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ABSTRACT: Dual-site models were constructed to represent manganese nitride (Mn,N)-
supported Ni; and Fe; clusters for NH; synthesis. Density functional theory calculations
produced an energy barrier of approximately 0.55 eV for N—N bond activation at the
interfacial nitrogen vacancy sites (N,); also, the hydrogenation and removal of interfacial N is
promoted by earth-abundant Ni and Fe metals. Steady-state microkinetic modeling revealed
that the turnover frequencies of NH; production follow an order of Fe;@Mn,N = Ni;@
Mn,N > Mn,N > Fe >> Ni. Moreover, we present clear evidence that, before NH; formation,
NH migrates from N, onto the metallic sites. Using N binding energy (BEy) and the
transition-state energy of N, activation (Erg) as descriptors, we concluded that the beneficial
effects owing to interfacial N, sites are the most pronounced when BEy is either too strong or
too weak while Erg is high; otherwise, excessive N, sites may hinder catalyst performance.
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lobal annual ammonia (NH;) production is expected to LiH, Mn-LiH, Co-LiH, Mn,N-LiH, and Mn,N-BaH, are all

grow to nearly 290 million metric tons by 2030.’ capable of boosting NH; production to varying degrees,"*"°
Moreover, NH; is also considered as a feasible hydrogen mainly because LiH hydride favors the formation of Li,NH by
storage and transportation carrier thanks to its high hydrogen utilizing the N supplied by the TM component.
content (17.7 wt % versus liquefied H,) and high energy Supports can also be exploited for N, activation."’ ™" For
density (3 kWh/kg).”™> To overcome the costly energy instance, transition metals (e.g, Ru) on electride supports
consumptions for NH; production, catalytic materials enablin: (e.g, Ca2N:e™"” and CI12A7:e”'”) exhibit lower work
alternative NH, synthesis routes (e.g, enzyme catalysis, functions favoring N, activation. YN, LaN, and CeN also
electrocatalysis,”® nonthermal plasma,” and chemical loop- readily produce N vacancies (N,) under NH; synthesis
ingw’”) are being actively explored. The catalytic performance conditions.”” As illustrated in Scheme 1, these nitride supports
of transition metals (TMs), metallic alloys, and metalloid adopt the roles in N, activation instead.”"** Most recently, Ye
derivatives (e.g, nitrides) have been extensively analyzed over and co-workers demonstrated that the rate of NH; production
decades of research. rate exceeds S X 10° ymol g~ h™" when Ni nanoparticles (12.5

An established principle dictating optimal NH; production wt %) are loaded on LaN.™'

rates emphasizes that the nitrogen binding energy descriptor In this Letter, we report the investigation of a two-
can be neither too weak nor too strong.'” Theoretical works component model system consisting of earth-abundant
also highlighted that N—N bond activation and adsorptions of transition metals (Ni and Fe) from group VIII on Mn,N
N are bounded by a reliable linear relationship.> Hence, the support. Manganese (Mn) is a notable N carrier and readily
performance of many NHj catalysts is intrinsically limited by forms stable nitrides (Mn,N), although a metastable MngN, s
these linear relationships. One way to circumvent such (the N-rich phase) can also be obtained at a temperatufe
limitations would be to stabilize the transition state (i.e., window between 700 and 800 °C.>* It has already been shown
lower the N—N activ.ation energy barrier) without overbinding that the rate of NH, production can be boosted using Mn,N
the NH,, (x = 1—3) intermediates. Work by Montoya and co- along with LiH.' In addition to Fe that is a known NH,

workers'* suggested that N,-to-NH; conversions disobeying
linear scaling relationships would be supported by multi-
component materials bearing distinct structural and chemical
functionalities.

