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ABSTRACT: Developing advanced catalytic materials for mild-condition ammonia (NH3) synthesis is essential for improving
the energy efficiency of this key industrial process. Here, we report a {-phase manganese-nitride (MnNo.3) catalyst for low-
temperature NHs synthesis. The as-synthesized MnNo.s catalyst is protected by a carbon shell, allowing for storage and pro-
cessing of the air-sensitive metal nitride under ambient conditions. After activation in situ, the MnNo43 catalyst exhibits high
activity for NHs synthesis at 250-350 °C, surpassing the conventional noble metal based Ru/MgO catalyst. A combination of
kinetic, chemisorption and computational studies indicate that a nitrogen vacancy-mediated associative mechanism accounts
for the catalytic enhancements. Our work highlights the great potential of earth-abundant transition metal nitrides for cata-

lyzing mild-condition NHs synthesis.

INTRODUCTION

As a primary feedstock for fertilizers and nitrogen-contain-
ing chemicals,!? as well as a promising carbon-free fuel and
hydrogen carrier,?>* NHs plays a crucial role in modern
chemical industry. Up to now, NHs is primarily synthesized
via the Haber-Bosch process,’ which requires harsh condi-
tions (150-200 bar, 400-500 °C) due to the significant en-
ergy required to cleave the N =N triple bond (945 K]
mol-1).6 This process is highly energy-intensive, accounting
for about 1-2% of global energy consumption and COz emis-
sions.”? Advanced catalysts that can catalyze NHs syntheses
under mild conditions are thus pursued to reduce the en-
ergy consumption for the Haber-Bosch process.?-11

Ruthenium (Ru) is known as the most active metal for
NH3 synthesis.'? Early studies showed that supported Ru
nanoparticles of ~2 nm preferentially expose Bs type step
sites, which are particularly active for dissociative adsorp-
tion of N2.13-1* However, the high cost and scarcity of Ru hin-
der its industrial applications. More recently, rare earth
metal nitrides such as CeN and LaN have been reported to
be promising NHs synthesis catalysts.1015-16 [t is suggested
that the nitrogen vacancies (Nv) present on such metal ni-
tride surfaces can readily adsorb Nz in linear configurations
and the activation of N2 starts with hydrogenation of the
tailing nitrogen. The preceding hydrogenation prior to
breaking the nitrogen-nitrogen bonding allows for the reac-
tion to proceed via an associative pathway.!” This pathway
bypasses the direct dissociation of N=N bond as in the case
for Ru, giving rise to lower energy barriers and reducing the
temperature (and thereby pressure) needed to drive the
Haber-Bosch process. However, such rare earth metal ni-
tride catalysts also involve critical materials. In addition,

they are sensitive to air and humidity, imposing challenges
for synthesis and processing in practical implementa-
tions.10.15-16

In our search for earth-abundant transition metal ni-
trides as NHs synthesis catalysts, manganese nitrides
(MnxN,) stand out as promising candidates. MnN,, exist in
multiple stable and metastable phases, including MnN
(rocksalt), MnNo.43 (hcp), MnsNz (distorted rocksalt), and
MnsN (anti-perovskite), etc.!® They have previously been
studied as N carrier for NH3z production via chemical loop-
ing.19-21 For example, MnsN promoted by alkali and alkaline
earth metal hydrides have been reported to exhibit high
NH3 production rates at 300-400 °C.22 Among the various
MnxNy, -phase manganese nitrides, including Mn2N, MnsN:
and MnNo.3,23 have attracted our particular attention. Their
variable valence of manganese can accommodate high den-
sities of nitrogen vacancies,?* making them promising can-
didates for catalyzing nitrogen chemistries. It has been re-
ported that the nitrogen vacancy formation energy on MnzN
surfaces is as low as 0.50 eV via hydrogenative desorption,
making it facile to produce NHs after nitrification at high
temperatures.?® However, studies of MnxNy in catalytic NH3
synthesis have been limited to date. One plausible cause
could be their high sensitivity to air and moisture, similar to
those rare earth metal nitrides, which has made it difficult
to assess the intrinsic catalytic performance of such materi-
als.25-26

We report here {-phase MnNo.4s as catalysts for NHs
synthesis. Freestanding MnNo43 were synthesized by co-
pyrolyzing manganese acetate and urea in N2 (Scheme 1).27
The obtained catalyst was characterized by combining
transmission electron microscope (TEM), X-ray diffraction
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Scheme 1. Schematic diagram of catalyst synthesis.

