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The production of ammonia through the Haber-Bosch process is
regarded as one of the most important inventions of the 20th cen-
tury. Despite significant efforts in optimizing the process, it still
consumes 1 to 2% of the worldwide annual energy for the high
working temperatures and pressures. The design of a catalyst with
a high activity at milder conditions represents another challenge for
this reaction. Herein, we combine density functional theory and micro-
kinetic modeling to illustrate a strategy to facilitate low-temperature
and -pressure ammonia synthesis through modified energy-scaling re-
lationships using a confined dual site. Our results suggest that an am-
monia synthesis rate two to three orders of magnitude higher than
the commercial Ru catalyst can be achieved under the same reaction
conditions with the introduction of confinement. Such strategies will
open pathways for the development of catalysts for the Haber-Bosch
process that can operate at milder conditions and present more eco-
nomically viable alternatives to current industrial solutions.
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he Haber—Bosch process (1, 2), responsible for converting ni-

trogen (N;) and hydrogen (H,) to ammonia (NHj3), is consid-
ered one of the most important inventions of the 20th century (3).
The ammonia produced mainly goes to the manufacturing of ni-
trogenous fertilizer for agriculture (4), but on the downside it
consumes 1 to 2% of annual energy usage worldwide related to the
high working temperatures (573 to 873 K) and pressures (100 to
350 bar) as well as the use of natural gas—derived H, as feedstock
(5). Alternatively, some ambient-condition N, fixation strategies
such as photo- and electrocatalytic methods that rely exclusively
on renewable electricity and feedstocks (i.e., hydrogen from water
photo/electrolysis) have been widely proposed and investigated.
Such alternatives represent more sustainable and promising solu-
tions to reducing energy consumption (6, 7). However, the large-
scale application of (photo)electrochemical ammonia synthesis is
still facing considerable scientific and technical challenges such as
limited NHj selectivity, low current density, and poor energy effi-
ciency (8-10). Noteworthy, the century-old Haber—Bosch process is
still the predominant source of the world’s ammonia production
today, representing more than 90% of the annual production (11).
Hence, there is an economic incentive to optimize the conventional
Haber—Bosch process to operate under milder conditions and to
design novel catalysts that are active at lower temperatures and
pressures than those known today, which is considered a core
scientific challenge in heterogeneous catalysis.

Theoretical investigations have demonstrated that the ammonia
synthesis activity of metal-based catalysts is limited by a balance
between N, dissociation and further hydrogenation of the atomic
nitrogen adsorbed on the surface (12, 13). In addition, as shown
in Fig. 14, the N, dissociation barrier (En_n) is directly linked to
the energy of the final state of the elementary step, i.e., the ad-
sorption energy of atomic N (Ey) through a linear scaling relation
(14, 15). Catalysts such as Mo and Re with strong binding of
atomic N will have low barriers for N, dissociation but will at the
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same time be poisoned by nitrogen species due to the sluggish
kinetics of NH, hydrogenation, whereas catalysts like Cu and Ag
with weak binding of atomic N have fast hydrogenation kinetics
but will be unable to activate N, at a sufficient rate because of the
high energy barrier. Fig. 1B shows that ammonia synthesis reaction
rates calculated using a mean-field microkinetic model have a
volcano-type relationship as a function of Ey governed by the Sabatier
principle (16). Therefore, finding an optimal catalyst on which the
Haber—Bosch process at low temperature and pressure is feasible
requires weak binding of NH, (x = 0, 1, and 2) intermediates to
avoid being limited by the hydrogenation step and at the same
time have low energy barriers for N, dissociation. This clearly neces-
sitates an approach that can circumvent the aforementioned scaling
relations between reaction intermediates (17).

Herein, we propose a theoretical strategy to accelerate the am-
monia synthesis activity of metal catalysts by modifying the scaling
relations with the help of a special confined dual site, where the
typical confinement has been experimentally proven to be able to
increase reaction rates, enhance selectivity, and stabilize reactive
species (18-22). In this work, we show how confinement can im-
pact catalytic processes and illustrate how this can lead to increased
reaction rates for the Haber—Bosch process and production of
ammonia at near-ambient conditions.

