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ABSTRACT: Cyclic step-catalysis enables intermittent, atmospher-
ic ammonia production, and can be integrated with sustainable and
renewable energy sources. By employing metal (e.g., Mn) nitride, a
nitrogen carrier, the rate-limiting N, activation step is bypassed. In
this work, molecular-level pathways, describing the reduction of
Mn,N by dissociatively adsorbed hydrogen, were investigated using ’
periodic density functional theory (DFT). The established .)'. - o s ® *
mechanism confirmed that Fe and Ni doped in the nitride sublayer é

and top layer can disturb local electronic structures and be exploited y X
to tune the ammonia production activity. The strength of N—M (M -
= Mn, Fe, Ni) and H-M bonds both determine the overall
reduction thermochemistry. DFT-based modeling further showed
that the low concentration of Fe or Ni in the Mn,N sublayer
facilitates N diffusion by lowering the diffusion energy barrier. Also,
these heteroatom dopant species, particularly Ni, decrease the reduction endergonicity, thanks to the strong hydrogen binding
with the surface Ni dopant. The Brensted—Evans—Polanyi relationship and linear scaling relationships have been developed to
reveal ammonia evolution kinetic and energetic trends for a series of idealized Fe- and Ni-doped Mn,N. Deviations from the
linear scaling relationship have been observed for certain doped systems, indicating potentially more complex behaviors of metal
nitrides and intriguing promises for greater ammonia synthesis materials design opportunities.

1. INTRODUCTION is schematically shown in Scheme 1. The stoichiometry is

Ammonia is the backbone of today’s economy because of its
use in agriculture that supports almost half the world’s
population." The Haber—Bosch process accounts for most of
the ammonia production and consumes more than 1% of the
global energy use.” Ammonia synthesis based on Haber—Bosch
(at pressures up to 300 bar and temperatures up to 500 °C) is
an energy-intensive process. In the last few decades, alternative MnxNy 3H2
solutions for ammonia synthesis using electrochemical™ or

photocatalytic’ methods have been explored. Steinfeld and co-

included as the coefficient for each main species. Complete

Scheme 1. Nitridation (in Blue) and Reduction (in Purple)
Cycle Describing Manganese Nitride (Mn,N,) and Ammonia
(NH;) Formation for the Step-Catalysis Process

workers demonstrated a two-step solar-driven cyclic process for 2NH3
NH; synthesis,”* in which aluminum oxide (Al,O;) was first y/2N2

reduced by N, to form aluminum nitride (AIN), which then

reacts with water to produce NH;. The reduced nitride can be Mn MnxNy-2
recycled to participate in nitridation in the next cycle. While the >

reaction was conducted at ambient pressure, high temperature
(1000—2000 °C) was required to reduce AL,Os,. <

Nitrides based on transition metals (e.g, Cr, Mn, and Fe) (y-2)NHS3 (3y-6)/2Hz2
have been extensively examined experimentally in our previous
work to generate NH; with H,”™'' It is concluded that

manganese nitride was most promising because of its relatively Received: December 21, 2017
favorable nitridation and reduction thermodynamics. The Revised:  February 22, 2018
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reduction to pure Mn is represented by the dashed line.
Moreover, the electronic structures of metal nitrides (such as
Mn,N and Sr,N) were also explored using density functional
theory (DFT) calculations in relation to metal nitridation and
NH; production.'” It has also been shown that nitrogen
vacancy formation energy can be used as the descriptor to
characterize nitride activity. To tune the activity of metal
nitride, doping of Mn,N with different metals, including Sc, T,
V, Cr, Fe, Co, Ni, Cu, and Zn, have been evaluated,"* indicating
that the local electronic structure of Fe-doped Mn,N
destabilizes lattice nitrogen and facilitates the extraction of
lattice nitrogen to produce NH;. More recently, group III—VII
transition metal mononitrides have also been investigated for
applications in the electrochemical synthesis of ammonia, which
could expand the utilization of metal nitrides for NH;
production."*~"”

