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ABSTRACT: The Haber−Bosch (H−B) process is today’s dominant
technology for ammonia production, but achieving a mild reaction condition
is still challenging. Herein, we combined density functional theory (DFT)
calculations and microkinetic modeling (MKM) to demonstrate the
feasibility of conducting the H−B process under ambient conditions on a
zeolite catalyst with confined dual active sites. Our designed dual Mo(II)
cation-anchored ferrierite [2Mo(II)-FER] catalyst shows an energy barrier of
only 0.58 eV for N�N bond breaking due to the enhanced π-back-donation.
Meanwhile, the three hydrogen sources (BH, FMH, and NMH) within
2Mo(II)-FER greatly enrich the hydrogenation mechanisms of NHx species,
resulting in barriers of <1.1 eV for NHx (x = 0−2) hydrogenations. This dual-
site catalyst properly decouples the N2 dissociation and NHx hydrogenation steps, which elegantly circumvents the linear scaling
relation between the N2 dissociation barrier and the nitrogen binding energy. It is worth noting that our MKM results show 4 orders
of magnitude higher reaction rates on 2Mo(II)-FER than the stepped sites of the FCC Ru catalyst at low temperatures, paving a solid
basis to conduct the H−B process at low temperatures. We believe that our strategy will provide crucial guidance for synthesizing
state-of-the-art zeolite catalysts to achieve the near-ambient condition H−B process and other chemical reactions in heterogeneous
catalysis.
KEYWORDS: Haber−Bosch, zeolite, ambient condition, confined dual-site, DFT

■ INTRODUCTION
Ammonia (NH3) is one of the chemicals most important to
human beings, with wide applications in agriculture, industry,
and carbon-free fuels.1−3 Currently, the century-old Haber−
Bosch (H−B) process is still the dominant technology for NH3
synthesis. Meanwhile, the H−B process has been an ideal
model reaction for the fundamental understanding of
heterogeneous catalysis in the gas−solid interface.4 Gerhard
Ertl was awarded the 2007 Nobel Prize in chemistry for his
studies of chemical processes on solid surfaces, while the
identification of N2 dissociation as the rate-determining step
(RDS) of the H−B process on the iron-based catalyst was one
of his most significant achievements.5,6 Unfortunately, a high
temperature (300∼500 °C) is needed to drive this RDS owing
to the extreme inertness of the N�N bond (941 kJ/mol), but
will inevitably suppress the equilibrium conversion for NH3
production due to the exothermic nature of this reaction,
which clearly necessitates a high pressure (150∼200 bar) to
guarantee a reasonable conversion.7 Such harsh reaction
conditions combined with the utilization of gray hydrogen
result in high energy consumption and CO2 emission, which
makes the development of ambient condition H−B process
imminent.8 Even worse, the well-established scaling relations
between the N2 dissociation barrier and atomic N binding
energy among transition metals set formidable challenges to

designing optimal catalysts capable of breaking the N�N
bond with a low energy barrier and simultaneously maintaining
a weak N binding strength to avoid being limited by the
hydrogenation steps.9

Indeed, scientists have spared no efforts to develop strategies
to achieve ambient H−B processes such as alloying,10 LiH-
mediation,11 strain engineering,12 defect engineering,13 and
magnetic steering.14 Our recent work theoretically proposed an
ideal model catalyst with confined dual sites to achieve a mild
condition H−B process, where the inert N�N bond could be
easily activated via the enhanced π-back-donation (Figure 1A)
from the two-sided Co metals and weak binding strength of
NHx species is also reserved.15 However, the design of more
realistic catalysts with high synthetic feasibility in the
laboratory represents a major challenge to extending the
application of our proposed principle. To this end, we
theoretically evaluated a large number of materials, where
the zeolites with uniform microporous structures and superior
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thermal stability were proposed as the superior frameworks to
properly anchor the dual active sites (Figure 1B) and achieve a
milder condition H−B process. Unfortunately, there are very
limited studies of ammonia synthesis within zeolite partially
due to the acidic nature, which is a double-edged sword to
ammonia synthesis, i.e., the Bro̷nsted acid works as an ideal
hydrogen source for hydrogenation but also preferably forms
NH4

