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Abstract

Ammonia, being a vital chemical compound, has made substantial contributions
to the progress of society. It addresses not only the issue of nitrogen fixation
from the atmosphere but also helps alleviate the food crisis. Nevertheless, the
conventional Haber-Bosch process for synthesizing ammonia is frequently as-
sociated with substantial greenhouse gas emissions and the consumption of
fossil fuels. Consequently, in response to significant environmental challenges,
the prospective trajectory for the synthetic ammonia sector involves the adop-
tion of strategies such as carbon reduction, energy-efficient conversions, and
the exploration of environmentally friendly and sustainable approaches to am-
monia synthesis. Among the various methods for green ammonia synthesis,
chemical looping ammonia synthesis (CLAS) technology is regarded as one of
the most promising alternatives to conventional ammonia synthesis methods in
the upcoming years. This can be attributed to the relatively mild operating con-
ditions and the flexible and distributed characteristics of its processes. In this
paper, the thermodynamic and kinetic properties of nitridation and ammoniation
reactions were examined through the lens of CLAS. The design and regulation
strategies of nitrogen carriers (NCs) are summarized based on various types
of NCs. The process of CLAS was summarized in relation to various NCs. This
paper serves as a foundational resource for the prospective advancement of
the CLAS framework.
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1 INTRODUCTION

Ammonia is not only an important chemical raw
material for the production of nitrogen fertilizer,
but also 80% of nitrogen-containing chemicals are
produced from ammonia'’!. However, the synthetic
ammonia industry is a high-energy and high-emission
industry. It is important for the synthetic ammonia

industry to improve its technology. Furthermore, we
are confronted with a series of environmental problems
caused by the increase in greenhouse gases. The
development of carbon-free fuels, the use of renewable
energy instead of fossil fuels, and the development
of low-cost, high-efficiency energy storage methods
are the promising ways to achieve sustainable social
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development'”’. With the vigorous development of
renewable technology, we have gradually realized
that flexible storage and transportation of renewable
energy can effectively address the instability and
discontinuity of renewable energy, and alleviate energy
pressure, especially in recent years. Ammonia has
the advantages of high energy density and hydrogen
content, easy storage and transportation, making
it one of the most effective energy carriers” . The
utilization rate of renewable energy can be effectively
improved by storing energy in ammonia and reusing it
after decomposition, which can ensure energy security.
Ammonia as a carrier of hydrogen, can reduce the risks
associated with hydrogen storage and transportation. It
also addresses the challenge of storing and transferring
hydrogen efficiently””®!. Compared with hydrogen,
the liguefaction pressure of ammonia is only one-
twentieth of that of hydrogen at room temperature,
and the volume of hydrogen is 4.65 times that of
ammonia when storing the same amount of energy.
Furthermore, the pipeline and navigation transportation
of ammonia are more mature'’’. Under atmospheric
conditions, ammonia can be liquefied by increasing the
pressure to 10 bar or cooling it to -33°C. This process
enhances the properties of ammonia as an energy
carrier and a carbon-free fuel. The excellent storage
and transportation properties of ammonia make it
highly competitive among many carbon-free fuels. The
ammonia economy has unlimited potential in the future.

At present, the industrial synthesis of ammonia
generally adopts the Haber-Bosch (H-B) method. The
fossil fuel (coal or natural gas) is used as the feed to
produce syngas. And then a certain amount of air is
introduced into the syngas, where oxygen reacts with
CO to form CO,, releasing heat to provide energy for
the reaction'®. The remaining N, and H, are used to
produce ammonia. The reaction conditions of the H-B
method are quite intense (pressure ranges from 10-
30MPa and temperature ranges from 350-550°C),
leading to a serious conflict between thermodynamics
and kinetics. The reaction is difficult to occur at high
temperatures. However, the low reaction temperature
leads to a slow formation rate of ammonia, which
results in a relatively low overall yield of ammonia'”. A
lot of research has been devoted to the development of
efficient catalysts for ammonia synthesis. At present,
the catalysts commonly used for ammonia synthesis
by the Haber-Bosch method include Fe;O, catalyst,
Ru catalyst and Fe, O catalyst''’'?), The synthesis of
ammonia from N, and H, under mild conditions is one
of the most challenging topics in the field of the Haber-
Bosch method for ammonia synthesis, particularly
for the traditional ammonia synthesis industry. In
addition, the harsh reaction conditions not only impose
higher demands on for the reactor but also necessitate
the use of a significant amount of fossil fuels for

hydrogen production and energy supply, leading to CO,
emissions. Statistics show that the synthetic ammonia
industry emits 500 million tons of CO, per year,
accounting for 1.8% of global CO, emissions'”. It is
important to realize green and low energy consumption
synthesis of ammonia, implement energy-saving and
carbon reduction transformation and develop green
and low carbon energy production technologies for the
future development of the ammonia industry.

At present, the green ammonia synthesis process
can be achieved through electrocatalysis, photocatalysis
and chemical looping technology. On the one hand,
green ammonia synthesis technology is characterized
by ability to obtain the hydrogen source through
environmentally friendly methods such as electrolyzing
water or photolyzing water, or by using water instead
of hydrogen to react with N, to produce ammonia"*"®.,
However, the ammonia yield is still low. On the other
hand, it has the characteristic of zero carbon emissions
in its energy acquisition process. Solar energy and
other renewable energy sources can be used to supply
energy for the entire system instead of fossil fuels.
Due to the unstable and discontinuous characteristics
of renewable energy, there are still many challenges in
the practical application of ammonia synthesis driven
by electricity or light. For example, the efficiency of
ammonia production and catalyst stability are still
low'"”), Chemical looping ammonia synthesis (CLAS)
can decouple the synthesis of ammonia into multi-step
reactions and optimize the sub-reactions individually,
which is enable to achieve the synthesis of ammonia
under mild conditions'®'), Furthermore, the CLAS
process can operate in atmospheric conditions. Due
to the flexibility of the chemical looping technology
process, CLAS can be integrated with various processes,
offering the potential for low energy consumption and
high efficiency in ammonia synthesis. Based on the
reaction mechanism of CLAS, this paper systematically
discusses various processes involved in CLAS. The
selection criteria for nitrogen carriers (NCs) are also
discussed from the perspectives of thermodynamics
and kinetics. The structure and reaction mechanisms of
various types of NCs are reviewed, and the advantages
and disadvantages of different NCs are dialectically
analyzed. The design principles and regulatory strategies
of NCs are also reviewed to provide guidance for the
design and development of NC, optimize the reaction
process, and accelerate the application of CLAS process.
Finally, the existing CLAS process is summarized, and
future development directions for the CLAS process are
proposed.