Although experiments indicated that manganese nitrides are
promising nitrogen carriers for ammonia synthesis,lz’13 an
avenue to evaluate their performance remains missing. This will
further hinder the improvement of manganese nitrides by
chemical doping or alloying. Mn,N is an ideal starting-point
material to tackle this issue. First, Mn,N, along with MngN, s,
exists as one of manganese-based nitride phases involved in the
cyclic transformation (see Scheme 1), as observed by Michalsky
and Pfromm.'”"? Second, Mn,N has a simple face-centered
cubic (FCC) crystal structure (Figure la). Both its crystallo-
graphic and magnetic properties have been well documented,
compared with those of other phases especially MngN, s5." %"’

Figure 1. (a) Optimized bulk structure of the Mn,N phase of
manganese nitride; the two types of Mn atoms (I) and (II) are labeled.
The lattice parameter of the cubic conventional cell is indicated. (b)
Top (upper) and side (lower) views of N-terminated Mn,N close-
packed (111) surface. Mn and N are in magenta and blue, respectively.
Black lines represent the periodic boundaries of the p(1 X 1) unit cell
of the Mn,N(111) facet.

This study aims to provide detailed molecular mechanisms
describing NH; production based on the Mn,N phase of
manganese nitride using DFT. Using the established reaction
thermodynamics on the selected pure Mn,N, suggestions have
been made to tune the properties of Mn,N with Fe and Ni
dopants. The Brensted—Evans—Polanyi (BEP) relationship and
linear scaling relationship have been developed to reveal the
reaction kinetic and energetic trends for a series of doped
MnyN as guidance for novel materials design.

2. COMPUTATIONAL DETAILS

Spin-polarized DFT calculations were }z)erformed using the
Vienna Ab initio Simulation Package. 21 The electron—
electron exchange—correlation energies were determined with
the generalized gradient approximation Perdew—Burke—
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Ernzerhof (GGA-PBE) functional.”> The projector-augmented
wave (PAW) method™ was used to describe electron—ion
interactions.

The Mn,N nitride phase has a FCC bulk structure,®**as
shown in Figure la. The bulk was optimized with a plane-wave
cutoff energy of 420 eV and a 16 X 16 X 16 Monkhorst—Pack
k-point mesh.”® The lattice constant was converged to 3.74 A,
and the calculated magnetic moments are 3.31 y for Mn(I)
and —0.90 pg for Mn(II) (labeled in Figure la). These values
are in good agreement with the corresponding experimental
values, that is, 3.86 A, 3.85 up, and —0.9 pp.'® Potential self-
interaction errors for Mn,N were also considered by perform-
ing GGA + U calculations. The calculated results with various U
values are shown in Table S1 and Figure S1 in the Supporting
Information. However, these results indicate that standard DFT
calculations (very small U) can adequately account for the
structural and magnetic properties of Mn,N.

A 4layer, (1 X 1) Mn/,N(111) slab was employed for
periodic DFT calculations. The bottom two layers were fixed to
the optimized bulk value. The first Brillouin-zone of such a slab
is sampled with a 4 X 4 X 1 Monkhorst—Pack k-point mesh.
The cutoff energy for the plane-wave basis set was set to be 380
eV for slab models. Self-consistent iterations were converged up
to 1 X 107° eV, whereas the ionic steps were converged when
the force on each atom is less than 0.02 eV/A. Dipole
corrections were included in all slab calculations.

Climbing image nudged elastic band*® and dimer methods”’
were employed in search of the transition state (TS) of an
elementary reaction step. A S-layer slab with first 3 layers
relaxing was used for TS searching. The reaction free energies
(AG) were estimated based on AG = AE + AZPE — TAS,
where AE, AZPE, and TAS represent the electronic energy,
zero point energy, and entropy terms, respectively. Vibrational
frequencies were calculated using simple harmonic approx-
imations. The entropy is estimated using the standard statistical
mechanical approach, and comé)utational details have been
discussed in our previous work.”*’

In a similar manner to the Mars—van Krevelen mechanism,
the top-layer lattice N atom directly participates in the NHj;
production and will be consumed on the surface. The sublayer
lattice N atom diffuses onto the surface enabling continuous
ammonia synthesis. In this work, the reaction energy of N
diffusion (E, ), diffusion barrier of sublayer lattice N (E, ,,.),
binding energy of N (Ey ,.), and adsorption energy of NH,
(Buay % = 1, 2) are defined in eqs 1—4