+ with NH3, resulting in the difficulty in product
desorption.16 Cisneros et al. reported the study of the
ammonia synthesis on Ru metal within potassium-promoted
zeolite,17 while subsequent research focused on the replace-
ment of alkaline metals with alkaline earth metals to further
promote the activity of Ru-supported zeolite catalysts.18−22

Qiu et al. reported that the Ru single atom confined in the
siliceous zeolite showed surprising ammonia synthesis activity
compared to the conventional Ru catalyst.23 Additionally,
MoNx confined in zeolite also shows much better activity for
ammonia synthesis than bulk Mo2N, but the active site and
mechanism are unclear.24,25 Interestingly, Skelnak et al.
confined binuclear cationic Fe(II) centers within zeolites and
found their superior activities in N2O decomposition and
dioxygen splitting.26−28 All the abovementioned information
laid a good basis for achieving effective N2 activation and
ammonia synthesis by using zeolite with a confined metal dual-
site in the framework.
In this work, to effectively achieve simultaneous bonding of

N2 molecules on both sides, the ferrierite (FER) zeolite with

the largest sphere diameter of 6.31 Å29 is chosen as the
framework to anchor dual metal active sites for effective N�N
activation, as shown in Figure 1B. By means of density
functional theory (DFT) calculations, we systematically
simulate the reaction mechanism of ammonia synthesis on
the dual Mo(II) sites anchored FER [2Mo(II)-FER], while the
mean-field microkinetic modeling (MKM) shows 4 orders of
magnitude higher turnover frequency (TOF) for NH3 than the
step (211) surface of the FCC Ru metal under the same
reaction condition. We elegantly demonstrate the feasibility of
using zeolite with confined dual active sites and well-controlled
acidity to catalyze NH3 synthesis, laying a good basis for
achieving a mild H−B process. Meanwhile, the active sites for
N2 activation and H binding are decoupled due to the
existence of Bro̷nsted acid in zeolite, which facilitates the
independent optimization of the N2 activation and NHx
hydrogenation steps and elegantly circumvents the linear
scaling relation in ammonia synthesis. We believe that our
proposed confined dual active sites within zeolite hold great
potential for practical applications in mild-condition reactions.

■ RESULTS AND DISCUSSION

N2 Activation on the FER Zeolite with Confined Dual-Site
[2M(II)-FER]

The N2 activation has been proven to be the rate-determining
step for the H−B process.5 Unfortunately, the high N�N

Figure 1. (A) Schematic diagram of enhanced π back-donation; (B) dual metal active sites anchored in ferrierite zeolite catalyst, where blue and
green spheres denote nitrogen and metal atoms, while the yellow, red, and purple sticks denote the silicon, oxygen, and aluminum in the zeolite;
DOS and COHP structure of free (C) and adsorbed N2 (D) molecule (the Fermi energy level is set to zero as the energy reference).
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triple bond energy (941 kJ/mol), as well as the large energy
gap between the highest occupied molecular orbital (HOMO,
−15.6 eV) and the lowest unoccupied molecular orbital
(LUMO, 7.3 eV), made effective N2 activation and electron
transfer very challenging.30 Based on the molecular orbital
theory in Figure 1A, our proposed dual-site strategy provides
an ideal route to effectively activate N2 as long as active sites
have both suitable numbers of free electrons and available
empty orbitals.
Taking the 2Mo(II)-FER as an example shown in Figure 1B

(other metals are shown in Table S1), two Mo(II) cations with
a distance of 5.62 Å possess the high-spin 4d4↑ electron
configurations.28 The N2 molecule simultaneously bonds with
two Mo(II) cations and forms a bridge configuration
[Mo(II)−(N�N)−Mo(II)] with an adsorption energy of
−1.53 eV, while the N�N bond is prolonged from 1.11 Å in
the gas phase to 1.21 Å. The calculated N−N stretching
vibration frequency of 1701 cm−1 strongly confirms the
activation of stable N�N bonding (2436 cm−1 for the free
N2 molecule).
To understand the underlying electronic structures of the

