catalysts under more sustainable operating conditions, particularly at 673 K and ~21

System Conditions Overall Barrier TOF from KMC
(Temperature, Pressure) (eV) NH3 mol/sec per
(2x2)
673 K, 10.5 atm 1.49 125
673 K, 21 atm 1.41 375
673 K, 201 atm 1.29 3876
HEA 773 K, 10.5 atm 1.52 2638
773 K, 21 atm 1.44 4595
773 K, 201 atm 1.30 54524
673 K, 21 atm 1.48 194

Si-doped Fe®

773 K, 21 atm 1.62 727

773 K, 201 atm 1.40 11130
Pure Fe#!:#2 673 K, 21 atm 1.68 4.5

773 K, 201 atm 1.78 835

atm, paving the way for a less energy-intensive HB process.

Table 1. The overall free-energy barriers and TOFs for the HEA, Si-doped Fe, and pure Fe systems
predicted under different operative conditions.

To assess the impact of the Ho/N> ratio on steady-state reaction kinetics, we applied Transition
State Theory®! to a simplified reaction energy diagram*® to estimate the rate changes relative to the
baseline condition (H2/N2= 15/5) under five nitrogen-rich and hydrogen-rich conditions based on

the computed reaction barriers. The reaction rate is given by:
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Rate = - exp( kBT) (3)

where kg is the Boltzmann constant, h is Planck’s constant, Ea is the reaction energy barrier,
and T is the reaction temperature. The calculated rate variations for different conditions are
summarized in Table S3. Our results show that as H> pressure increases, the reaction rate rises,
reaching 165% of the baseline rate under a 17:3 H2/N> ratio (hydrogen-rich conditions), whereas
under a 12:8 Ho/N> ratio (nitrogen-rich conditions), the rate decreases to 41%. These findings
further confirm that hydrogen-rich conditions enhance catalytic activity, while nitrogen-rich

conditions reduce catalytic performance.

CONCLUSIONS

In summary, we systematically investigated the catalytic properties of the FeCoNi(SiAl)o.76
HEA for ammonia synthesis process using QM and kMC simulations. Our analysis covered the
stability of the HEA, surface energetics, the adsorption site preferences, the reaction mechanisms,
and the ammonia production rates. We confirmed that the BCC structure is thermodynamically
more stable than the FCC structure for this HEA composition, in agreement with experimental
observations and prior studies. Surface energy calculations revealed that the HEA (111) surface
strikes a balance between structural stability and catalytic activity, making it an excellent candidate
for ammonia synthesis. Screening of the small surface regions in a 2x2 cell on the (111) surface
identified a specific local environment with a subsurface Al atom and a third-layer Si atom as the
optimal site for balancing three key catalytic processes: hydrogen migration to NHx* species,
nitrogen adsorption and activation, and NHs desorption.

Our detailed examination of adsorption sites and reaction pathways revealed the complete 16-
step reaction mechanism for NHs synthesis on this HEA catalyst, including free energy landscapes
under varying conditions of temperatures and pressures. Hydrogenation of NHx* species via a
Langmuir-Hinshelwood mechanism was identified as the rate-determining step across all
examined conditions. Compared to pure Fe and Si-doped Fe catalysts, the HEA catalyst exhibited
significantly lower barriers for nitrogen activation (the rate-determining step for pure Fe) and
hydrogen migration and addition to NHx* species (the rate-determining step for Si-doped Fe),
while maintaining competitive barriers for all other steps. This balance results in the HEA’s

superior catalytic efficiency.
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The kMC simulations supported these findings, revealing that the NHz TOF of the HEA is 65
times higher than that of pure Fe and five times higher than Si-doped Fe under industrial conditions
(201 atm and 773 K). Under target conditions of reduced pressure (21 atm) and temperature (673
K), the HEA achieved nearly half the TOF of pure Fe under industrial conditions, while
maintaining twice the TOF of Si-doped Fe and 83 times that of pure Fe under the same target
conditions.

These results position the FeCoNi(SiAl)o.76é HEA as a highly effective catalyst capable of
significantly reducing the energy requirements of the HB process. With their compositional
tunability and adaptability, HEAs offer a transformative approach to optimizing surface chemistry

for more sustainable ammonia production technologies.