2 CLAS

The chemical looping technology refers to the process
of decoupling the overall reaction into multiple step-by-
step reactions and optimizing each individual reaction
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sequentially to achieve the goal of optimizing the overall
reaction. Each step reaction can occur in different
spatial and temporal conditions'””**'. The consumption
and regeneration of the carrier are utilized to link the
step reactions in series to accomplish a comprehensive
reaction process. Among them, due to the different
properties of the materials, they can be classified as
NCs, oxygen carrier, sulfur carrier, carbon carrier and so
on”***!, Recently, CLAS technology has become a research
hotspot. It can achieve efficient synthesis of ammonia
under relatively mild reaction conditions. CLAS technology
utilizes NCs to circulate between the nitridation and
ammonification reactors, enabling low-energy and
efficient synthesis of ammonia®®’. The basic principle
is shown in Figure 1. Compared with H-B method,
CLAS technology decouples the original ammonia
synthesis reaction into two reactions of nitridation and
ammonification reactions. This decoupling allows for
precise control of each sub-reaction. CLAS technology
can also prevent the competitive adsorption of H, and
N,, addressing the conflict between thermodynamics
and kinetics'”’!. Due to the characteristics of CLAS
technology, the entire ammonia production process
becomes milder, leading to significantly improved
selectivity and yield of ammonia. Furthermore,
efficient synthesis of ammonia can be achieved under
atmospheric pressure by utilizing the mass transfer
properties of the NCs. And the NCs can utilize the heat
transfer relationship between the nitriding reactor and
the ammoniation reactor to achieve the self-heating
operation of the system. CLAS technology can eliminate
the reliance of the ammonia synthesis industry on
fossil fuels and enable the realization of a truly green
ammonia synthesis process”*™”. The chemical looping
technology is more diverse in terms of obtaining
hydrogen and nitrogen sources because of its flexible
process. In the realm of hydrogen source acquisition,
apart from utilizing green hydrogen production methods
like photolyzed water and electrolytic water production,
it can also be integrated with biomass chemical looping
gasification and biomass chemical looping hydrogen
production process”"*”. The use of a high concentration
of N, at the outlet of the air reactor, instead of the
traditional air separation process, can significantly
reduce energy consumption and cost”’ ", Therefore,
the CLAS comprehensively understands the ammonia
energy industry chain, from green energy to synthetic
ammonia to terminal utilization scenes, and develops a
green synthetic ammonia process route.

The performance of NCs in CLAS will determine the
efficiency of ammonia synthesis in the entire system.
NCs can be categorized into covalent NCs, ionic NCs,
transition metal (TM) nitride NCs, and other types
of NCs (such as composite NCs and perovskite NCs)
based on their composition and properties. Different
types of NCs have distinct reaction processes, and their

regulation and optimization strategies vary accordingly.
In order to achieve precise regulation of NCs, it is
essential to comprehend the thermodynamic and
kinetic properties of NCs. Based on the thermodynamic
and kinetic properties of NCs screen out potential NCs
materials can be identified and the reaction mechanism
can be determined. Finally, developing the complete
CLAS process to expedite the implementation of CLAS
in the industry.

3 CLASSIFICATION OF NCs

3.1 NCs for Chemical Looping Synthesis
Ammonia Mediated by H,

The CLAS process using H, and N, for production
ammonia can be divided into the reaction dominated
by TM NC (H,-TM CLAS), the reaction dominated
by alkali metal hydrides (H,-AM CLAS), and the
process of CLAS dominated by some special structure
compound for example anti-perovskite (A;BN) and
two-component composite (TCC) NC (H,-A;BN/TCC
CLAS). These three reaction processes all use H, as
the hydrogen source, but there are obvious differences
in reaction mechanism, reaction conditions and
preparation methods.

3.1.1 The NCs for H,-TM CLAS

After a hundred years of development, the synthesis
of ammonia using the Haber-Bosch method remains
an energy-intensive industrial process. There is a
significant conflict between thermodynamics and
kinetics in the reaction. The synthesis of ammonia is
thermodynamically favorable at low temperatures;
however, the low temperature hinders the reaction
rate. The synthesis of ammonia typically occurs
under severe reaction conditions. In order to enhance
the yield of ammonia and create milder reaction
conditions, extensive research has been dedicated
to developing ammonia synthesis catalysts with
outstanding performance®. The catalyst composed
of TM is considered an ideal material for ammonia
synthesis”’**, At present, the ammonia synthesis
catalyst has gradually evolved from the initial
commercial Fe-based catalyst to the current second-
generation Ru-based catalyst and Fe,,O type metal
oxide catalyst””“”’, With the gradual maturity of
advanced characterization techniques and theoretical
calculation methods, researchers have conducted in-
depth research on TM catalysts. They have proposed
design principles for TM catalysts, such as Fe, Ru, and
Co-Mo, based on the Sabatier principle'*"*’!. It is found
that the activation energy of the TM catalyst for N,
is proportional to the adsorption energy of N, on the
catalyst surface, which conforms to the Brgnsted—
Evans—Polanyi relationship, as shown in Figure 2A.
It can be seen from Figure 2B that the ammonia
synthesis activity of TM exhibits a typical volcanic
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Figure 1. Schematic Diagram of CLAS. (Alkali metal (AM); metal elements (Me); two-step water (H,0-2step); three-step

water (H,O-3step)).

curve™*, he former TM is located on the left side
of the volcanic curve, making it easy to break N=N
bonds, while the latter TM is generally difficult to nitride
due to the weak adsorption energy of N,. The material
located in the center of the volcanic curve is considered
to have excellent NC and ammonia production
properties. During the CLAS process, N, and H, are
alternately introduced into the reactor. This method
fundamentally prevents the competitive adsorption of
N, and H,, thereby enhancing the interaction between
nitrogen activation energy and adsorption energy of
the TM catalyst. The valence states of TM are diverse,
resulting in a variety of nitrogen-containing species and
the ability to accommodate different contents of lattice
nitrogen'*“**!, The transformation between the nitrides
facilitates the migration of lattice nitrogen. Therefore,
TM NCs are also considered to be the most promising
materials at present.

TM NCs can be categorized into TM nitride NCs and
TM oxide NCs. TM nitrides typically use hydrogen as a
hydrogen source to synthesize ammonia, whereas TM
oxide NCs use steam instead of hydrogen for synthesizing
ammonia. This section mainly introduces the research
progress of TM nitride NC. Compared with other NCs,
TM nitride NCs can easily convert between nitrogen-rich
and nitrogen-poor compositions. The poor NCs is nitrided
in the nitridation reactor, and then the rich NCs are
reduced by hydrogen in the ammonia production reaction
to achieve a complete process of CLAS. The reaction
process is illustrated by Equations 1 and 2.

TMN, + 3%/2H,~TM,N,, + xNH; (1)
TM.N,.. + Xx/2N,—>TM,N, 2)

At present, there are three preparation methods
for TM nitride NCs. (1) The ammoniation method
involves the calcination and reduction of metal oxides
or metal salt precursors in NH;. The NCs prepared
by this method have a single crystal phase and high
crystal purity. However, ammonia is the target product.
When ammonia is added to the reaction medium, it
will decrease the reaction efficiency of the process. (2)

The pyrolysis method refers to the use of nitrogen-
containing organic compounds and metal precursors for
co-pyrolysis. Nitrogen-containing organic compounds
mainly included melamine, urea and urotropine.
Compared with ammonia hydrolysis, this method uses
nitrogen-containing precursors instead of NH5;, making
the process more economical. (3) Mechanical mixing-
pyrolysis is a method used to produce metal nitrides
by pyrolyzing metal source materials and nitrogen-
containing molecules after mechanical grinding and
stirring. Its advantage is that the operation process is
convenient and the steps are simple. However, solid-
state mixing is evidently not as uniform and dispersed
as the system produced by liquid/liquid mixing or
liquid/solid mixing. This disparity will further impact
the morphology and application performance of the
product.