Results

We envision the active sites being confined within a layered struc-
ture or nanotube as shown in Fig. 1C. Strictly speaking, this is not
the typical confinement strategy as reported in the literature (23),
where a second coordination sphere surrounding the active site is
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Fig. 1. Key factors and challenges in ammonia synthesis. (A) The DFT calculated transition state energies of N, dissociation as a function of nitrogen ad-
sorption energies on the step sites of transition metals (black circles) and under confinement (red triangles). (B) Corresponding theoretically simulated volcano
plots of the ammonia synthesis activity (TOF) as a function of nitrogen adsorption energies at 673 K, pn, = 24.5 bar, py, = 74.25 bar, pyyz = 1 bar at 2%
conversion. (C) Schematic illustration of the confined dual sites in a layered graphene structure and inside a carbon nanotube. (D) The N, dissociation
mechanism under confined dual sites (pink, gray, and blue spheres denote metal, carbon, and nitrogen atoms, respectively; IS, TS, and FS denote initial,

transition, and final states, respectively).

constructed to affect the gas diffusion and adsorption as well as
phase transformations within such a microenvironment (24). Usu-
ally, the metal sites are anchored inside the carbon nanotube without
another metal site in the vicinity. To model the complex micro-
environment of such confined dual sites, we used low-index close-
packed metal surfaces to construct an interfacial structure with an
optimal interspatial distance for each metal. As illustrated in
Fig. 1D, N, molecules activated by such a dual-site structure will
undergo a dissociation mechanism which is promoted by the decou-
pling in the transition state of the active-site components on the metal
catalyst system. The ability of a transition metal to activate N is
attributed to the electronic structure of the metal d-states in which
empty and occupied d orbitals accept the electrons from N, and
simultaneously back-donate electrons into N, antibonding or-
bitals to weaken the N=N triple bond (25). The confined dual
sites, as depicted in Fig. 1D, provide the optimal stabilization of
the N transition state as seen by the calculated results in Fig. 14,
where most metal catalysts have lower energy barriers for N, ac-
tivation under such confined conditions. Our microkinetic model-
ing results in Fig. 1B indicate that the confined metallic catalysts
can have ammonia synthesis activity up to two to three orders of
magnitude higher than the known optimal Ru catalyst under the
same reaction conditions, which opens an avenue for designing
catalysts for the Haber—Bosch process working at low tempera-
tures and low pressures.
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In our study, a large group of transition metals are chosen as
model catalysts, i.e., the face-centered cubic (FCC) Cu, Ag, Au,
Ni, Pt, Pd, Rh, and Ir; hexagonal close-packed (HCP) Co, Ru,
Re, and Os; and body-centered cubic (BCC) Fe, Mo, and W. All
simulations are performed with the BEEF-vdW functional (26),
which has proven to be able to adequately describe the reaction
mechanism and rates of ammonia synthesis on transition metals
(27). The close-packed surface, i.e., lowest-energy surface, of each
metal is used to construct the confined systems shown schemati-
cally in Fig. 1D, and different values of distance ranging from 12 A
to 4 A are considered to identify the optimal distance of each metal
with the most stable N, adsorption. Each metal has a different
optimal distance, i.e., 4.0 A for Fe, Ni, Ru, Re, and Os; 4.2 A for
Co, W, Mo, and Rh; 4.3 A for Cu, Pt, Ag, and Au; and 4.5 A for
Pd. A more detailed description of the procedure and the com-
putational details is provided in SI Appendix. The full ammonia
synthesis reaction mechanism including H, and N, dissociation,
hydrogenation of NH, (x = 0 to 2) species, and adsorption/de-
sorption of reactants and products is systematically calculated
with density functional theory (DFT) on these confined systems.
To facilitate a comprehensive and accurate comparison between
calculations on the confined systems and systems without con-
finement, similar systematic calculations were carried out on the
close-packed and stepped metal surfaces of all 15 transition met-
als, representing the most comprehensive dataset for theoretically
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simulated ammonia synthesis reaction mechanism on different
active sites of versatile metals. The coordinates of all the optimized
adsorbates and transition state structures as well as formation
energies are included in Dataset S1.