(XRD) and X-ray photoelectron spectroscopy (XPS). After
activation in situ, N2-to-NH3z conversion was measured at
250-350°C and 10 bar using a plug-flow reactor (Figure
$1).28 Kinetic studies, chemisorption analysis and computa-
tional simulation were combined to probe the active sites
and reaction pathways, based on which the catalytic mech-
anisms for low-temperature N2z activation were interpreted.

MATERIALS AND METHODS

The MnNo.s catalyst was synthesized using a sol-gel pyrol-
ysis method (Scheme 1). Typically, 1.0 g of manganese ace-
tate tetrahydrate was dissolved in 5.0 mL of methanol with
stirring. After the formation of a transparent solution, 1.8 g
of urea was added. The obtained solution was then trans-
ferred into a crucible and pyrolyzed at 770 °C under nitro-
gen for 3 h to form Mno43N. Material characterization, cata-
lytic evaluation, and theoretical calculations are detailed in
the Supporting Information.
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Figure 1. (a) HRTEM images of MnNo.43@C. (b) XRD pat-
terns of as-synthesized, air-stored, and activated samples.
(c, d) EDX mapping images of MnNo.43@C and MnNo.s.

RESULTS AND DISCUSSION

The as-synthesized MnNoas catalyst primarily exhibits a
pseudospherical morphology with particle sizes ranging
from ~30 to ~100 nm (Figure S2). High-resolution TEM
(HRTEM) imaging reveals that the as-synthesized catalysts
have a core-shell nanostructure (Figure 1a). The core nano-
crystal displays lattice fringes with spacing of 2.15 A (Figure
S2), which can be attributed to the (111) crystal planes of (-
phase MnNo.s. XRD patterns exhibit primary peaks at 36.9¢,
39.9° and 42.2°, which can be assigned to the (110), (002)
and (111) peaks of {-phase MnNo43 (Figure 1b). The crystal
size is estimated to be ~66 nm from the XRD pattern using
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the Sherrier equation, which is also in line with the TEM re-
sults. The metal nitride nanoparticles are surrounded by a
distinct shell of lower electron contrast, with the shell thick-
ness measured to be ~5 nm (Figure 1a). The lattice fringe
exhibits an interlayer spacing of 3.40 A (Figure S2), corre-
sponding to the (002) plane of graphite. Energy-dispersive
X-ray (EDX) further indicates that C is concentrated in the
outer shell, while Mn and N are uniformly distributed within
the core particle (Figures 1c and S3). Thus, the as-synthe-
sized catalyst is denoted as MnNo.43@C.

Normally, manganese nitride is easily oxidized to man-
ganese oxide when exposed to air.262° In the MnNo.43@C cat-
alyst, the graphite shell is able to protect the metal nitride
core from oxidation post the synthesis. Figure 1c shows a
catalyst after 3 months of storage in air. No oblivious struc-
tural change was observed. No manganese oxide phase was
detected from XRD analysis either (Figure 1b). The
MnNo43@C catalyst was pretreated at 500 °C for 0.5 h in a
NHs synthesis atmosphere (25%N2-75%Hz, 10 bar) and
then processed under inert atmosphere for further charac-
terization. As shown in Figure 1d (also Figures S4 and S5),
the graphitic shell was completely removed after pretreat-
ment and the metal nitride nanoparticles became exposed.
The stabilization in air plus facile in situ activation is consid-
ered to be an advantage of the MnNo.«3@C catalyst for indus-
trial practice, where storage and installation/replacement
of catalysts are usually done under ambient conditions.3?
The activated catalyst has a N/Mn element ratio of ~0.47
(Table S1), close to the expectation for MnNo.43.
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Figure 2. (a) NHs production rate as a function of tempera-
ture over MnNo.3 and reference 5 wt% Ru/MgO. Reaction
conditions: 25% Nz, 75% Hz, WHSV = 30,000 ml gcar ' h-1,
and 10 bar. (b) Stability test over MnNo.3 at 350 °C and 10
bar. (c) XRD patterns of fresh catalyst and used catalyst. (d)
EDX mapping image of MnNo.3 after stability test.