30

Ervac = EFS - EIS (1)
Eivac = Ers — Egg )
" ® 1
Eynvae = Ex — Eqie — EENz(gas) (3)
k &
Ey = ENHX —Eq — ENHX(gas) %)

where the asterisk (*) suggests the open surface site. Ejg, Er,
and Egg are the energies of the initial state (IS), TS, and final
state (FS) of N diffusion, respectively. Herein, the IS denotes
the slab with N atom in the sublayer, whereas FS denotes the
slab with a sublayer N vacancy. Configurations corresponding
to these reaction states are shown in Figure 2a,b. E¥_is the
energy of surface with a N vacancy on the surface, Efj (Figure

1b) and E;Hx (x = 1, 2) represent total energies of the slabs
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(@) (b)

Figure 2. (a) IS and (b) FS of sublayer lattice N diffusion. Surface N
vacancy site is shown with a downward green triangle, whereas
sublayer N vacancy is indicated with an upward green triangle. Mn and
N are in magenta and blue, respectively. The N and Mn atoms
involved in diffusion are highlighted in light blue and purple. The
green arrow shows the direction of N diffusion. Black lines represent
the periodic boundaries of the p(1 X 1) unit cell.

with N and NH, on the surface, and Ey;(g) and Enp(ges) are
the energies of N, and NH, in the vacuum.

3. RESULTS AND DISCUSSION

3.1. Properties of Mn,N. Asymmetric surface terminations
can result from the cleavage of Mn,N, as illustrated in Figure
1b, that is, N-terminated surface and Mn-terminated surface.
The N-terminated surface was chosen as the reference so that
the first reduction step begins with the surface N. The
information for the Mn-terminated surface can be found in
Figure S2 in Supporting Information.

The atomic H prefers to bind the 3-fold site on pure
Mn,N(111), whereas NH*, NH¥, and NH¥ prefer to bind on
the 3-fold, bridge, and top site, respectively. The reaction
scheme describing the first NH; molecule formation can be
expressed by steps (R1—RS), where “g”, and “v” represent the
gas phase and N vacancy site, respectively. In this study, the
reduction sequence is assumed to start with gaseous H,
dissociative adsorption forming H* (shown in step R1). The
adsorbed hydrogen atoms (H*) then combine with N on
Mn,N(111) stepwise to produce NHF, as represented by
R2—R4. NH¥ desorbs leaving a vacancy ((v),) on the

Mn,N(111) surface, as in step RS. Additional N will be
provided via diffusions of N on the sublayer in the Mn,N
sublayer lattice (R6).

1
EHZ(g) + * I‘F{<

(R1)
H* + Ny — NH* (R2)
NH* + H* - NHI + * (R3)
NH; + H* — NHj + * (R4)
NH3 — NHy () + *(v), (RS)
N + *(v), = Ny + *(v), (R6)

To control the reaction proceeding toward ammonia
production, the experiment has to be carried out at elevated
temperatures, sometimes up to 700 °C and 1 bar."” In addition,
the produced NH; needs to be extracted continuously, shifting
the equilibrium toward NH; formation.

Here, the reaction free energies, estimated at 700 °C and 1
bar for the reduction of stoichiometric Mn,N at its close-
packed (111) facet, are shown in Figure 3. This reaction
condition was determined according to the experimental work
reported in ref 12. Clean surface (Figure 1b) and gas phase H,
were used as the zero energy reference state (note: nitrogen is
supplied by Mn,N). Optimized geometries of the reaction
intermediates at their preferred sites are illustrated in the top
panels of Figure 3. The process to produce two NHj is
expressed according to the stoichiometry of 3H,(,) + 2Nj,) —
2NHjy,), utilizing one top-layer lattice N (N(t)) and one
sublayer lattice N (N(S)).