There is strong evidence that TMs or TM nitrides (e.g., Cr,
Mn, Co, Ni, and Mn,N) supported on alkali and alkaline earth
hydrides (e.g, LiH, KH, CaH,, and BaH,) enable NH,
formation at lower temperatures and near atmospheric
pressure.'>'® Chen and co-workers showed that Fe-LiH, Cr-

synthesis catalyst, we also deliberately chose Ni, which is much
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Scheme 1. Multicomponent Catalyst Models for NH,
Formation”
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“Blue and green arrows indicate N, and H, adsorptions; black arrows
indicate directions of surface diffusion and NH; formation. N, N,, and
H species in the support are also labeled.

less active by itself because of weak N binding. However, H
favors Ni surfaces and is quite mobile. Therefore, this choice
may allow us to better understand the relation between N, and
different metal sites. In fact, Ni supported on BaH, has been
reported to promote NH; production by an order of
magnitude by facilitating H, activation.”

Here, a simple TM-on-nitride dual-site model (Scheme 1)
was investigated using density functional theory (DFT) to
identify the roles of respective metal and interfacial N, sites for
H, and N, activations. Also, the most plausible NH; formation
pathway on this dual-site configuration was elucidated. Lastly,
the catalytic performance was assessed with a microkinetic
model adapted specifically for the proposed dual-site systems.

The Mn,N phase has a face-centered cubic (FCC)
lattice,”*” with the lattice constant of 3.74 A*® (versus 3.86
A measured experimentally’’). The Mn,N support is
represented by a semiperiodic 4-layer p(2 X 2) supercell
slab, with the N-terminated facet along the (111) orientation.
Four lattice N atoms (in blue) are exposed in the top layer
within this supercell (Figure 1a). The bottom two layers are

fixed to the optimized bulk value. A 25 A vacuum was added to
separate the slab from its periodic images.

A three-atom Ni; cluster in an equilateral geometry (dy;_n; =
2.38 A) was chosen to represent the metallic Ni sites anchored
by three lattice N atoms in their native lattice positions (Figure
la). Configurations depicting other Ni; arrangements are also
shown in Figure S1. This triangular configuration is favored as
Ni; maximizes its contact with the exposed lattice N (dy;_n =
1.83 A) as anchor points. The optimized dy;_y; is 4% shorter
than in Ni(111) (2.48 A). The interatomic distance between
the lattice N in the Ni;-decorated Mn,N is 5.29 A (indicated
by the double-headed arrow), versus 5.30 A in plain
Mn,N(111). A small contraction of dy;_y; is normal in small
clusters,” hinting that Niy can fit comfortably among the top-
layer lattice N with little external strain. The projected d-band
of Nij shifts slightly away from the Fermi level relative to
Ni(111) (Figure 1b), a trend consistent with the d-band
centers, i.e., —1.58 eV versus —0.37 eV between Ni; and
Ni(111).

The interfacial nitrogen vacancy (N,) is formed by removing
one anchoring lattice N. The formation energy of interfacial N,
is 1.57 eV (endothermic), versus 1.64 eV for N, formation in
plain Mn,N(111), suggesting that Ni; may somewhat
destabilize the anchoring N through the metal—support-type
interaction. The prevalence of the targeted N, sites was also
determined from thermodynamic calculations (see the
Supporting Information for computational details), which
revealed that the removal of hydrogenated anchoring N (as
NH) is only moderately endothermic (0.38 eV) at 773 K and 2
bar and will be exogenic at even higher temperatures (e.g., 973
K). Hence, the proposed Ni;@Mn,N structure in principle can
be “activated” at elevated temperatures prior to NH; synthesis
in a hydrogen environment.

On Mn,N(111) with an N, site (Figure 2a), a stable
molecular N, adsorption state (IS) exists with a binding energy
of —1.03 eV. In the N, activation transition state (TS), the N—
N bond is stretched to 1.83 A, yielding an energy barrier of
0.65 eV. Upon activation, the N, site is fulfilled with one