3.1.1.1 Binary TM Nitride NCs

Binary TM nitride NCs are that the NCs contains
only one transition Me. For this type of NC, transition
Me like Mn, Fe, and Mo show moderate adsorption
strength for N,, aligning with the Sabatier principle and
attracting considerable attention'**!. In the process
of heterogeneous catalytic synthesis of ammonia, the
Sabatier principle is usually considered an important
criterion for screening catalysts for ammonia synthesis.
This principle can also be used as a reference to screen
appropriate NC. According to the thermodynamic
calculations, the nitridation and hydrogenation
reactions of certain TM nitrides. As shown in Table 1 it
is found that the thermodynamic properties of the TMs
are different. Among them, the nitridation reaction
of Mn is a thermodynamically favorable reaction, but
its ammonia production reaction is a thermodynamic
climbing reaction. The late TM exhibits diametrically
opposite properties, while Fe exhibits diametrically
opposite properties as NC. However, molybdenum
as a pre-TM is thermodynamically favorable for the
nitridation and reduction reactions at low temperatures,
as shown in Figure 3.
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Figure 2. Activity of Transition Metal Catalysts for Ammonia Synthesis. A: The relationship between the activation en-
ergy of N, and the dissociation energy of N, on the catalytic surface. Reproduced from Ref.") with permission from American
Chemical Society. B: The relationship between the conversion frequency and the adsorption energy of nitrogen. Reproduced

from Ref."”) with permission from Elsevier.

Table 1. TM NCs Nitridation and Ammonia Production Reaction

Nitridation Amination

8Fe+N,(g)=2Fe,N (E1) Fe,N+3H,(g)=2Fe,N+2NH(g) (E9)
2Fe,N+N,(g)=4Fe,N (E2) 2Fe,N+3H,(g)=8Fe+2NH5(g) (E10)
8Mn+N,(g)=2Mn,N (E3) 5Mn;N,+6H,(g)=3MnsN,+4NH;(g) (E11)
10Mn,N+3N,(g)=8Mn;N, (E4) 8Mn;N,+9H,(g)=10Mn,N+6NH(g) (E12)
3MnsN,+2N,(g)=5Mn;N, (E5) 2Mn,N+3H,(g)=8Mn+2NH,(g) (E13)
4Mo+N,(g)=2Mo,N (E6) 4MoN+3H,(g)=2Mo,N+2NH;(g) (E14)
2Mo,N+N,(g)=4MoN (E7) 2Mo,N+3H,(g)=4Mo+2NH(g) (E15)
6Co+N,(g)=2CoN (E8) 2Co;N+3H,(g)=6Co+2NHs(g) (E16)

Studies have shown that manganese can form
nitrides such as Mn,N, MnsN,, Mn,N, Mn2N0.86, Mn;N,
and MnN under a nitrogen atmosphere. This property
gives manganese a high nitrogen capacity, making
it suitable for CLAS"", Laassiri et al.””’ found that
although manganese has a good nitrogen holding
capacity, its reaction performance is limited. Only
3.1% of lattice nitrogen in Mn;N, can be converted into
ammonia, and most of the lattice nitrogen is released
in the form of N,. On the one hand, this is because
the reaction temperature is too high to cause NH; to
decompose into N,. On the other hand, due to the
weak interaction between Mn-N, the lattice nitrogen is
released in the form of N,. However, the use of metal
doping can promote more lattice nitrogen to NH;.
When Li* is doped, the low-temperature ammonia
production characteristics of manganese-based NC
are enhanced. Ammonia can be generated at 400°C,
and the conversion ratio of lattice nitrogen to NH; is
increased to 15%. The process of atom doping can
effectively inhibit the regeneration step of N, and
enhance the conversion rate of lattice nitrogen.

However, when Fe, K and other atoms are doped
into the manganese-based NC, the yield of NH; does
not increase significantly. In addition, the electronic
structure of manganese-based NC can be adjusted

through doping or alloying. By doing so, the stability
of lattice nitrogen in NC which in turn can affect the
performance of ammonia production. Although the
heteroatom deposition method is expected to enhance
the reaction performance of manganese-based NC,
further exploration of this method is still necessary.
The role of TM alloying has been verified in the field
of catalysis. Two types of TM alloying can create
numerous reactive sites at metal interfaces, facilitating
the nitriding process and ammonia production through
interface interactions. The methods of alloying and
heteroatom doping have a significant influence on the
electronic structure and properties of TM. This influence
is expected to enhance the reaction performance of TM
nitrides. According to DFT calculation results, 3d TM
can decrease the stability of lattice nitrogen. Moreover,
the higher the proportion of 3d electrons in TM, the
lower the formation energy of lattice nitrogen™".

At present, on the one hand, it is believed that Fe-
doped manganese-based NC can alter the electronic
structure of manganese and decrease the diffusion energy
barrier of lattice nitrogen. However, the experimental
results show that the ammonia production performance
of Fe-doped manganese-based NC is not as good as that
of single manganese-based NC. Wang et al.”” found that
nitridation at 800°C and reduction at 600°C will cause
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Reduction Reaction with Temperature.

the sintering of the NC and affect its cyclic ammonia
production performance. When 50wt% Al,O; is used as
the carrier, it can effectively disperse the active component
and prevent the sintering of the NC. The addition of Al,O5
can promote the conversion of lattice nitrogen to NH;
and increase the content of effective lattice nitrogen in
NC. As shown in Figure 4, the addition of ALO; to the
Me-Fe NC resulted in a significant increase in ammonia
production. In addition to using ALLO; as an inert carrier,
other materials with good thermal stability and the ability
to promote H,/N, dissociation are utilized as inert carriers
to disperse the active phase. While inhibiting the sintering
of NC, the ammonia yield increases, and the cycle stability
of NC is enhanced.

The high temperature of the H, reduction reaction
of manganese-based NC leads to the significant
decomposition of NH;. How to decrease the temperature
of the reduction reaction while maintaining the ammonia
yield unaffected is also a challenge to be addressed in
the future. Manganese is positioned on the right side
of the volcanic curve, making it prone to reacting with
N, to produce corresponding nitrides. However, its low
reactivity in reduction reactions hinders the advancement
of manganese-based NC. Fu et al.””” reduced the stability
of the Mn-N bond through Ni doping, which effectively
enhanced the cyclic ammonia production performance

of manganese-based NC. From Figure 5, it is not difficult
to find that the low concentration Ni-doped manganese-
based NC exhibits high hydrogenation activity and
selectivity. At 750°C, the effective conversion rate of
lattice nitrogen in 80Mn20Ni-N reaches 36.1%, which
is 15.7% higher than that of undoped manganese-
based NC. The introduction of Ni can enhance the bulk
migration and interfacial reaction of lattice nitrogen
by increasing the d-orbital electrons. This can achieve
the best kinetic matching between the two, thereby
improving the activity and selectivity of converting lattice
nitrogen to NH;.