Catalytic performance of the activated MnNo.43 catalyst
for NHs synthesis was evaluated using a 25% N2-75% H:
feed under a weight hourly space velocity (WHSV) of 30,000
mL g™* h™. Accuracy of the low-temperature activity was
verified through quantitative isotope-labeled 15N; experi-
ments coupled with 'H NMR analysis (Figure S6).3! Figure
2a shows the NHs production rates at 10 bar as a function
of reaction temperature. The MnNo4s catalyst exhibits NH3
synthesis activity in the temperature range of 250-350°C,
with the NH3 yield increasing from 65 pmol NHs gea™* h™ at
250 °C to 488 pmol NHs gea™* h™ at 350°C. The catalytic per-
formance of MnNo.3 represents one of the best as compared
to the other metal nitride catalysts reported in the literature
(Table S2). It is also superior to the Ru control (5 wt%
Ru/Mg0) measured in the same temperature range, demon-
strating an improvement factor of >3 below 300 °C (Figure
2a). Notably, the MnNo.43@C sample stored in air for over 3
months shows nearly identical activity to the freshly pre-
pared sample after activation (Figure S7), confirming its ad-
vantage for on-shelf storage and practical handling.

After demonstrating catalytic enhancement, we exam-
ine the stability of the MnNo.3 catalyst under the NHs syn-
thesis reaction conditions. Figure 2b describes the NHs pro-
duction rate recorded during a continuous operation at
350°C. Change in catalytic activity is <1% after 50 hours of
reaction. XRD analysis (with sample sealed using Kapton
film in Ar glove box) after the stability test found no change
to the crystal structure (Figure 2c). Element mapping
based on EDX also confirmed the uniform distribution of Mn
and N in the tested catalyst (Figure 2d; also see Figure S8).
The N/Mn element ratio was also found to be consistent
(Table S1), indicating no N loss from the catalyst throughout
the reaction.

Kinetic studies were conducted to explore the catalytic
mechanism of MnNo.3. As shown in Figure 3a, the apparent
activation energy (Ez) of MnNo4s is found to be only 53.4 k]
mol™%, which is significantly lower than that of Ru/MgO
(107.7 k] mol™*). Notably, it is also among the lowest E, val-
ues reported in the literature (Table S3). The NH3 synthesis
reaction rate with MnNo.3 exhibits a N2 reaction order of
B(N2) = 0.61 (Figure 3b), which is also notably lower than
that (1.2) recorded for Ru/MgO. This is distinct from con-
ventional Fe and Ru-based catalysts, for which the Nz reac-
tion order being close to 1 is indicative of having N=N dis-
sociation as the rate-determining step.32-34 [t also signifies
facile activation of N2 on MnNo43 through an alternative
mechanism to direct N2 dissociation. The MnNo.3 catalyst
gives a Hz reaction order $(Hz) 1.7, in contrast to —0.67 for
Ru/MgO (Figure 3c). The negative value of §(Hz) is a typical
feature of Hz poisoning on Ru-based catalysts due to their
strong binding to hydrogen.3335 The positive value observed
for MnNo.4s3 suggests that the reaction is no longer subjected
to hydrogen poisoning, which is further supported by the
absence of Hz desorption signals from the temperature-pro-
grammed desorption of hydrogen (H,-TPD, Figure S9)
measurements post the catalytic studies. The latter finding
also rules out the possibility of hydrogen storage mecha-
nisms for the positive Hz order (as seen, e.g., in electride cat-
alysts3®). Instead, the large Hz order (1.7) is indicative of a
hydrogenation step being the rate-limiting factor. The NH3
reaction order (-1.5) measured on MnNo4s is similar to
those reported for CeN (-1.6) and industrial Fe-based cata-
lysts (ca. -1.5) (Figure S10), implying strong binding of NHx
(x=1, 2 or 3) on these catalysts.1534