-------- Ni(111) d-UP

-------- Ni(111) d-DOWN

—— Ni3d-UP

—— Ni3 d-DOWN
2t

PDOS (a.u.)
o
A

g, eV

Figure 1. (a) Optimized Ni;@Mn,N in a p(2 X 2) supercell. The cell boundaries are indicated by yellow dashed lines. The N, Mn, and Ni atoms
are in blue, purple, and green, respectively. The Ni—Ni, N—Ni, and N—N bond distances are also indicated with black arrows. (b) Projected density
of states (PDOS) of Ni atoms in Ni;@Mn,N (solid lines) versus Ni(111) (dotted lines): spin-up (blue) and spin-down (red). The Fermi level is

indicated by the vertical dashed line.
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Figure 2. N, activation on the N, site in (a) Mn,N(111) and (b) Ni;@Mn,N(111). The initial state (IS), transition state (TS), and final state (FS)
are labeled. In panel b, the lower N, adsorption energy state (i.e., IS) was chosen as the zero-energy reference. The higher-energy pathway (i.e, N,
activation at the Ni site) is shown in blue dotted lines. N, sites are indicated by yellow squares.

dissociated N, while the other N is located at a nearby 3-fold
site. The final state (FS) is in a lower-energy state (—0.82 eV).
On the Nij-decorated Mn,N, molecular N, binds at the
interfacial N, site with a comparable binding energy of —0.99
eV. Illustrated by the inset figure (or Figure S2F), one N atom
occupies the N site (yellow square), while the other N atom
stays on the Mn,N substrate. Metastable N, adsorption states
also exist with weaker binding energies, such as —0.11 eV in
Figure S2D and —0.41 eV in Figure S2F. In the absence of N,,
N, would favor the Ni site and prefers the bridge location
between two Ni atoms (Figure S2B). Still, all binding energies
in Figure S2A—C are weaker than at the N site illustrated in
Figure S2F.

N, activation following the low potential energy profile on
Ni;-decorated Mn,N (solid black in Figure 2b) resembles that
on Mn,N(111). An energy barrier of 0.55 eV was determined
from the CI-NEB calculations, with a N—N distance of 1.71 A
in the TS. This barrier is even lower than on the plain
Mn,N(111) but slightly higher than on Ru (0.4 €V),” one of
the most active NH; synthesis catalysts.

The high-energy N, dissociation pathway (dashed blue in
Figure 2b) shows a metastable N, adsorption state at the
interfacial N, site as the IS. However, the N—N activation
occurs on the corner Ni atom in Ni;, producing one N atom
filling the N, site and a second N atom migrating on top of Nij.
The effective energy barrier is 2.3 eV, which is significantly
higher despite being more exothermic (—1.53 eV for FS). This
comparison makes it clear that the occurrence of N, activation
at the Ni site is unlikely.

Hydrogen atoms generally prefer the Ni site, with binding
energies ranging from —0.9 to —1.0 eV (Figure S3). DFT
calculations revealed that atomic H atom favors the 3-fold site
on the Ni, cluster (Figure S3D), regardless of the presence of
N.,. Given this clear preference to the Ni site, H, activation will
unlikely compete directly with N, activation taking place at the
N, site, enabling H, and N, activations to proceed without
direct site competition.

As illustrated in Figure S4, H, activation initiates at the Ni
top site, followed by H—H bond dissociation with an energy
barrier of 0.19 eV. One of the dissociated H atoms remains at
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the Ni sites. The H spillover results in H migration onto the
anchoring N site. In this work, the H, dissociation kinetics
shall be approximated as an equilibrated step.

NH; formation proceeds through a series of stepwise
hydrogenation steps that convert the anchor N atoms at the
interfacial N, sites into NH;. For both Ni;- and Fe;-decorated
Mn,N, we adopted the following NH; formation pathways
(R1-R9) involving N, and metal sites:

N,(g) + 21 < Nj - 2NF (R1)
Hy(g) + * < 2H* (R2)
NH + H* & NHY (R3)
NHY + H* < NHY (R4)
NHY + H* « NHy(g) + [ + * (Rs)
NHH & NH* (R6)
NH* + H* < NHj (R7)
NHY < NHj (R8)
NHj + H* < NH,(g) + 2* (R9)