This method of using TM doping to improve the reaction
performance of NC has also been proven in CrN. Wang et
al.”" modified the different contents of Co and Ni on the
CrN NC prepared by ammonolysis. The synergistic effect
between this TM and CrN greatly improved the lattice
nitrogen utilization of the NC. The single CrN reaction
is extremely inefficient, with only 4.5% of the lattice
nitrogen able to react with H,. As shown in Figure 6, after
loading cobalt onto CrN, the lattice nitrogen conversion
of the composite NC reached 50.7%, and the ammonia
selectivity reached 98.1%. In addition, Co-CrN exhibits
excellent cycling stability, and the ammonia production
rate of NC can still reach 466.1umol-g"*h™" in 12 cycles,
which is ten times higher than that of single CrN.
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In addition, another widely concerning issue is can reduce the reaction energy barrier of re-Mo,N and
molybdenum-based NC. The reaction conditions promote the nitridation of NC. However, the specific
for molybdenum-based NC are milder than those nitridation mechanism still requires further study.
for manganese-based NC. The ammonia yield of
m°'ybde"”nj{ba_fed NC prepared by pyrolysis is 3 4 4 > Ternary TM Nitride NCs
4576pumol-g”"-h™" at 450°C, which is three times
higher than that of Ru-based catalysts under the same The ternary transition nitride NC can compensate
conditions'®”, as illustrated in Figure 7A and B. As  for the performance deficiencies of single metal NC.
shown in Figure 8, there is no obvious deactivation For example, the combination of Mn which is not easily
of Mo,N in 8 cycles, and the ammonia yield remains nitrided, and Fe which is not easily converted into
stable, indicating promising application prospects ammonia, the construction of Fe-Mn bimetallic NC can
for molybdenum-based NC. However, the nitriding help improve the characteristics of single Fe-based
process of Mo,N is relatively slow, which can facilitate NC, which is not easily reduced, while promoting the
the nitriding of NC after reduction under the action of ~ nitriding of Mn. In addition, it is not difficult to find
H,. According to the DFT calculation results, hydrogen ~ from the volcanic curve that CoMo has a moderate
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bond energy for ammonia synthesis, which is closer
to the center of the curve. At present, it has been
successfully proven that CogMogN can produce CosMo;N
in N, atmosphere, and Co;Mo;N can be reduced by
H, to generate NH;"**"!, According to isotope tracer
experiments, it was found that CogMogN can convert
nitrogen in N, into active lattice N, and the active
lattice nitrogen generated is transformed into NH; in
the presence of H,. However, there is no unified theory

for the preparation of ternary TM nitrides. At present,
only CosMo;N has been reported as a ternary TM
material that can be used for CLAS. Through the study
of Fe-Mn and Co-Mo composite NC, it has been found
that combining front TM with back TM is a common
strategy for constructing composite TM NC. In terms
of reactivity, the former TM is not easily nitrided but
tends to produce ammonia at low temperatures, while
the nitriding and reduction properties of the latter TM
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are completely opposite. Therefore, the combination
of front and back TM can compensate for each
shortcoming.

3.1.2 Discussion for H,-TM CLAS

TM NC are considered to be the most promising NC
materials due to their moderate reaction temperature
and variable valence. However, improving the yield
of ammonia remains an important issue that needs
to be urgently addressed. For a single-component
TM NC, a reasonable design strategy is needed to
enhance reactivity and cycle stability. On the one
hand, it is necessary to reduce the formation energy
of nitrogen vacancies and promote nitrogen fixation
in NC. On the other hand, it is necessary to weaken
the metal-nitrogen bond strength and promote the
extraction of lattice nitrogen by H,. As the number of
cycles increases, a single TM NC usually sinter due to
agglomeration and structural collapse, which affects
the ammonia production performance of the NC. This
is due to the conflict between reaction kinetics and
thermodynamics. The lower reaction temperature NC
has a slower ammonia production rate, necessitating
an increase in temperature to enhance the kinetic
properties. Selecting the appropriate inert component
to disperse the active phase can not only prevent the
sintering of the NC, but also improve the reaction
kinetic properties. Therefore, exploring the specific
mechanism of the inert component in the active phase
can guide the design of high-stability NC.

Secondly, due to the poor thermal stability of single
component NC without inert carrier loading, the active
components agglomerate at high temperatures.
The composite TM NC is still in its infancy. Further
optimization of the preparation method of NC and
exploration of the nitridation mechanism and ammonia
production of NC are areas of concern. Currently, the
conversion rate of lattice nitrogen in NC is generally
low. How to improve the effective conversion rate of

lattice nitrogen is also a challenge that needs to be
addressed in the future design and regulation of NC.

3.1.3 The NCs for H,-Alkali Metal
CLAS (H,-AM)

Ionic NC can be divided into AM/alkaline earth metal
hydride NC and AM/alkaline earth metal nitride NC.
The process of CLSA dominated by ionic NC is usually
thermodynamically feasible and has good kinetic
performance”®. Compared with TM and covalent NC,
ionic NC have milder reaction conditions, but their
stability is poor and the preparation conditions are
harsh. At present, the hydrogenation of AM is typically
carried out using high-pressure H2 or reducing agent
reduction methods, which can make the preparation
process hazardous'™*°

The AM/alkaline earth metal hydride NC generates
an AM/alkaline earth metal imino compound under
the action of N,, and then produces ammonia and AM/
alkaline earth metal hydride under the action of H, to
complete the cycle, as illustrated in Equations 3 and 4.
TM NC use TM as electron donors to activate nitrogen,
while AM/alkaline earth metal hydride NC use negative
valence H as electron donors to activate N,. Guan et
al."®" found that a hydrogen vacancy in BaH, is key
to activating N,. The presence of a hydrogen vacancy
enhances the efficiency of ammonia production
in NC compared to that of the thermal catalytic
process under similar conditions. As shown in Figure
9, the ammonia production rate of BaH, can reach
3500umol-g~"-h™", which is ten times higher than that
of the catalytic process.

AAH,+xN,=2xA,,NH+xH,  (3)

xA2/xNH+2xH,=2AH, +xNH; (4)

Although this process has excellent reactivity, H,
must be used as the hydrogen source. The formation
of ammonia requires the interaction between lattice
nitrogen and H,. In addition, the AM/alkaline earth
metal hydride NC can facilitate the synthesis of
ammonia under mild reaction conditions®”. LiH and
BaH, can be nitrided at 400°C and 250°C, respectively.
Li,NH and BaNH can be hydrogenated to produce
ammonia at 300°C and 200°C, making the reaction
process very mild. Gao et al.'®” found that doping TM
atoms into LiH and BaH, can enhance the nitridation
of NC and increase the rate of ammonia production
through hydrogenation. Among them, Ni+ has the
most obvious promoting effect on NC, and Ni* is
considered to be a NC with weak catalytic activity in
the process of thermocatalytic ammonia synthesis.
This is because H, and N, enter the reactor alternately
to prevent the competitive adsorption of H, and N,
on the surface of the NC. This reduces the adsorption
energy barrier of N, on the surface of the NC, allowing
Ni* to facilitate the nitridation of the NC. Compared
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with typical ammonia synthesis catalysts like Cs-Ru/
Mg in Figure 10, the reaction conditions of the AM-
dominated process of CLAS are very mild and can be
carried out at atmospheric pressure.