On Mn,N(111), hydrogen dissociative adsorption (R1) is
endergonic (0.26 eV/H atom). The formation of NH* (R2) is
an exergonic step (—0.33 eV) resulting in one N—H bond
formation. Subsequent NHj and NH¥ formations are also
endergonic (at respective 0.83 and 0.66 €V). The release of
NH, is an exergonic step (—0.68 eV), mainly because of the
gain of entropy. Once the original N is consumed, the lattice
N in the sublayer is expected diffuse onto the surface,
overcoming an energy barrier of 1.12 eV. Hence, as shown in
Figure 3, the reduction sequences between each NH;
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Figure 3. Free energy diagram for Mn,N(111) surface reduction by H, (two NH; molecules produced based on the stoichiometry of 3Hy(g) + 2N
— 2NHj,)) at 700 °C and 1 bar. Optimized structures corresponding to each intermediate elementary step are also shown. Surface N vacancy sites
are shown with a downward green triangle, whereas sublayer N vacancy sites are indicated with an upward green triangle. The vacancy sites are not
shown for N*, NH*, and NH¥, as they are underneath the adsorbates and hidden. Mn, N, and H are in magenta, blue, and gray, respectively.
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production being considered are connected by one step of
lattice N diffusion from the sublayer onto the top layer (R6).
This nitrogen transport step is crucial as it ensures the supply of
N species for continuous NH; formation. With the formation
of a new Ny species, a sublayer nitrogen vacancy, (v), is
formed at the same time. In the second NH; formation
sequence, hydrogen dissociative adsorption is slightly ender-
gonic (0.02 eV). The corresponding free energies for NH*,
NH¥, and NHf formations are 0.23, 1.06, and 0.27 eV,
respectively. It can be noted that the formation of NH*
becomes more endergonic than the same step in the first
sequence. It is also interesting to note that the formation of
second NH; becomes less endergonic (0.27 vs 0.66 eV). The
observed variations in the reaction free energies can be
considered to be due to the influence of the sublayer nitrogen
vacancy, (v),. Overall, the formation of the second NH, is still
an endergonic process.

According to the proposed mechanism (R1-R6), two
potential performance-limiting factors influencing the NH;
formation activity have been identified: (1) binding energies
of H/NH,/NH; on Mn,N surfaces and (2) sublayer lattice N
diffusion barrier (E, ). The first factor can influence the
overall NH; formation free energy (AGyyr), whereas the

second factor determines the kinetics of nitrogen-supply to the
surface. With the pure Mn,N model, lower both AGyy: and

E, ,.c will improve the manganese nitride performance in favor
of NH; formation on the thermodynamic and kinetic aspects.

3.2. Behaviors of Mn,;N Doped with Fe and Ni. Doped
manganese nitride showed the enhanced activity for ammonia
synthesis experimentally.”’ Given the weaker bonding strength
with nitrogen in the nitride phase, Fe and Ni have been selected
as candidates to tune the electronic properties of manganese
nitride to increase the yield of ammonia. The top and side
views of the doped models are depicted in Figure 4a,b. In the

Figure 4. Top and side views of (a) sublayer and (b) top-layer doped
Mn,N(111) surface models with the N-termination. Mn, N, and the
dopant atom are in magenta, blue, and yellow, respectively. Black lines
represent the periodic boundaries of the p(1 X 1) unit cell.

structure with a single Fe atom dopant, the Mn atom is
substituted in either the sublayer or the top layer, denoted by
Fe,@Mn,N and Fe,@Mn,N, respectively. Similarly, Ni-doped
Mn,N was denoted by Ni@Mn,N and Ni@Mn,N. Bader
charge analyses for pure and doped Mn,N are illustrated in
Figure S3. Free energies diagrams (at 700 °C and 1 bar) for the
reductions of the Fe-doped Mn,N nitrides (Fe,@Mn,N and
Fe,@Mn,N) are shown in Figure S, where the free energies for
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pure Mn,N system (blue dashed lines) are included as a
reference system.

On Fe,@MnyN, free energies for elementary steps of R1—RS
in the first NH; formation sequence show negligible variations
from those on pure Mn,N (i.e., green vs blue dashed paths).
Optimized structures on preferred sites of H*, NH*, NH5, and
NHY resemble closely to those obtained on pure Mn,N(111).
This behavior indicates that with Fe in the sublayer, the impact
on the interactions between H* and NH¥* (x = 1, 2, 3)
intermediates with top-layer Mn atoms, in terms of Mn—H and
Mn—N bond strength, is negligible.