The interfacial N, site and the metal (Ni or Fe) site are
denoted as “[-]” and “*”, respectively. N, and H, activations
will occur only at the respective [-] and * sites. Steps
distinguishing the dual-site mechanism are R3, R4, RS, R6, and
R8. NH, (x = 1—3) formation may occur with NH, (x = 0—2)
at the interfacial N, site and H at the metal site, as in R3—RS.
In addition, we allow diffusions of NH and NH, between [-]
and * sites, as in R6 and R8. These steps are included because
DEFT calculations suggest that there is no clear site preference
for NH and NH, between [] and * sites. The final NH;
formation and desorption liberating the active sites (both [-]
and *) are represented by RS and R9. Similar dual-site
mechanisms for NH; formation have been discussed by
Mehta” and Vojvodic.”"
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The Gibbs free-energy profiles depicting NH; formation at
773 K are displayed in Figure 3. On Nij-decorated Mn,N

AG (773 K, 1 bar), eV

35
3.0
25
20

15 | P

1.0
0.5
0.0
-0.5
-1.0

112 Ny(g)
| 312 Hy(g)

— Ni;@Mn,N
[ === Mn,N

Ni(111)

NH;(g)

1.5
Reaction coordinate

Figure 3. Free-energy profiles (at 773 K) depicting NH; formation on
Ni;@Mn,N (green solid), Ni(111) (gray dotted), and Mn,N(111)
(purple dashed). The blue and beige arrows indicate the shift of the
free energies at certain steps for respective Ni and Mn,N relative to
Ni;@Mn,N. The surface and interfacial N, sites on respective
Mn,N(111) and Ni;@Mn,N are displayed as red triangles and square.
The configurations for N*, NH*, NH,*, and NH;* intermediates are
also shown in the inset figures. The H, N, Ni, and Mn atoms are
depicted in white, blue, green, and magenta, respectively.

(solid green), the initial N, activation proceed along an energy
uphill to overcome the entropy loss and the N—N bond
activation energy barrier, filling interfacial N, site. Afterward,
successive NH, NH,, and NH; formation steps are endergonic
as well, followed by an energy drop associated with NH;
desorption due to large entropy gain. The combined N,
adsorption and activation process indicate R1 as the rate-

limiting step. However, the hydrogenation steps may also
hinder the rate of NH; formation, as for Mn,N and Nis-
decorated Mn,N.**

On plain Mn,N(111) (dashed purple), the free-energy
profile for N, activation regular N, sites follows closely the
interfacial N, sites. As discussed earlier, the N—N activation
barrier is slightly higher than on the Ni;-decorated Mn,N. The
most notable distinction is related to NH formation. NH binds
stronger at the N, site in Mn,N(111); as such, the conversion
of lattice N into NH is exergonic (Figure 3), making NH a
likely MASI (i.e, most abundant surface intermediate) on
Mn,N(111). The consequence is that subsequent hydro-
genation steps leading to NH; formation will be slowed down.
Hence, there is an advantage for N, activation to take place at
the interfacial N, sites, as subsequent conversions of NH
become easier over a regular N, in Mn,N (highlighted by the
beige arrows). On Ni(111), we confirmed that the N,
activation energy barrier (2.16 eV) is just too high for pure
Ni to be competitive against the other two systems.

The Fe;-decorated Mn,N, denoted as Fe;@Mn,N, was built
as a structural analog to Ni;@Mn,N (Figure S5). The favored
Fe; configuration also exhibits an equilateral triangular
geometry anchored by three lattice N atoms. The measured
dpe_pe is 241 A, a slightly larger (6.2%) contraction from the
FCC Fe lattice (2.57 A). The distance between two anchoring
N atoms is 5.33 A, again, also showing little strain for Fe;
accommodation. Atomic N binds stronger on metallic Fe. On
Fe;@Mn,N, N, (Figure S6B) and N (Figure S6D) both prefer
the Fe site even in the presence of interfacial N,. A direct
comparison of the free-energy profiles (Figure S7) suggests
that the difference for R1 between Ni;@Mn,N and Fe;Mn,N
is negligible. However, all NH, (x = 1—3) show site preference
to the Fe sites over N, (see inset figures of Figure S7) to such
an extent that NH formation at the Fe site is exergonic as on