Compared with other NCs, the reaction conditions
of CLAS dominated by Li,NH and BaNH are relatively
mild and can be carried out at 100°C and atmospheric
pressure. Although the AM/alkaline earth metal
hydride NC has excellent reaction performance and
low-temperature ammonia production, the AM hydride
has poor thermal stability and high preparation cost,
which is not conducive to large-scale production.
The preparation process of AM/alkaline earth metal
hydrides is usually carried out in a glove box, and the
corresponding hydrides are obtained by using H, to
reduce AM/alkaline earth Me. Although the AM/alkaline
earth metal hydride NC reaction conditions are mild
and the ammonia production performance is excellent,
the preparation process requires the use of hydrogen,
which significantly diminishes the process economy.
Therefore, the development of AM dominated CLAS

technology by green hydrogen can improve the
process economy.

3.1.4 Discussion for H,-AM CLAS

The ion-type NC has the advantages of mild reaction
conditions, normal temperature, and pressure. It
can not only synthesize ammonia but also achieve
a high ammonia yield, reaching the thermodynamic
limit of the original reaction when other energy forms
are introduced. However, the instability of the ionic
NC itself and the high preparation costs limit their
application. Therefore, the development of low-cost
preparation methods and the improvement of the
thermal stability of ionic NC need further consideration
in the future.

3.1.5 The NCs for H,-A,BN/TCC (H,-
A,BN/TCC) CLAS

In addition to the three types of NC mentioned
above, composite NC with dual active components and
perovskite NC with special structures have gradually
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from AIP publishing.

attracted attention. Feng et al.'*”) Prepared Li,NH-
Mn,N and BaNH-Mn,N NCs by combining ionic NC
with TM nitride NC. The two NC promote each other
in the reaction process. As a NC, Mn,N can reduce the
activation energy of the reaction involving Li,NH, BaNH
and H,, thereby promoting the formation of ammonia.
Li,NH and BaNH can also facilitate the nitridation and
hydrogenation of Mn,N. This enables the composite NC
to efficiently synthesize ammonia at 0.1MPa and 300°C.
The efficiency of ammonia production is superior
to that of the Cs-Ru/MgO catalyst under identical
conditions, as illustrated in Figure 11. However, the
reaction mechanism of the composite NC material,
consisting of ionic and TM nitrides, still requires further
exploration through advanced characterization methods
and theoretical calculations. In addition, the alloying of
Me can also adjust the nitrogen loading and ammonia
production properties of NC. The alloying of Me can
alter the characteristics of a single Me, modify its
original electronic properties and structure, and create
a new reactive center for reactions to occur. Yamaguchi
et al.”®”! successfully synthesized ammonia under mild
conditions using a Li-Sn alloying strategy. Ammonia
signal was successfully detected in mass spectrometry,
as shown in Figure 12. Li;;Sn, can be nitrided at 500°C
and 0.1MPa, resulting in the production of ammonia
at 300°C in atmospheric H,. Compared with Li as a NC
alone, the preparation strategy of alloying makes the
reaction conditions of Li-Sn alloy NC milder, and the
process does not require additional energy input to
overcome the thermodynamic energy barrier. However,
the stability of the cycle and the reaction mechanism
of the NC after alloying require further exploration. A
corresponding alloying strategy is proposed to guide
the development and design of the NC.

CLAS decomposes the total reaction of ammonia
synthesis, as shown in Equation 5, into multiple
independent step-by-step reactions. The inclusion of

reaction intermediates enhances the energy efficiency
of the reaction process and reduces the thermodynamic
energy barrier for the reaction. Therefore, determining
the appropriate transfer medium and screening the
suitable nitrogen-loaded and ammonia-producing
materials can not only optimize the reaction conditions
but also enhance the equilibrium yield of ammonia. At
present, under an operating pressure of 150 bar, the
equilibrium yield of ammonia in a commercial ammonia
synthesis catalytic device reaches 28%. This implies that
the equilibrium yield of CLAS should exceed 38% under
the same energy consumption. At the same cost, the
ammonia equilibrium yield of the CLAS process exceeds
26%, making it competitive®’. Among them, the
ammonia yield of 26% is only a conservative estimate,
and the actual cost of the reactor cannot be calculated
due to insufficient data on the expenses associated with
the chemical looping synthesis of ammonia reactor.
Based on the above criteria, the Gibbs free energy of
each distribution reaction can be calculated to determine
the equilibrium yield of the NCs at different reaction
temperatures and pressures and identify the appropriate
operating conditions.
N,+3H,=2NH, (5)

Recently, the thermodynamic properties of the
process of CLAS mediated by AM and TM NC have
been reported. In the thermodynamic evaluation of
LiH/Li,NH, MgH,/MgNH, CaH,/CaNH, SrH,/SrNH, BaH,/
BaNH and other AM NCs oxidation-reduction pairs, only
LiH/Li,NH meets the requirement of NH; equilibrium
yield greater than 26%. As shown in Figure 13 under
the reaction temperature of 250-450°C and a reaction
pressure of 150 bar, NCs located below the line exhibit
a higher ammonia yield. The LiH/Li,NH compound
demonstrates excellent thermodynamic properties with
lower solid reaction heat and higher reaction entropy.
Laron Burrows conducted a thermodynamic evaluation
of 14 CLAS processes'®”’. Compared with other NCs, the
thermodynamic properties of Cas;N,/CaH,, SrH,/Sr;N,,
MnO./MnsN, and MoO.,/Mo,N are superior. By analyzing
the nitridation and reduction reactions of Ca;N,/CaH,,
SrH,/Sr;N,, MnO,/Mns;N, and MoO,/Mo,N, it is found
that the nitridation and reduction processes of Ca-
based NC and Sr-based NC are typical exothermic and
endothermic reactions, respectively. In contrast, the
heat relationship of nitridation and reduction reactions
dominated by MnO, and MoO, is opposite. The heat
relationship of 14 CLAS reactions is summarized. This
is due to the different reaction processes dominated by
the two types of NC. Through thermodynamic analysis
of the CLAS reaction to determine the heat involved in
each step of the reaction, and subsequently using the
kinetic method to establish the reaction rate of each
step, is a common approach in studying the NCs.

At present, there are few detailed studies on
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the kinetics of the nitridation reaction of NCs. The
nitridation reaction is typically an exothermic process.
The high reaction temperature will affect the degree
of nitridation of NC, while a low reaction temperature
will impact the rate of nitridation. CLAS is typically
conducted under atmospheric pressure, and the
reaction pressure is generally not taken into account.
In addition to the influence of reaction conditions,
the particle size, composition, and nitrogen fixation
method of NC will affect the kinetics of the nitridation
reaction.