Based on all these calculations, descriptor-based microkinetic
models (28, 29) were established to map out the general trends in
ammonia synthesis of the different transition metals under dif-
ferent reaction conditions. In Fig. 2 A-C, the turnover frequencies
(TOF) of terrace, step, and confined terrace sites of various tran-
sition metals for ammonia production are plotted as a function of
nitrogen adsorption energy and N, dissociation energy barrier un-
der typical Haber—Bosch process working conditions at 673 K,
PNz = 24.5 bar, pyyp = 74.25 bar, and pnyz = 1 bar, corresponding to
2% conversion. The inlet gas mixtures were limited to pure N, and
H, without considering other impurities such as O, and H,O in the
kinetic modeling. It clearly shows that the ammonia synthesis ac-
tivity is strongly dependent on the nature of the active site and the
metal. For example, the terrace sites in Fig. 24 have very limited
activity compared to the step sites in Fig. 2B, indicating the im-
portant role of undercoordinated sites in breaking the strong N,
bond and hence defining the higher ammonia synthesis activity,
which is also in line with previous experimental and theoretical
findings (30). In addition, Fe and Ru catalysts are very close to the
plateau on the activity volcanos, which explains the unique role these
materials play in practical industrial applications for ammonia syn-
thesis today (2). We note that the undercoordinated site on metallic
Os is very close to the top of volcano as well. Indeed, Os was iden-
tified early on by Fritz Haber to be an active catalyst for ammonia
synthesis (1) but was discarded because of its scarcity as well as its
high cost. It is clear that our descriptor-based kinetic model applied
provides a simple rationale for the general ammonia activity trend of
different metals and their surface orientations, which agrees well with
available experimental and theoretical knowledge (4, 12, 13, 31-33).

On the confined dual sites, very interesting activity trends for
the different metals are observed as shown in Fig. 2C. A different
volcano appears where adsorption follows the trend on the terrace
sites, whereas N, dissociation follows a hitherto unknown be-
havior due to the decoupling of metal atoms defining the active
site. However, all metals still follow a similar linear scaling relation
between nitrogen adsorption energy and the N-N transition state
energy on confined dual sites, where Fe and Co metals show slightly
larger deviations from the scaling line. The resulting shift leads to
an increased activity for all transition metals as compared to the
terrace and step sites. On this volcano, Co is on the high-activity
plateau, with an ammonia synthesis rate two to three orders of
magnitude higher than a stepped Ru catalyst, which is the most
active catalyst known. Close inspections reveal that the confined
Co system has a much lower energy barrier for N, dissociation
than both the terrace and step sites. This, combined with a rela-
tively weak N binding strength, leads to a deviation from the typical
scaling relations for the reaction and therefore meets the criteria
for being an optimal ammonia synthesis catalyst. Note that the
increase in ammonia synthesis activity for the confined catalyst
compared with the step sites is a general trend among different
metals, as clearly revealed in Fig. 34, i.e., nine orders of mag-
nitude increase for Co, five for Ni, and two for Fe. Two factors
can cause increasing rates: 1) higher intrinsic activity or 2) an in-
crease in the number of active sites. Prior studies on Ru have shown
that step sites have a nine orders of magnitude higher activity than
terrace sites, and even though a typical Ru catalyst only has ~1%
step sites they clearly dominate the reactivity (30). Similarly, the
confined dual sites studied herein with, in the case of Co, an ad-
ditional two to three orders of magnitude higher activity than Ru
step sites, have the potential to increase the TOF further even if
only a small number of active sites are available. Confinement as
modeled in this study clearly represents an ideal structure of the
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Fig. 2. Ammonia synthesis activity volcano maps on different active sites.
Calculated ammonia synthesis rates as a function of the nitrogen adsorption
energy and the N-N transition-state energy on (A) metal terraces sites, (B)
step sites, and (C) confined terraces sites of transition metals. (Reaction
conditions: 673 K, pn, = 24.5 bar, py, = 74.25 bar, pyus = 1 bar corresponding
to 2% conversion.)