2
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Figure 4. (a) Turnover frequencies for NH; production (Log;o[TOF, s™']) at an N,:Ni(Fe) site ratio of 1:1. The locations of Ni;@Mn,N (green
triangle), Fe;@Mn,N (orange triangle), Mn,N(111) (purple triangles), Fe(111) (orange dot), and Ni(111) (green dot) are indicated in the plot.
(b) Relative performance gain due to the synergy between N, and metal sites (Log;o[gu./ rsmgle(Nv)]) over N, single-site. (c) Relative performance

gain (Logyo[7gua/ Tsingle(Ni/Fe)]) Over metal single-site. (d) Relative performance against 1:3 N,:Ni/Fe site ratio. (e) Relative performance against 3:1
N,:Ni/Fe site ratio. All modelings were performed at 773 K, 0.5 bar of N,, 1.5 bar of H,, and trace amount of NHj.
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Figure S. Surface intermediates coverage for (a) H (at metal site), (b) NH, (at metal site), (c) NH (at metal site), (d) NH, (at N, site), (e) NH
(at N, site), and (f) N (at N, site). Locations of Ni;@Mn,N, Fe;@Mn,N, Mn,N(111), Ni(111), and Fe(111) are also labeled in each plot.

plain Mn,N(111). NH, and NHj; formations at the Fe sites
remain endogenic.
The newly calculated BEy and BEyy_ for Ni;@Mn,N and

Fe;@Mn,N (magenta crosses in Figure S8) were added to the
linear relationship established in our previous work.”> The
BEyy of Ni;@Mn,N is located well above the linear
correlation (Figure S8a), indicating substantial destabilization
of NH at the interfacial N, site, whereas BEyy on Fe;@Mn,N
does not appear to deviate from the main correlation. BEyy, on

Ni;@Mn,N and Fe;@Mn,N both lie in the proximity of the
linear correlation (Figure S8b). Moreover, NH; binding
(BEyy,) at the Fe site will be stronger than the linear

correlation prediction (Figure S8c). Overall, the destabilization
of NH on Ni;@Mn,N and overbinding of NH; on Fe;@Mn,N
were identified to violate the linear scaling relationships.
However, it is the NH destabilization that will be more likely
to benefit NH; formation.

The turnover frequencies (TOFs) for NH; production, as
Log,o[TOF], were obtained using CatMAP** as the numerical
solutions to the reaction scheme following R1—R9 at 773 K
and an absolute pressure of 2 bar. The NH; production rates
are displayed using the two established descriptors: BEy
(binding energy of N) and Erg (transition-state energies of
N-—N activation).

Figure 4a confirms the existence of the well-known volcano
shape dictated by the Sabatier principle,'” even within a dual-
site mechanism. Specifically, Log,,[ TOF] follows a decreasing
order of Fe;@Mn,N ~ Ni;@Mn,N > Mn,N > Fe > Ni. If Fe
is used as the benchmark for catalyst performance, NH;
production TOFs improve on all Mn,N-based systems owing
to lower N—N activation transition-state energies at similar or
even lower BEy than on Fe. For Mn,N-based catalysts, it is
likely that their Erg and BEy may not follow the same
Bronsted—Evans—Polanyi (BEP) relationship previously estab-
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lished for simple TM systems,”** a desirable outcome being
actively pursued in the NHj catalyst design paradigm.
Catalytic performance gains in bifunctional catalysis were
analyzed by Andersen et al. using generic BEP relationships.*
In this work, the performance gains in NH; production were
evaluated using concrete synergistic dual-site systems in terms
of Logo[rgua/ rsingle]. Two single-site systems with uniform N,
or metal active sites, which are distinguished by their respective
linear scaling relationships for BEyy; and BEyy, (see eqs $3—S6

in Appendix 1 of the Supporting Information), were also
considered. Compared to N,-based single-site catalysts (Figure
4b), the most significant performance gains are achieved for
the scenario with strong BEy and low Erg. According to
Scheme 1, the advantage provided by dual-site systems is their
ability to convert and transport MASI species with the
assistance of the second site, which is realized by R6. For
systems with uniform metallic sites, a similar phenomenon was
observed (Figure 4c). Nevertheless, influenced by the linear
scaling relationships of metallic systems,* the performance
gains are generally diminished. When either BEy or Erg
becomes higher, the single-site metallic catalysts may outper-
form the Mn,N-based dual-site systems. Figure 4c indicates
that when dual-site nitrides are unable to support fast N,
activation at strong N binding, a strong correlation between
BEy and BEy,;>” will likely hinder NH; production instead.