METHODS

Our simulation methodology followed a first-principles-based approach consistent with our
previous studies.**#3%> Most density functional theory (DFT) simulations, excluding the initial
surface structure screening, were conducted using the Vienna Ab Initio Simulation Package
(VASP) software®?, We employed the projector augmented wave (PAW) method to describe
interactions between valence and core electrons.’*** The electronic exchange-correlation
interactions were described using the Perdew—Burke—Ernzerhof (PBE) functional along with the
D3 (Becke-Johnson)®® empirical corrections to account for long-range London dispersion (van der
Waals attraction)®®. This computational setup accurately predicted a magnetic moment for bulk Fe
of 2.16 uB, which closely matches the experimental value of 2.22 pB®’. An energy cutoff of 450
eV was applied across all elements to ensure convergence of energies, forces, and geometries. The
energy and force convergence were set up to 107 eV and 102 eV/ A for electronic self-consistent
field (SCF) and ion relaxation, respectively. Bulk models used I'-point only k-point sampling,
while slab models incorporated a vacuum layer of 15 A along the c-direction to prevent interactions
between periodic replicas. The K-point sampling was chosen to be 4 x 4 x 1 for slab models. Spin-

polarization was applied to capture the magnetic properties of Fe, Co, and Ni atoms.

Generation of HEA Structures
The high-entropy alloy (HEA) structures were generated using the Super-Cell Random
Approximates (SCRAPs) method®®, which employs a hybrid metaheuristic Cuckoo search
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algorithm to construct configurational models. This approach offers superior randomness
compared to traditional elemental assignment methods.>® The BCC structure was modeled as a
4x4x4 supercell with 128 atoms, while the FCC structure was modeled as a 3X3 X3 supercell with

108 atoms.

Surface Models and Slab Construction

The BCC structure generated via SCRAPSs was rotated along a = [110], b= [112], and ¢= [111]
directions to create a supercell with a (111) surface, as shown in Figure S2 (A). This supercell was
further divided into 128 smaller 2 x 2 cells, each containing 24 layers along the c-direction (Figure
S2 (B)). For reaction path exploration, the top 9 layers were considered, while the bottom 15 layers
were excluded from further surface reaction calculations. During slab model (a total of 9 layers)
simulations, the lower 3 layers were fixed, while the top 6 layers were allowed to relax. At working
conditions, we do not expect the surface of the HEA to undergo significant reconstruction, which
justifies the use of a BCC (111) slab as a model for the HEA surface. However, further
experimental and much longer computational studies will be needed to comprehensively

investigate potential surface reconstruction.

Initial Screening of Surface Models

To perform initial screening of HEA surfaces with 2 x 2 surface cells, we employed the
OPENMX code due to its computational efficiency. OPENMX employs norm-conserving
pseudopotentials and numerical pseudo-atomic localized basis sets (PAO),%%5! specifically
optimized and rigorously tested®2® to ensure sufficient accuracy while maintaining manageable
Hamiltonian sparse-matrix size. Fast Fourier Transform (FFT) Poisson solvers were used to
evaluate the Hartree contribution to the DFT equations. Valence electrons were described
employing s2p2d1 (13 PAO basis-functions = 2x 1 s-type + 2X3 p-type + 5X 1 d-type) basis sets®
for lighter atoms (N/H), while s3p3d2 (22 PAO basis-functions) basis sets were used for heavier
elements. Periodic boundary conditions were used with a 3X3 Monkshort-Pack uniform k-grid,
and FFT operations used an energy cutoff of 200 Ry. Geometry relaxations were performed to
optimize the PBE energy and forces to a convergence threshold of 5 x 10® Ha and 5 x 10~

Ha/Bohr, respectively.
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Transition State Identification

Transition states were identified using the climbing-image Nudged Elastic Band (CI-NEB)
method implemented in VASP-VTST.% Eight intermediate images were generated between the
optimized initial reactant and final states, allowing surface-adsorbed species to relax The energy
and force convergence for NEB were set up to 10° eV and 1073 eV/ A for electronic self-consistent
field (SCF) and ion relaxation, respectively. After NEB calculations, Dimer calculations were
performed to refine the transition state structures. The transition state, characterized by a single
negative frequency, was verified through frequency calculations, as detailed in the following
section.
Free Energy Calculations

Free energy corrections were derived using the phonon modes calculated using density
functional perturbation theory (DFPT) ®® under the harmonic approximation. Corrections included
zero-point energy (ZPE), temperature-dependent enthalpy, and vibrational entropy contributions.
The Free energy of each state was calculated as G = H — TS. For slab models, only the top 6 layers
were considered in the phonon calculations. The negative frequencies in transition states were not
counted in the free energy calculations. Gas-phase free energy corrections were computed
separately using the PBE-D3 functional in Jaguar®, incorporating D3 empirical dispersion

corrections.*!
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Supporting Information

The Supporting Information is available.
The energy lists include the formation energy of 1N, 2N, 3N, 4N based on the bare surface
and N2 gas phase, the formation energy of 3N.NH, 3N.NH, 3N.NH3z based on 4N state and
H> gas phase, and the NHz desorption/adsorption energy based on the 3N, the 3N.NH3 state,
and NHs gas phase.
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