Nevertheless, the energy barrier (E, ,,.) for step R6, involving
the doped sublayer Fe atom, is lowered from 1.12 eV (Figure
6a) to 0.56 eV (Figure 6b), suggesting that the sublayer Fe
facilitates the diffusion of Ny, onto the surface. For Ny, to
move onto the top layer, this nitrogen atom is required to break
the bond with the neighboring atoms (Mn or dopant) in the
second layer. Because the Fe—N bond is weaker than the Mn—
N bond,"” the required energy that contributes to the overall
energy barrier is expected to be lower. Moreover, at the TS and
its proximity (in Figure 6b), the surface Mn atom is noticeably
distorted from its normal lattice position; thus, the mechanical
hindrance for the diffusion of the Ny species can also be
minimized.

Once a new N, becomes available, the second reduction
sequence continues by following steps R1—RS. According to
Figure S (green), the dissociative adsorption of hydrogen (R1)
becomes exergonic (—0.22 eV). The free energy for this step is
over 0.5 eV lower than that in the first reduction cycle (0.30
eV). Although NH* and NH3 formations (R2 and R3) are still
endergonic (0.15 and 1.19 eV), the overall free energies for the
second reduction circle becomes much less endergonic than on
pure Mn,N because of the more favorable H binding. NH¥
formation on Fe,@Mn,N is more endergonic (1.23 eV) than
that on pure Mn,N (0.27 eV). Unlike Mn,N, the second NH,
release step (RS) is exergonic by —0.66 eV (vs 0.49 eV on pure
Mn,N surface). This, again, can be attributed to Fe doping, as
the Fe—N bond is weaker than the Mn—N bond, and the
reduction of iron nitrides tends to be more thermodynamically
favorable."”

On Fe,@Mn,N (the red path in Figure 5), a surface Mn
atom is substituted by one Fe atom. The hydrogen dissociative
adsorption (R1) becomes slightly less favorable than on pure
Mn,N (0.33 vs 0.26 eV), where the dissociated H atom binds at
the 3-fold site consisting of the surface Fe dopant. However, the
formations of NH* and NHj (R2 and R3) become slightly
more favorable with free energies of —0.38 and 0.76 eV
compared with corresponding steps on pure Mn N (—0.33 and
0.83 eV), respectively. As shown in bottom panels of Figure S,
NH* and NHjF bind in the proximity to the surface Fe.
Similarly, the NH¥ formation (R4) becomes thermodynami-
cally favored as free energy is lowered from 0.66 eV (on pure
Mn,N) to 0.40 eV.

The energy barrier for Ny, diffusion (E,,,.) is 1.09 eV in
Fe@Mn,N, which is only slightly lower than that in pure
Mn,N (1.12 V). As shown in Figure 6¢, N(,) needs to break
the Mn—N bond with the Mn atom in the sublayer to diffuse
onto the surface, whereas the Fe—N bond is retained. In
addition, no dislocation of surface atoms near the TS is
observed.

Although the surface Fe dopant does not enhance the lattice
N diffusion as Fe,@Mn,N, the free energies for the second
reduction cycle become thermodynamically favored than those
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Figure 5. Free energy diagrams for the reduction of pure Mn,N (blue dashed lines), Fe,@Mn,N (green), and Fe,@Mn,N (red) at 700 °C and 1 bar.

Similarly, optimized structures for each intermediate step on the close

-packed surface of Fe,@Mn,N (top panels) and Fe,@Mn,N (bottom panels)

are shown. The surface N vacancy is represented with a downward green triangle, whereas the sublayer N vacancy is represented with an upward
green triangle. Mn, Fe, N, and H are in magenta, gold, blue, and gray, respectively.
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Figure 6. Potential energy surfaces for diffusions of Ny, from the sublayer to the surface on (a) pure Mn,N, (b) Fe,@Mn,N, and (c) Fe,@Mn,N.
The total energy of the IS (Ejs) is chosen as the energy reference. The snapshot image corresponding to each intermediate state is shown. Mn, Fe,