The high degree of consistency between the numerical
modeling and DFT calculations (Figures 3 and S7) present
convincing evidence that the modeled dual-site systems will
boost the rates of NH; production. In fact, we anticipate that
an even higher performance gain can be achieved according to
the heatmap presented in Figure 4a, for instance, by further
lowering Erg, or increasing BEy, or both. However, this will
likely require more drastic measures to break the linear scaling
relationships.
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At a steady state, the most common surface intermediates on
Ni,@Mn,N and Fe;@Mn,N (with a 1:1 N,:Ni/Fe ratio) are
revealed to be H at the metal site (Figure Sa) and N at the N,
site (Figure Sf). In comparison, the occupations by NH
(Figure Se) and NH, (Figure 5Sd) at the interfacial N, site are
orders of magnitudes lower than N. Interestingly, a small but
not negligible amount of NH can be identified at the metal site
(Figure Sc), where NH, (Figure Sb) remains negligible.
Because only NH and NH, migrations (R6 and R8) were
considered in the proposed dual-site mechanism, it can be
concluded that NH is first formed at the N, site, followed by
migration to the metal (Ni and Fe) site. As such, NH
migration (R6) supplies the feedstock for NH; formation while
freeing N, sites. It can be said that this mechanism becomes
feasible because of the synergy within the dual-site systems.

Lastly, the relative performance gains due to the variations of
the N:Ni/Fe site ratio were considered. Two scenarios,
Logyolr1.1/r1.3) and (Logyo[ry,1/75.1]) for N,:Ni/Fe = 1:3 and
3:1, were adopted to represent systems with more abundant
metal (Figure 4d) or N, site (Figure 4e), respectively. For
metal site-rich systems, gains were observed broadly except for
the lower central region (Figure 4d), suggesting that the
catalyst performance is limited by an N, deficiency when BEy
is too strong or weak and/or that Eg becomes higher. When
N, outnumbers the metal sites, gains will be concentrated in
the lower central region (Figure 4e), suggesting that for too
strong or weak BEy, and/or high Er, the performance will not
improve significantly (in the dark blue area). In fact, NH,
production could be hindered for some systems (located in the
yellow area in Figure 4e) with given excessive N, sites.

These analyses have not only tested the limit of manganese
nitride-based dual-site catalysts in boosting NH; formation but
also posed an interesting optimization problem regarding the
composition and active site structures of such dual-site
systems. As the catalyst design paradigm for NH; synthesis
catalysts continues to expand, higher N, activation capacity
and new NH; formation pathways will be discovered and
optimized in the future.

B METHODS

Spin-polarized, periodic DFT calculations were performed
using the Vienna Ab Initio Simulation Package (VASP),””*® in
which the core electrons were described using the projector-
augmented wave (PAW) pseudopotential.’”” The plane-wave
basis set was expanded up to a cutoft energy of 400 eV. The
electron—electron exchange—correlation energies were deter-
mined with the GGA-PBE functional.** The reciprocal first
Brillouin zone was sampled using a k-point mesh generated
using the Monkhorst—Pack scheme.”' Convergence tests
showed that the total energies converge within 20 meV
when a 2 X 2 X 1 mesh is used. Self-interaction errors (SIEs)
for the substrate (i.e., Mn,N) were also investigated using
Dudarev’'s GGA+U approach,*” but the influence of U on both
the structure and magnetic properties of Mn,N is negligible.”®
Dipole corrections were included in all slab calculations. The
energy barriers of N, and H, activation on the top layer were
calculated using the climbing image nudged elastic band (CI-
NEB)* and dimer methods.™* Steady-state microkinetic model
and numerical solutions (R1—R9) were performed at 773 K
and 2 bar using the CatMAP program to obtain the rates of
NH; production.” The modeling details are reported in the
Supporting Information.
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