The above kinetic features of MnNo.s, including low E,,
small N2 order and large positive Hz order, all point to the
associative mechanism that proceeds with hydrogenation
of Nz prior to nitrogen-nitrogen bond cleavage. The associ-
ative mechanism was further supported by the Nz isotopic
exchange reaction (N2-IER) measurements, from which N2
dissociation was found to be unlikely on MnNo.43 in the tem-
perature range investigated for NHs synthesis (250-350 °C)
(Figure S11). Inspired by the previous studies of nitrogen
vacancies on rare earth metal nitrides for Nz activation,0.15-
16 we have used XPS to probe such defect sites on MnNo.3
(Figures S12 and S13). The Mn 2p3/2 band in the XPS spec-
trum are deconvoluted into two peaks at 641.1 and 642.1
eV, which are assigned to the Mn atoms adjacent to N vacan-
cies (defined as Mna) and surrounded by N atoms (defined
as Mns), respectively.37-38 Therefore, the peak at 641.1 eV is
indicative of the presence of Nv on the MnNo.4s3 catalyst. The
N 1s peak in the XPS spectrum can be deconvoluted into
three peaks at 397.8, 399.1, and 401.1 eV. The peaks at
397.8 and 401.1 eV can be assigned to lattice N from man-
ganese nitride and graphitic N from the shell,39-4% respec-
tively, while the shoulder peak at 399.1 eV to Ny.3841-42 To
exclude the interference of N in the graphite shell, we fur-
ther performed XPS analysis on the activated MnNo.43 sam-
ple (Figure S13). After activation, the graphite N peak at
401.1 eV disappeared, while the shoulder peak at 399.3 eV
remained, ruling out the possibility of pyrrolic and pyridinic
N.40.43 The XPS results thus confirmed the presence of nitro-
gen vacancies on the MnNo43 catalyst. Furthermore, Mn K-
edge X-ray absorption spectra (XAS) analysis**4> reveals
that the average valence state of Mn in MnNo.43 is ~1.2 (Fig-
ure S14), which is in line with its stoichiometry.
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Figure 3. (a) Arrhenius-type plots for NHs synthesis over

MnNo.43 and Ru/MgO with the related activation energies. (b)
N2 and (c) Hz reaction orders of MnNo.43 and 5wt% Ru/MgO

at 350 °C. (d) Hz-TPR profile of MnNo.3 under Hz pressure of
10 bar with WHSV of 30,000 ml gcar! h-1.

To examine the surface properties, we further meas-
ured temperature-programmed desorption of nitrogen (Na-
TPD) on the activated MnNo.s catalyst (Figure S15). The N»-
TPD profile exhibits a desorption peak at ~370 °C, which
can be attributed to the intermediate N species from the
NHs synthesis reaction associated with the surface Nv
sites.!>16 The shoulder peak at 500-600 °C and the rising
band above 600 °C correspond to the desorption of surface
lattice N and bulk lattice N, respectively.1® The formation of



Nv can take place at lower temperatures in the presence of
Hz. Temperature-programmed reaction with hydrogen (Hz-
TPR) measurements on the MnNo.43 catalyst recorded onset
of NHs release at 250 °C (Figure 3d). This finding is in line
with the observation of ammonia synthesis reactivity start-
ing from 250 °C and is comparable to recently reported
state-of-the-art rare earth metal nitride-based catalysts
(e.g., 250 °C for Ni/LaN and 220 °C for Ni/CeN.1015 Notably,
the MnNoa3s surface itself can activate Hz at such low tem-
peratures, distinct from those rare earth metal nitride-
based catalysts that need the presence of additional transi-
tion metal particles (e.g., Ni) on the surface as Hz activation
sites.
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Figure 4. Gibbs free energy profile of the reaction path for
NHs synthesis on MnNo4s (110) surface at 350 °C. The sur-
face N vacancy site and Mn-Mn bridge sites are represented
by “*” and “#” respectively.