Ni, and N are in magenta, gold, green, and blue, respectively.
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Figure 7. Free energy diagrams for the reduction of pure Mn,N (blue
°C and 1 bar. Similarly, the optimized structures for intermediate steps

dashed lines), Fe,@Mn,N (red dashed lines), and Ni;@Mn,N (black) at 700
on the close-packed surface of Ni@Mn,N (top panels) are shown. Surface N

vacancy is represented with a downward yellow triangle, whereas the sublayer N vacancy is represented with an upward yellow triangle. Mn, Ni, N,

and H are in magenta, green, blue, and gray, respectively.

of pure Mn,N, especially for the release the second NH;
(—0.75 vs 0.49 €V on pure Mn,N). This means that Fe doping
can indeed reduce the endergonicity of ammonia formation

regardless of the doping location. Furthermore, it can be

expected that Mn,N modified with elements forming weaker
bonds with nitrogen can achieve the similar effects.

Although Fe doping provides the means to lower the overall
NH; formation endergonicity, modification of Mn,N by tuning
the hydrogen dissociative adsorption step (R1) would, in
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principle, further enhance ammonia formation by shifting the
overall reaction toward the thermodynamically favored
direction. In this case, Ni (with stronger Ni—H bonding) has
been selected to tune Mn,N via similar substitutions of the
sublayer and the top-layer Mn atoms.

Free energies for the hydrogen reduction of Mn,N doped
with Ni at its top-layer (Ni@Mn,N) are shown in Figure 7
(black). Pure Mn N (blue dashed lines) and Fe,@Mn,N (red
dashed lines) were included as references. Comparisons of free
energies between pure Mn,N, sublayer Ni doping (Ni@
Mn,N), and Ni@Mn,N are shown in Figure S4 in Supporting
Information. On Ni@Mn,N, hydrogen dissociative adsorption
(R1) is almost thermal neutral (—0.001 eV at 700 °C and 1
bar), where the dissociated H* adsorbs at the 3-fold site next to
the Ni dopant (the 2nd top panel of Figure 7), reflecting the
direct involvement of doped top-layer Ni atom. The R1 step
has become approximately 0.3 eV lower in free energy than that
of both Mn,N and Fe@Mn,N. The adsorption patterns of
NH# (x = 1-3) resemble those on both Mn,N and Fe,@
Mn,N. Therefore, the trends for R2—R4 steps are similar as
expected. The stronger Ni—H bonding substantially reduces
the overall free energies for the first NH; production. In the
second reduction cycle, although the free energy of the R1 step
shifts upward to 0.16 eV (as H binding becomes weaker) when
compared with that of Mn,N (0.02 eV), the overall free energy
for the second NH; formation remains more favorable than
Mn,N. As shown in Figure 7, the overall free energy (forming
two molecules of NH;) is 1.55 €V lower than that on Mn,N
and 0.57 eV lower than that on Fe,@Mn,N.

Regarding N diffusion, the same principle can be applied to
understand N, diffusion energy barrier of Step R6 for Ni-
doped Mn,N. As shown in Figure 8a, compared with pure
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Figure 8. Potential energy surfaces for diffusions of Ny from the
sublayer to surface on (a) Ni;@Mn,N and (b) Ni,@Mn,N. The total
energy of the IS (Ejg) is chosen as the energy reference. The snapshot
image corresponding to each intermediate state is shown. Magenta,
green, and blue colors represent Mn, Ni, and N, respectively.

MnyN, E, .. is lowered from 1.12 to 0.73 eV on Ni@Mn,N,
suggesting that like the Fe dopant in the Mn,N sublayer, the
sublayer Ni also facilitates Ny, diffusion onto the top layer
because of the weaker Ni—N bond than the Mn—N bond.
Similarly, the surface Mn atom is found distorted from its
normal lattice position (Figure 8a). On Ni@MnyN, the E, ...
has increased to 1.28 eV from 1.12 eV. This is due to the fact
that N,y needs to break the Mn—N bond that is stronger than
the Ni—N bond in Ni@Mn,N.