The nitrogen fixation methods of NCs include
reduction gas and N, synergistic nitrogen fixation, solid
reducing agent and N, synergistic nitrogen fixation,
and nitrogen fixation process using only N,. Due to the
competition between N, and other gases, the specific
reaction kinetic mechanism needs further determination.
Secondly, the particle size of NCs affects the diffusion
and mass transfer processes of gas, thereby influencing
the rate of nitrogen fixation rate*®®”. At present, it is

Ab
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Figure 13. Minimum AH,,, and AS,;; Are Represented
by the Plotted Lines. Pairings situated below or to the right
of these lines have properties enabling them to have compa-
rable or better performance than the conventional process.
Three temperatures are considered for the benchmark at 150
bar. Reproduced from Ref."”! with permission from Elsevier.

generally believed that as the particle size increases,
the nitriding reaction becomes increasingly dependent
on pressure. The nitriding reaction is typically conducted
at atmospheric pressure, indicating that the adsorption
on the surface of larger particles decreases. Conversely,
smaller particles tend to agglomerate at higher reaction
temperatures, impacting the nitrogen fixation of t
NCs'"’!. Therefore, choosing the appropriate size of the
NCs particles is expected to improve the nitridation
reaction kinetics. In addition, it is also expected to
enhance the nitridation and reduction reaction kinetics
of NCs by selecting suitable metal oxide carriers and
loading appropriate additives. When the Mn,N-LiH/
BaH, composite NCs were prepared, it was found that
the addition of LiH and BaH, could significantly reduce
the activation energy of Mn,N nitridation and reduction
reactions, and promote the reactions of nitrogen fixation
and ammonia production. As shown in Figure 14, when
LiH and BaH, participate in the reaction, the activation
energy of the ammonia production reaction decreases
by half compared to the original value.
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The research on the kinetics of the reaction involving
the reduction of ammonia production should be explored
across various reaction routes. For the process of
CLAS with H, as the hydrogen source and water vapor
as the reactant, the gas diffusion and mass transfer
modes on the particle surface should be determined
initially. Secondly, the various rate-limiting steps of the
hydrogen source and the surface should be determined.
Subsequently, the kinetic model of the reduction
reaction should be established, providing a foundation
for the design of more advanced NC materials.

In addition to the improvement strategy of alloying,
the preparation of NC with a special structure can also
enhance the reactivity of NC. Goto et al.'”" prepared a
NC with an A;BN. The NC precursor can be aminolyzed
in NH; to obtain a NC with an A;BN structure. Four NCs,
CosZnN, NisZnN, Cos;InN, and Ni;InN were prepared
using this method. At 400°C, the ammonia yield was
3069, 2925, 289, and 1029umol NH5-g", respectively.
This indicates that the A;BN NC was not only easily
reduced by H, but also had a good ammonia yield.
However, during the cyclic regeneration experiment
conducted on TG analysis, the author discovered that
only Ni;ZnN and Ni;InN were renewable. The specific
reaction mechanism was not further verified.

with permission from Royal Society of Chemistry.

3.1.6 Discussion for H,-AB;N/TCC
CLAS

The development of composite NC is one of the
most effective methods to enhance the reactivity
of NC, and the composite mechanism should be
determined. First of all, the NC with the same
thermodynamic change trend can be combined with
each other. Materials with similar thermodynamic
properties exhibit comparable reaction temperature
ranges and reaction conditions. Secondly, the kinetic
properties are similar. The reaction rate of composite
NC is similar under the same reaction conditions.
Finally, while the composite NC exhibits good
reaction performance, ensuring its stability remains
a challenge that requires further consideration. In
addition, the design of NC with special structures,
such as the A;BN structure, not only ensures
structural stability but also enhances reaction
efficiency. This design can effectively address the
issues of low ammonia production efficiency and
poor cycle stability associated with NC. However,
the NC with an A;BN structure is still in its early
stages of development, and the selection of A-site
and B-site Me, as well as the corresponding reaction
mechanism, still need optimization.
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3.2 NCs for Chemical Looping Syn-
thesis Ammonia Mediated by H,O

In addition to the process of CLAS with H, as the
hydrogen source, the process of CLAS can also use
H,O as the raw material for ammonia synthesis. This
process can be divided into a H,O-2step CLAS process
(H,0-2step CLAS) mediated by a covalent NC and
a H,0-3step-based CLAS process (H,0-3step CLAS)
mediated by a TM oxide and alkali oxide.

3.2.1 The NCs for H,0-2step CLAS

Among many covalent NC, Al,O;/AIN has received
extensive attention due to its good thermal stability.
Steinfeld et al."””’* proposed that the use of Al,O;
as a NC is expected to replace the H-B method for
ammonia synthesis. It has been found that AIN can be
produced through carbothermal reduction of ALO; at
high temperatures in N, atmosphere. The hydrolysis of
AIN can produce ammonia and Al,Os;, which can then be
utilized in subsequent reaction processes to enable cyclic
ammonia production. Compared with the H-B method,
utilizing the carbothermal reduction process of Al,O; to
produce ammonia can significantly lower the reaction
pressure, ensuring production safety. Secondly, using
steam instead of H, can reduce energy consumption
and CO, emissions. The by-product CO can be utilized
as a raw material for methanol synthesis intermediates
or Fischer-Tropsch products”*’®. In the H,0-2step CLAS
process, the carbothermal reduction reaction of Al,O;
is a strongly endothermic reaction that needs to occur
at a higher reaction temperature (>1500°C), as shown
in Equation 6. This process can utilize solar energy
as a heat source to substitute fossil fuels for heating
and decrease energy consumption. Additionally, the
hydrolysis process of AIN is an exothermic reaction, as
demonstrated in Equation 7. Other chemical looping
technologies, such as the chemical looping combustion
or gasification processes, utilize oxygen carriers that
serve not only for oxygen release and catalysis but also
as heat carriers to heat the system and sustain the self-
heating equilibrium of the system'””. Therefore, in the
H,0O-2step CLAS process, exploring how Al,O; can utilize
the heat relationship between the two-step reactions
to sustain the self-heating operation of the system is a
future research challenge.

AlLO;+3C+N,=2AIN+3CO (6)
2AIN+3H,0=Al,0,+2NH; (7)

In order to further optimize the reaction process
and improve the ammonia yield, a large number of
studies have been devoted to exploring the influencing
factors of Al,O;/AIN in the process of CLAS. These
studies focus on optimizing the reaction conditions,
regulating the composition and structure of NCs, and
exploring the influence mechanism of the reducing
medium on NC. By exploring the influence of different
configurations of Al,O; on the reaction, it was found

that y-Al,O; had the best reaction efficiency among
y-Al,O;, Al(OH); and a-Al,0,;"”. Under the influence of
graphite, the conversion rate from y-AlLO; to AIN was
the highest. At the same time, the addition of additives
such as CaF, and Y,0; can form aluminosilicate with
AlLO; to reduce the temperature of the carbothermal
reaction and make the reaction conditions more
moderate’®. In addition to exploring the effect of Al,O,
structure and additives on the nitriding reaction. Zhang
et al.””’ found that carbon black has better adsorption
performance for N, than graphene when investigating
the carbothermal reduction process of Al,O; using
different reducing agents. At 1200°C, when the molar
ratio of AlLO; to C is three, the reaction efficiency is
optimal.