active site, and such sites could potentially be achieved using certain
practical experimental strategies, like incorporating small metal
nanoparticles inside carbon nanotubes with dual sites optimized
for the relevant reaction steps. In addition, the two-dimensional
(2D) materials MXenes also represent a group of candidates to
achieve the above-mentioned goal. For example, the layered MoS,
could provide an ideal confinement between two layers, where the
interspaces can also be adapted with state-of-the-art experimental
strategies, which makes it possible to decorate metal atoms/clusters
on both sides of MoS,. We note that incorporating metal clusters
inside carbon nanotubes to construct the dual active sites introduces
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Improved ammonia synthesis activity with confinement and corresponding economic analysis. (A) Activity difference between confined sites and step

(211) sites. Elements are ordered left to right according to their increasing TOF under confinement. (B and C) Ammonia synthesis rate (TOF) at No/H, = 1/3 as a
function of temperature and total pressure on confined Co and Ni catalysts, respectively. (D) Effect of working pressure on capital costs of a 63-m? vessel made
from carbon steel for industrial ammonia synthesis (the black dashed lines in B and C denote the activity range of a stepped Ru catalyst at 673 K, p = 100 bar,

Ny/H, gas ratio of 1/3, and 2% conversion).

significant challenges both from a synthesis and a stability perspec-
tive. The stability and catalytic fluctuation of small metal particles
have been studied extensively by Sautet and coworkers (34-36),
and they have demonstrated the essential role of fluxionality,
restructuring, dynamics, and an ensemble of metastable states in
determining the catalytic performances of metal clusters under
working conditions. Therefore, further studies of such dual active
sites should explicitly account for the stability and fluxionality.
With such significant improvements, catalyst engineering with higher
ammonia activity at lower temperature and lower pressure using
confinement become possible.

To evaluate under what conditions we can run the Haber—
Bosch process with comparable rates under confinement as mea-
sured on a stepped Ru catalyst we analyze how the ammonia syn-
thesis activity depends on reaction conditions on two of the most
active noble-metal-free catalysts in Fig. 2C, i.e., Co and Ni.
Fig. 3 B and C show the ammonia synthesis activity on Co and Ni
as a function of temperature and total pressure with an N,/H, gas
ratio of 1/3. The black dashed lines indicate the calculated activity
of the stepped Ru catalyst at 673 K, p = 100 bar, N,/H, = 1/3, and
2% conversion. In principle, the Co catalyst under confinement
shown in Fig. 3B can have ammonia synthesis activity comparable
to Ru step sites at low temperature and pressure. i.e., at 525 K with
a total pressure ~10 bar and at 600 K with a total pressure ~2.5 bar.
Similarly, the confined Ni catalyst shown in Fig. 3C also has the
possibility to perform better than the Ru catalyst when running at
700 K with a total pressure around 10 bar. The pressure reduction
carries an important financial incentive, and we have performed
an economic analysis to describe the direct reduction of capital
cost. Clearly, our economic assessment is based on the hypothesis
that the proposed confined dual sites can be synthesized success-
fully with state-of-the-art experimental techniques. Fig. 3D shows
the equipment cost and the bare module cost as a function of op-
erating pressure, calculated using the Capcost_2017 program as de-
veloped based on the textbook Analysis, Synthesis and Design of
Chemical Processes (37). As an example, the gurchased equipment
cost (bare module cost) for a typical 63-m” ammonia synthesis
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vessel made from carbon steel requires a roughly $5.34 (9.86)
million investment when operating at a pressure of 350 bar. This
number decreases to only $0.15 (0.40) million at operating pres-
sures around 10 bar. This analysis clearly reflects a dramatic de-
crease in capital cost of ammonia production via the Haber—Bosch
process if the catalyst could operate at lower reaction pressures, as
is shown to be possible with the confinement strategy introduced in
this article.