configuration, we further analyzed the density of state (DOS)
associated with the crystal orbital Hamilton population
(COHP)31 For the free N2 molecule in Figure 1C, the
bonding contributions to the N�N bond mainly come from
the 2π orbital, while the empty π* orbital displays an obvious
antibonding state according to the molecular orbital surface
(Figure S7). The iCOHP value is equal to −11.45 eV. For the
adsorbed N2 on FER zeolite in Figure 1D, the N2-2p orbitals
significantly lowered the energy level owing to the hybrid with
the metal 4d orbitals, making them much easier to accept the
back-donated electrons from Mo(II) cations to achieve
effective N�N bond activation. The iCOHP value for the
[Mo(II)−(N�N)−Mo(II)] bond shifts to −9.60 eV, which
clearly indicates the activated N�N bonds.
Ammonia Synthesis Reaction Mechanism on the
2Mo(II)-FER

For the typical H−B process, effective activation and cleavage
of the N�N bond produce 2N on the active sites, followed by
subsequent hydrogenation to NH3, while NH3 desorption is
the final step. Figure 2A shows the detailed reaction
mechanism of ammonia synthesis on the 2Mo(II)-FER, while
the potential energy diagram of the whole reaction network is
plotted in Figure 2B. For the highly activated N2 molecule
within the 2Mo(II)-FER catalyst [Mo(II)−(N�N)−Mo(II)],
the N�N bond breaking only needs an energy barrier of 0.58
eV and results in two Mo(II)-N intermediates, which has a
binding energy of −1.77 eV and a Mo(II)-N bond length of
1.67 Å (detailed in Figure S2).
Different from the traditional metal-based catalysts, the

newly designed 2Mo(II)-FER has three different hydrogen
sources shown in Figure 2B, i.e., the BH within the zeolite, the
H near the N on the Mo(II) site (NMH), and the H far from
the N on the other Mo(II) site (FMH), which greatly enrich
the hydrogenation mechanisms. We considered three different
pathways from three H sources for the first hydrogenation step
to the Mo(II)−NH intermediate. For the BH pathway, the
production of NH has an energy barrier of 1.34 eV. At the
transition state (TS), the bond lengths of Mo(II)−N and N-
BH are 1.71 and 1.26 Å, respectively. For the NMH pathway,
the NMH and N atom coadsorbed on the same Mo(II) site,
and the energy barrier for N + H → NH is 1.46 eV, which is

slightly higher than that of the BH pathway. At the TS, the
distance between N and NMH is 1.43 Å. For the FMH
pathway, the H atom binds on the opposite Mo(II) site, which
increases the probability of collision to reaction with each
other, and this hydrogenation step has an energy barrier of
only 1.06 eV with the FMH−N bond length of 1.30 Å. It is
worth noting that the FMH pathway provides an ideal
structure for the overlap of the s orbital of H with the frontier
orbital of the N, resulting in the low energy barrier (detailed
structures of the TS are shown in Figures S8−S10).

For further hydrogenation steps, three H sources result in
quite different energy barriers. For the BH pathway, the energy
barriers for NH to NH2 and NH2 to NH3 steps are only 0.69
eV and ∼0 eV, respectively, while those of NMH (1.68 and
1.56 eV) and FMH pathways (1.00 and 1.06 eV) are much
higher (detailed information for TSs is provided in Table S5).
Finally, the desorption of NH3 from the Mo(II) site is
endothermic by 0.34 eV. However, the desorption mechanism
of NH3 from zeolite is different from the solid catalysts due to
the existence of the BH site. Instead of a direct desorption to
the gas phase, the produced ammonia tends to bind with the
BH site and forms the stable NH4

+ intermediate via the acid−
base neutralization reaction (detailed structure is shown in
Figure S11). Therefore, the actual desorption process starts
from NH4

+ to gaseous NH3 and is accompanied by the
regeneration of BH. This process is endothermic by 0.91 eV on
the 2Mo(II)-FER.