The greater the disorder of carbon in the reducing
agent, the more effective the reaction. Both coal
char and biomass char can replace carbon black
and graphite as the reducing agent. Among these,
the relatively low price of biomass char has greater
application potential. Biomass char can be converted
into CO to enhance the utilization rate of biomass.
However, with the increase in reaction temperature, the
porosity of NC is significantly reduced. The collapse of
the NC structure is the primary reason for the decrease
in the cycling performance of aluminum-based NC.
Therefore, by modifying the NC, the structural stability
of the NC can be improved while maintaining the pore
structure and specific surface area of the material.
Xiong et al.”®” prepared silicon modified aluminum-
based NC using the co-precipitation method. When
the molar ratio of Si to Al is 1: 20, the NC has good
thermal stability, which can inhibit the sintering of
the NC and stabilize its structure. It is not difficult
to find from Figure 15 that the modified NC exhibits
a significant sintering phenomenon after the initial
reaction. It is necessary to enhance the stability of
the NC in the cyclic adsorption/desorption process
by strengthening the pore structure and preventing
sintering. When Si is added to the NC, there is no
significant difference in the surface morphology of the
fresh NC compared to the surface morphology of the
NC after the cyclic reaction. The addition of Si increases
the stability of the NC structure. In addition to the
deterioration of the NC cycle performance caused
by structural changes, promoting the directional
conversion of other configurations of Al,O; to y-Al,O,
can also increase ammonia yield.

At present, there are few studies on the process
of hydrolysis and ammonia production. Most
studies focus on enhancing the ammonia yield by
incorporating additives. In general, the hydrolysis
reaction rate of AIN is slow, and the addition of
additives can reduce the activation energy of the
reaction to increase the ammonia yield. Wu et al.”®"
first proposed that the activation energy of the AIN
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hydrolysis reaction can be reduced by adding 5wt%
Fe,0;, resulting in a 30% reduction in the activation
energy of the reaction. When ZrO, is used as a carrier,
the generated NH; molecules can be adsorbed by ZrO,,
thereby preventing the decomposition of NH; to N, at
high temperatures®”. When ZrO, was added to Al,O,
the yield and selectivity of NH; increased by 85.6%
and 53.6 %, respectively. It can be inferred from
Equation 7 that promoting the decomposition of steam
to generate hydroxyl radicals can increase the ammonia
yield. During the photocatalytic hydrolysis process for
hydrogen production, TiO, can facilitate the generation
of hydroxyl radicals from water. When TiO, is used as
the carrier for aluminum-based NC, the conversion rate
of AIN and the vyield of NH; increase with the rise in TiO,
content and water vapor concentration. At present,
the properties of NH5, which easily decomposes into
H, and N, at high temperatures, will affect the yield of
ammonia. Usually, the hydrolysis temperature of AIN is
900°C. Reducing the hydrolysis reaction temperature
and inhibiting the decomposition of NH; can also
increase the yield of ammonia. To reduce the reaction
temperature, increase the yield of ammonia, and inhibit
ammonia decomposition while ensuring the reaction
rate, further consideration is required.

3.2.2 Discussion for H,0-2step CLAS

When ALO; is used as the NC, the H,0-2step CLAS
process, it can not only be operated under atmospheric
pressure, but the NC can also be recycled. Compared
with the traditional H-B method, this approach avoids
the potential safety hazards caused by high-pressure
reactions and reduces the requirements for the reactor.
In addition, Al,O; can replace some metal catalysts,
such as ruthenium, making the process more
efficient. The focus of future research will be on how
to design the NC reasonably and reduce the reaction
temperature. Decreasing the reaction temperature,
designing the reactor rationally to utilize renewable
energy as the heat source, and optimizing the energy
supply method contribute to the industrialization

with permission from Elsevier.

process of the procedure. Secondly, the poor cycling
stability of aluminum-based NC will affect their scale-up
process. Therefore, ensuring the continuous and stable
production of ammonia can be achieved by enhancing
the stability of the NC structure and maintaining the
crystal phase of y-AlLO; through reasonable regulation
strategies. At present, the oxygen carrier with a core-
shell structure has been proven to enhance cycle
stability and oxygen release stability. Through rational
design methods, an aluminum-based NC with a special
structure is developed. It is expected to improve the
problem of poor cycle stability of Al-based NC and
better control the conversion of AIN to y-AlLO;. Finally,
the development of low-cost reduction media, such
as biomass char as a reducing agent, can reduce
production costs to a certain extent.

3.2.3 The NCs for H,0-3step CLAS

The ammonia production of TM oxide NC is shown in
the reaction Equations 8-10. Firstly, the TM oxides are
reduced to the corresponding transition Me under the
action of a reducing gas. Secondly, the transition Me
are nitrided in a N, atmosphere to form corresponding
metal nitrides'®*". Finally, the hydrolysis of metal
nitrides can produce hydrogen and ammonia. This
process is very similar to the reaction process of the
covalent NC. Both of them use water as the hydrogen
source, and the reduction process of the NC is a highly
endothermic reaction, necessitating a higher reaction
temperature to sustain the reaction. The nitridation
reaction of Me and the hydrolysis of TM nitrides to
produce ammonia are both exothermic reactions. In
the actual operation process, the heat generated within
the steps can be utilized to heat the reaction system
and decrease the need for external energy supply. Cr/
Cr,N/Cr,05; and Mo/Mo,N/Mo0O, have been proven to
exhibit good reactivity in TM oxide NC. At the reduction
temperature of 1000°C, Cr,0; can be reduced to Cr
under the action of H,. When N, is introduced into
the reactor, Cr is nitrided to form Cr,N. Cr,N can
convert 53% of N in its lattice into NH; under the
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action of water vapor. Adding a small amount of Ca**
to chromium powder can slightly increase the yield of
NH,'®®%!, In this process, carbon-based gas reducing
agents such as CO and CH, can be used instead
of H, to reduce metal oxides, thereby improving
the efficiency of the process. When carbon-based
reducing agents are used to reduce TM oxides, carbon
deposition may occur, impacting the cycle stability of
the NC. Since the Equation 8 reaction requires a higher
temperature to reduce the TM oxide, utilizing solar
collectors to provide energy for the reaction is a viable
option to lower production costs.

MeO+R—Me+RO (8)
2Me+N,—2MeN 9
2MeN+4H,0—2Me0+2NH,+H, (10)

The reaction process dominated by alkali/alkaline
earth metal nitride NC usually requires additional
energy to intervene in the reaction process. Jaramillo
et al.”””! proposed a process of CLAS based on LiOH,
which is illustrated in Equations 11-13. The first step is
the electrolysis of LiOH to produce lithium. The second
step involves exposing the lithium to flowing nitrogen
while maintaining the temperature at 22-100°C to form
Li;N. The third step involves the hydrolysis of Li;N to
produce ammonia, enabling the synthesis of ammonia
at room temperature and atmospheric pressure. It is
also found that other forms of energy injection help
to overcome the limitations of the original reaction
thermodynamics and make the reaction conditions
milder.

6LIOH—6Li—3H,0—3/20,(g) (11)
6LiN,(g)—2LisN(s) (12)
2Li;N—6H,0—6LIOH—2NH; (13)

3.2.4 Discussion for H,0-3step CLAS

Although the TM oxide NC has a good ammonia
yield, the reaction steps are complex and the reaction
temperature is high. The use of solar collector reactors
is a good choice. At the same time, combining other
chemical looping technologies with the TM oxide-
dominated CLAS can improve system efficiency. For
example, synthesis gas can be produced through
biomass chemical looping gasification to reduce metal
oxides. It not only eliminates the dependence on
fossil energy but also enhances the utilization rate
of renewable energy. Furthermore, a more in-depth
analysis of the economic, energy and environmental
aspects of complex interconnected systems is still
required.