In order to reveal potential trends and predict the behaviors
of Mn,N doped with Fe and Ni, a correlation between the
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reaction energy of N diffusion (E,,,.) and diffusion barrier
(E, vac) can be represented within the formulation of the well-
established BEP relationship, as shown in Figure 9a. The slope
and intersection are 0.96 (dimensionless) and 1.34 eV,
respectively. As aforementioned, by referencing to pure
Mn,N, lower N diffusion barriers can be expected if weaker
bonds (e.g., Fe—N and Ni—N bonds) need to be broken during
N diffusion. On the other hand, the Cr—N bond is much
stronger than the Mn—N bond.'” As a result, a decreased N
diffusion barrier was observed for Cr,@Mn,N instead because
the weaker Mn—N bond broke for the sublayer N to diffuse
onto the surface. In addition, for Cr,@Mn,N, the stronger Cr—
N bond has to break, thus resulting in high barrier.

Finally, linear scaling relationships between Ey ,,. and E, 4 for
NHZ (x = 1, 2) on pure and various doped Mn,N, calculated
according to eqgs 3 and 4, are shown in Figure 9b, where data
from calculations on Fe,@Mn,N, Fe,@Mn,N, Ni;@Mn,N, and
Ni;@Mn,N were employed. Moreover, to test the limits of
these scaling relationships for doped Mn,N systems, sub- and
top-monolayer configurations composed of Fe, denoted as
Fe,,@Mn,N and Fe,, @Mn,N, were included (see Figure SS in
Supporting Information). With Mn,N as the host material,
linear correlations indeed exist between the two sets of
quantities associated with NH* and NHZ. Slopes of the two
linear scaling relationships from fitting are 0.52 and 0.39 for
NH* and NHj (standard error being 0.07 eV), respectively,
close to the previous finding.”' The slopes are also within
reasonable agreement with theoretical slopes, that is, 0.67 and
0.33 for respective NH* and NHj based on (n,,, — %)/
where n,,, = 3, established on transition metals.””

However, unlike metals, chemical properties of nitrides (e.g,,
Mn,N) will be susceptible to the existence of sublayer N
vacancies, which are likely to complicate the trends for reaction
energetics prediction. As shown in Figure S6 in the Supporting
Information, linear scaling relationships on Mn,N and Fe- and
Ni-doped Mn,N surfaces with one sublayer N vacancy show
varying slopes and intercepts for NH, (x = 1, 2). It is also
interesting to note large deviations on Nig,@Mn,N and Ni,,,@
Mn,N surfaces in Figure 9b (denoted with red symbols). This
observation suggests that the linear scaling relationships can be
broken for certain configurations, possibly for mixed alloy
nitrides as well. Nevertheless, these exceptions could offer
exciting opportunities to design new nitride materials for NH;
production.

4. CONCLUSIONS

Step-catalysis with metal nitride as the nitrogen source is
regarded as a sustainable avenue for ammonia production.
Although manganese nitrides are regarded to be promising for
ammonia synthesis, theoretical insights become even more
necessary by providing the mechanism to guide the discovery
and design of novel materials. In this work, Mn,N has been
studied with DFT calculations to improve NH; production.
The mechanism, describing hydrogen dissociative adsorption,
lattice N diffusion, and ammonia formation, has been shown in
detail. Thermodynamic analysis showed that the binding of
atomic H and lattice N diffusion energy barrier are critical for
the performance of manganese nitrides. Fe- and Ni-doped in
the sublayer of Mn,N are revealed to facilitate N diffusion,
whereas both the sublayer and top-layer Ni dopants are able to
lower the overall endergonicity due to favorable H adsorption.
Furthermore, the energetic and kinetic behaviors of various
configurations of doped Mn,N have been summarized in terms
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Figure 9. (a) BEP relationship for N diffusion, where E, .. is the reaction energy of N diffusion based on eq 1. Pure Mn,N is shown in red diamond.
(b) Scaling relationships (black) between N binding energies (Ey y,.) and adsorption energies of NH* (circle) and NHj (square). Ni, @Mn,N and
Ni,,,@Mn,N are included as outliners (in red) that do not follow the linear scaling.

of the BEP and linear scaling relationships, setting up the
groundwork for future studies.
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