To gain molecular-level insights into the catalytic
mechanism of MnNo.3s for NH3 synthesis, density functional
theory (DFT) calculations were performed to construct a
free energy profile at 350 °C for the associative mechanism
(Figure 4; Figures S16-S23 and Tables S4-5). We found that
H:z undergoes dissociative adsorption on the Mn metal top
site (A—B, via negligible energy barrier), with each H atom
occupying an Mn-Mn bridge site. The formation of a surface
Nv can proceed via sequential hydrogenation of N on the ni-
tride surface. First hydrogenation of the lattice N occurs via
migration of the closer H atom to the lattice N (B—C), form-
ing *NH with an intrinsic activation energy barrier of 1.19
eV (Figure S18). This is followed by the second hydrogena-
tion via migration of the farther H atom to *NH (C—D),
forming *NHz, which occupies the Mn-Mn bridge site due to
more steric freedom. The intrinsic activation energy barrier
of the second H migration is 0.94 eV (Figure S19). The dis-
sociative adsorption of the second Hz on the surface occurs
similarly to that of the first Hz, with H atoms occupying two
Mn-Mn bridge sites (D—E). The third hydrogenation step,
occurring via migration of the closest H atom to *NH: to
form *NHs spontaneously (E—F), proceeds through a negli-
gible intrinsic activation energy barrier. Thus, the first half
of the reaction cycle, ending in the release of one NH3 mole-
cule and the formation of a surface Nv (F=G), is exothermic

by 0.59 eV, supporting the favorable formation of surface Nv
in the presence of Hz, consistent with the N2-TPD (Figure
S15) and H2-TPR (Figure 3d) results.

Next, the N2 molecule adsorbs at the formed Nvin a Mn-
Mn bridge-site configuration (G—H), differing from the lin-
ear adsorption configuration reported at Ny on rare earth
metal surfaces.1%1516 This distinct *NN configuration may
be attributed to the unique surface structure of the MnNo.43
catalyst. In the rock salt structures of LaN, CeN, and YN, sur-
face Ny is surrounded by four metal atoms, forming a four-
fold hollow site that could facilitate end-on adsorption of N2.
While on the MnNo.3 surface, Ny is surrounded by only two
surface Mn atoms, making bridge-site adsorption of N2
more favorable. Direct cleavage of the N=N bond in *NN has
a high intrinsic activation energy barrier of 4.22 eV on the
MnNo.3s surface (Figure S20), making it unlikely for the re-
action to go through the dissociative mechanism,!# in line
with N2-1ER (Figure S11) results.

Our simulation shows that activation of *NN on the
MnNo.3 surface can proceed with migration of the remain-
ing H atom (from E-F—-G) and hydrogenation of *NN to
form a *NNH moiety (H-I). This step has an intrinsic acti-
vation energy barrier of 1.31 eV (Figure S21). The nitrogen-
nitrogen bond length increases from 1.21 A for *NN to 1.29
A for *NNH, implying weakened bonding due to hydrogena-
tion. The hydrogenation cycle is continued via the dissocia-
tive adsorption of a third Hz molecule onto the Mn-Mn
bridge sites (I-]). The migration of the closer H atom (on
the neighboring Mn-Mn bridge site) to the *NNH structure
to form *NNH: (J—K) is endothermic by 0.41 eV, proceeding
via an intrinsic activation energy barrier of 0.83 eV (Figure
S22). The hydrogenation of *NNH to *NNH: further in-
creases the nitrogen-nitrogen bond length from 1.29 & to
1.41 A, making the bond weak enough that the NHz adsorbs
weakly onto the surface Mn atom. The final hydrogenation
step, occurring via migration of the remaining H atom to
*NNH:z to form *NNH3 (K—L), proceeds through a negligible
intrinsic activation energy barrier. The N-N bond in *NNH3
breaks spontaneously to release NHs, leaving a N atom to
replenish the surface Nv (L-—M) and close the reaction cycle.
Notably, the apparent activation energy barrier of the reac-
tion at 350 °C is associated with the formation of *NNH via
the hydrogenation of *NN, with a value of 0.77 eV (roughly
74.3 k] mol1), in reasonable agreement with the experimen-
tally measured Eaof 53.4 k] mol-L.

In summary, we have developed an efficient NHs syn-
thesis catalyst based on earth-abundant manganese nitride.
The as-synthesized catalyst features a core-shell structure,
with the carbon layer protecting the MnNo43 core from oxi-
dation, making it compatible for storage and processing un-
der ambient conditions. After in situ activation, the MnNo.43
catalyst demonstrates enhanced activity compared to
Ru/MgO at 250-350°C, along with great stability. A combi-
nation of kinetic, chemisorption and computational simula-
tion suggests that an associative pathway mediated by ni-
trogen vacancies accounts for the mild-condition reactivity.
Our work sheds light on earth-abundant transition metal ni-
trides as promising catalysts for NH3 synthesis.
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