Conclusion

In summary, we have introduced a theoretical framework out-
lining how confined dual sites can facilitate the ammonia synthesis
reaction under milder conditions through modification of the estab-
lished scaling relations between the N, dissociation barrier and
atomic N adsorption energy. Our results show that a catalyst with
confined dual sites can have an ammonia synthesis rate two to
three orders of magnitude higher than the undercoordinated sites
on a Ru catalyst, the most active ammonia synthesis catalyst used
industrially, under the same reaction conditions. We find that
confined dual terrace sites have much lower N, dissociation
energy barriers than both terrace and step sites and at the same
time maintain a weak N binding strength, thus meeting the criteria
for being an optimal ammonia synthesis catalyst. Considering their
much higher activities, even if only a small number of such con-
fined dual active sites are available this can still dramatically in-
crease the TOF of the Haber—Bosch process. Despite the fact that
confinement as modeled in this study clearly represents an ideal
structure of the active site, it works as a potentially promising con-
ceptual strategy for reducing energy consumption in ammonia
production. Such sites could potentially be achieved using certain
practical experimental strategies, like incorporating small metal
nanoparticles inside carbon nanotubes or 2D materials with a
double-sided structure optimized for the relevant reaction steps.
We anticipate that the confinement strategy proposed in this work
will open avenues for the design of low-temperature and lower-
pressure Haber—Bosch catalysts at much lower capital and op-
erational cost. Further state-of-the-art experimental efforts are
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essential and highly desired to engineer such catalytic systems for
practical applications, which represent significant contributions to
sustainable energy and advances in heterogeneous catalysis.

Materials and Methods

Computational Details. All computations were carried out using a periodic
plane-wave-based DFT method as implemented in Quantum Espresso code (38)
with pseudopotentials GBRV version 1.5 (39). The energy cutoffs for plane wave
and electron density were set to be 500 eV and 5,000 eV, respectively. The
BEEF-vdW functional was used to describe the exchange correlation contribu-
tion to the electronic energy (26). The close-packed surfaces [the (111) facet for
FCC metal, the (0001) facet of HCP metal, and the (110) facet for BCC metal]
were simulated using seven-layer 2 x 2 supercells with the topmost two layers
relaxed and the bottom five layers constrained. The (4 x 4 x 1) Monkhorst—Pack
k-point grids were applied for sampling. The stepped surfaces [the (211) facet
for FCC metal and the (210) facet for BCC metal] were simulated with 12-layer
3 x 3 supercells with the topmost four layers relaxed and the bottom eight
layers constrained. A (3 x 3 x 1) Monkhorst-Pack k-point grid was applied for
sampling. Structure optimizations were done until forces became smaller than
0.05 eV/A and the energy difference was lower than 107> eV. A vacuum layer of
12 A was set between periodically repeated slabs for the normal surfaces
without confinement. Spin polarization was included for Fe, Co, and Ni systems
to correctly describe magnetic properties. Transition-state geometries were
located with the climbing-image nudged elastic band method (40). The vibra-
tion frequencies for all species were calculated to analyze thermodynamic
contributions to free energies. The thermodynamic enthalpies and entropies
were calculated using the harmonic potential approximation for surface ad-
sorbates and an ideal gas approximation for gas phase species. The calculated
gas-phase enthalpy change of the ammonia synthesis N, + 3H»(g) — 2NHs(g) at
298 K with BEEF-vdW functional and an ideal gas approximation is —92.14 kJ/
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mol, which is in good agreement with the experimental value of —91.8 kJ/mol
and indicates the reliability of our theoretical method in correctly describing
the gas-phase thermodynamics. The formation energies (AE) of all the species
are calculated relative to gaseous N, and H, as AEnywy = E(NHy) — E(slab) —
X*Eno/2 — y*Eno/2, where E(N,H,), E(slab), En,, and Ey, denote the electronic
energies of the surface slab with adsorbates, clean surface slab, and gas-phase
N, and H, molecules, respectively. The Gibbs free energy (AG) at different
temperatures is calculated with AGnyy = AEnyhy + AZPE — TAS, where the
enthalpy and entropic contributions are calculated within the harmonic ap-
proximation for surface species and the ideal gas approximation for gas-phase
species. The CatMAP code (41) was applied to solve the differential equations in
our mean-field microkinetics modeling and calculate TOF of ammonia synthesis
at descriptor spaces and different reaction conditions.

Data Availability. Optimized coordinates have been deposited at Catalysis-
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are included in the article and/or supporting information.
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