Clearly, the three different H sources within the newly
designed 2Mo(II)-FER catalyst provide ample space to optimize
the hydrogenation steps during the H−B process. As shown in
Figure 3, pathways (1)−(3), the FMH pathway has a very low
energy barrier (1.06 eV) for the N hydrogenation to NH, while
the BH pathway has very low energy barriers for NH (0.69 eV)
and NH2 (∼0 eV) hydrogenations. Ideally, ammonia synthesis
will take the most favorable elementary steps to produce NH3.
Therefore, the hybrid pathway with very low energy barriers

Figure 2. Reaction mechanism of the H−B process with different H
sources (A) and potential energy profiles on the designed 2Mo(II)-
FER catalyst (B) at 0 K with zero-point energy corrections.
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for each elementary step shown in pathway (4) represents the
best scenario to conduct ammonia synthesis within the
2Mo(II)-FER catalyst, which holds great potential to achieve
a mild condition H−B process.
Reaction Rates of Ammonia Synthesis on the 2Mo(II)-FER
and Ru Catalysts
To further evaluate the reaction rate of the 2Mo(II)-FER
catalyst in ammonia synthesis, we established a mean-field
MKM to calculate the turnover frequency of NH3 production
(TOFNH3) under different conditions. To have a convenient
comparison, we also chose the stepped (211) surface of FCC
Ru as the benchmark, which has been widely regarded as the
most active metal for ammonia synthesis. Figure 4A,B plots the
TOFNH3 as a function of temperature and total pressure on the
2Mo(II)-FER and Ru(211) surfaces, where our newly designed
catalyst shows a much higher TOF for ammonia synthesis
under the same reaction condition. More specifically, at a
pressure of 100 bar (N2/H2 = 1/3) shown in Figure 4C, the
TOF of NH3 production on the 2Mo(II)-FER catalyst (4.86 ×
10−2 s−1) is 4 orders of magnitude higher than the Ru(211)

surface (2.60 × 10−6 s−1) at 500 K. Likewise, at the typical
temperature of 673 K for the H−B process in Figure 4D,
2Mo(II)-FER shows superior activity of 1.49 s−1, which is also 4
orders of magnitude higher than Ru (211) surface (1.46 ×
10−4 s−1) under atmospheric pressure of 1 bar. All the
simulated results mentioned above clearly indicate the high
potential to achieve a mild condition H−B process with our
newly designed zeolite catalyst confined with dual Mo(II)
active sites.

■ CONCLUSIONS
In summary, we illustrate the high feasibility of achieving a
mild condition Haber−Bosch process on the ferrierite zeolite
catalyst with confined dual Mo(II) active sites by using density
functional theory calculations and microkinetic modeling,
which has not yet been reported in previous research on
heterogeneous catalysis. Our proposed new strategy to
enhance the π-back-donation to the π* orbital of the N2
molecule via the dual active sites successfully achieves a facile
breaking of the N�N bond with an energy barrier of only 0.58
eV. Notably, the existence of BH and the dual active sites
within zeolite greatly enrich the hydrogenation mechanisms on
the 2Mo(II)-FER catalyst, resulting in BH, NMH, and FMH
hydrogenation pathways with quite different energy barriers.
This scenario clearly facilitates the decoupling of the N2
dissociation and NHx hydrogenation steps because N2 and H
could in principle bind on different active sites within the
2Mo(II)-FER catalyst, which elegantly circumvents the linear
scaling relation between the N2 dissociation energy barrier and
nitrogen binding energy. As a result, the hybrid hydrogenation
pathways with three different hydrogen sources greatly
decrease the energy barriers of all elementary steps in ammonia

synthesis, i.e., the N2
Diss.

N NH NH NH
FMH BH

2
BH

3
pathway has a maximum barrier of only 1.06 eV. Our mean-

Figure 3. Reaction pathways of different H sources within the
2Mo(II)-FER.

Figure 4. Calculated TOF of NH3 production as a function of temperatures and total pressures at N2/H2 = 1/3 on the 2Mo(II)-FER (A) and
stepped FCC Ru(211) surface. (B) as well as the temperature dependence at 100 bar (C) and pressure dependence at 673 K (D) with N2/H2 = 1/
3. The data on Ru(211) are taken from our own work in ref 15, Copyright 2021 National Academy of Sciences.
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field microkinetic modeling identified about 4 orders of
magnitude higher TOF of NH3 on the 2Mo(II)-FER catalyst
than the most active stepped Ru catalyst under the same mild
reaction conditions. This work provides solid theoretical
evidence to achieve a mild Haber−Bosch process using the
zeolite catalyst with dual active sites confined in cages. We
believe that our proposed 2Mo(II)-FER catalyst has a very high
feasibility to be synthesized experimentally, leading to a robust
theoretical basis for the design of the state-of-the-art catalysts
to achieve a high reaction rate of ammonia synthesis under
ambient conditions.

■ METHODS
All the periodic plane-wave-based DFT calculations were performed
using the Vienna ab initio simulation package32 within generalized
gradient approximation.33 The exchange-correlation contribution to
the electronic energy was described by the BEEF-vdW functional,34

which has been demonstrated to be adequate to quantitatively
describe the van der Waals interaction between molecules and zeolite
pores35 as well as reaction kinetics.36 The energy cutoff for the plane
wave was set to be 500 eV, and the convergence criteria of total
energy and forces were 10−4 and 0.05 eV/Å, respectively (the data of
various parameter settings are shown in Table S6). Brillouin zone
sampling was restricted to the Γ point.37 All of the optimizations are
performed with spin polarization. For both the active site and all the
intermediates, additional calculations with a fixed spin state were
conducted to identify the most stable spin state, and all of the related
data are summarized in Table S4. The transition state (TS) structure
was located using the climbing-image nudged elastic band method
(CI-NEB).38 Frequency analysis was carried out to determine zero-
point energy (ZPE) and to characterize the nature of the optimized
stationary points, where the right TS has only one imaginary
frequency. All reported energetic data in the potential energy diagram
include the corrections of ZPEs, while the thermodynamic corrections
to all of the species were included in our mean-field microkinetic
modeling.

To discuss the reaction under realistic conditions, the CatMAP
code39 was applied to solve the differential equations in our mean-
field microkinetic modeling and calculate the TOF of ammonia
synthesis under different reaction conditions (details are shown in
Supporting Information).

In our calculation, the optimized lattice parameters of the all-silica
FER are a = 19.107 Å, b = 14.300 Å, c = 7.564 Å, which agrees very
well with the data from the IZA database (a = 19.018 Å, b = 14.303 Å,
c = 7.541 Å)29 and indicates the sufficient accuracy of BEEF-vdW
functional in modeling our designed 2Mo(II)-FER catalyst. As shown
in Figure 1B, the model has P1 symmetry and features a supercell
composed of two unit cells along the c dimension. The model
contains four Al/Si substitutions forming two α26,27 sites with the four
Al atoms located in the T3 site40 of the adjacent six rings facing each
other across the 10-ring channel, and two metal cations with a valence
of two [M(II)] were introduced to balance the charge for neutrality
(detailed information is provided in Figure S1). Each M(II) cation
coordinated with four neighboring oxygen atoms of the zeolite
framework to form square pyramidal configurations. Additionally, ab
initio molecular dynamics simulations within the canonical ensemble
(NVT) were employed for 5 ps with a time step of 1 fs at 1000 K to
evaluate the dynamic stability of the designed catalyst, and all the
details are shown in Figure S3 and Table S3. The structure of the
designed catalyst with and without the intermediate remained stable
without bond breaking. For the hydrogenation steps, according to the
locations, there are three possible hydrogen sources (detailed in
Figure S4): Bro̷nsted hydrogen (BH), far metal hydrogen (FMH),
and near metal hydrogen (NMH). The BH serves as the charge
compensator to neutralize the introduced negative charge during the
Si(IV)/Al(III) substitution, which is the natural property of zeolite in
the preparation process. Based on our simulations, H2 could undergo
dissociation on both Mo(II) and Al−O sites within the zeolite, while

that on Mo(II) sites has a relatively low energy barrier and forms MH
and BH on the active sites. The related structures of the H2
dissociation process on Mo(II) sites are detailed in Figure S5.
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