3.3 Summary

At present, the high activity NC is still an urgent
problem to be solved in CLAS. On the basis of
understanding the thermodynamic and kinetic properties
of NG, it is crucial for the development of CLAS to identify

NCs suitable for various reaction processes, optimize the
preparation methods, implement appropriate control
strategies, and enhance the utilization rate of effective
lattice nitrogen. The properties of various types NCs are
shown in Table 2. The reduction and nitridation reaction
conditions of various NC, the utilization rate of lattice
nitrogen and the number of cycles are also summarized,
as shown in Table 3.

4 THE PROCESS OF CLAS

The ammonia production process using the H-B
method is characterized by high energy consumption
and carbon emissions resulting from the harsh
reaction conditions, making it an energy-intensive
industrial process. At present, this process is the most
commonly used method for ammonia synthesis, and
it is challenging to replace it quickly. By developing
efficient catalysts and implementing green hydrogen
production methods, energy consumption and carbon
emissions can be reduced to a certain extent. The
second-generation ruthenium-based catalyst used in
the KAAP process can reduce the reaction pressure to
below 10MPa and the energy consumption of ammonia
synthesis to 27GJ1/t NH,'"**, However, due to the
conflict between kinetics and thermodynamics and
the competitive adsorption of H, and N,, the reaction
conditions for ammonia synthesis remain challenging.
Nowadays, energy conservation, emission reduction
and sustainable development are the primary tasks. It
is necessary to explore and develop an environmentally
friendly and sustainable N, fixation method. Based
on the aforementioned issues, photoelectrocatalytic
ammonia synthesis technology and CLAS technology
have been proposed.

However, the photocatalytic and electrocatalytic
synthesis of ammonia is still in the laboratory stage, and
there is still a certain distance from the industrial scale
application'”’. The CLAS technology has strong potential
applications due to its flexibility, adaptability, energy
efficiency and carbon footprint reduction capabilities.
The process of CLAS using covalent NC and TM oxide NC
can utilize water vapor instead of hydrogen to produce
ammonia. This approach can circumvent the laborious
hydrogen production process, leading to a significant
reduction in production costs and energy consumption.
When the process of CLAS uses TM and ionic NCs, it can
utilize green hydrogen production technology instead of
traditional fossil energy hydrogen production methods,
such as electrolytic water hydrogen production,
photolysis water hydrogen production, and biomass
hydrogen production ", The reaction temperature of
the CLAS dominated by the ionic NC is more moderate.
At present, the process of ammonia synthesis based
on chemical looping technology can be divided into two
types. One system is based on the H-B principle, while
the other system using NC as a medium.
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Table 2. The Summary of NCs for CLAS

Classification Features Advantage Challenges Development
TM NCs The reaction conditions are Easy fabrication Low utilization rate of Develop a variety of NCs
moderate (450-800°C, 0.1MPa) Excellent cycle stability lattice nitrogen Optimize regulation
Nitrogen vacancy activates N,  Easy to scale application Few types of NCs strategy to improve the
Low cost Harsh kinetics NCs lattice
Ionic NCs Hydrogen vacancy activates N, High ammonia yield rate Preparation difficult Optimize the preparation

Covalent NCs

Other NCs

Occur at atmospheric pressure
and room temperature

No need hydrogen

Metal as electron donor
activates N,

Special structure

Fast kinetics

High utilization rate of
lattice nitrogen
By-product other gases
A wide variety of
materials

It has the advantages of

Unstable property

High temperature

Low rate of ammonia
Harsh kinetics

The reaction process is
tedious

Poor cycle performance

method

Enhanced stability
Optimizing reaction kinetics
Lowering the temperature
Improve the cycle stability
of NCs

Develop more materials

Composed of more than two two NCs
materials

Good kinetics

Mild reaction conditions

Determine the
compounding and
regulation strategy

Composite strategy is
unknown

Table 3. Summary of NCs Performance

Ammonia production

Effective lattice nitrogen = Ammonia production

NCs Nitriding conditions (°C) conditions (°C) conversion rate (%) rate (umol-g*-h™)
Mn / / 23 5.2
Fe-Mn 800 600 / 166.3
Ni-Mn 750 750 36.5 130
Li-Mn4N / 500 24 /
Mo,N 600 450 40 4576
Ni-CrN 750 750 50.7 466.1
Co;Mo;N 700 400 / /
BaH, 300 500 / 3500
Ni-BaH, 300 250 / 5800
AlLO,/TiO, 1000 1000 / /
Si-AlL,O4 1200 1200 53.6 /
Mn,N-BaH, 250 250 / 1300
NisZnN / 500 97.5 3461

The process of CLAS use NCs as a reaction medium
has the characteristics of operating at atmospheric
pressure, uniform distribution, and flexibility. Compared
with the traditional H-B ammonia synthesis method,
the CLAS production process is economical and safe
because it does not involve high-pressure reactions.
In addition, the decentralized nature of the process
can eliminate the reliance of ammonia synthesis
on energy-intensive industries, allowing for the
establishment of small-scale ammonia plants tailored
to local requirements. In the future, the properties of
ammonia as a carbon-free fuel will be valued. In this
case, the significance of CLAS will be amplified. As the
most promising alternative to H-B synthetic ammonia
technology, CLAS technology is of great significance
for energy conservation, emission reduction, and
the green transformation of the synthetic ammonia
industry.

4.1 CLAS Based on Haber-Bosch

The system based on the Haber-Bosch principle
is typically combined with other chemical looping
processes to produce ammonia. In our previous
studies, a dual chemical looping system for hydrogen
and ammonia co-production was proposed””.
The process is shown in Figure 16A, where the
chemical looping hydrogen production device is
connected downstream of the chemical gasification
device in series. As an additional component of the
100MW:-h coal chemical looping gasification device,
it serves the purpose of supporting combustion to
generate hydrogen. The results show that when the
gasification temperature is 900°C, the water carbon
ratio is 0.84, and the oxygen carbon ratio is 1.5,
the hydrogen production rate of the system is the
largest. Through the heat exchange analysis of the
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logistics system, it was discovered that the system
can generate 8.010x10%g-h™ high pressure steam
and 1.101x10%g-h™" of medium-pressure steam.
Additionally, the overall cost of the system is reduced
by 48.69%. In addition to using coal as a raw material
to synthesize ammonia, coke oven gas can also be
utilized to co-produce NH; while generating H,"".
The exergy efficiency of the system is 78.7% and the
energy efficiency is 70.1%.

Tang et al.””! constructed a CLAS system using
biomass as the raw material. The process is divided
into three parts. The syngas produced by biomass
chemical looping gasification is sent to the carbon
capture unit to obtain a higher concentration of H, and
N, for the subsequent ammonia synthesis reaction.
In addition, the process utilizes biomass, steam,
and air as raw materials. This not only guarantees a
high CO, capture efficiency (96.4%) and ammonia
synthesis capacity (0.281kg NH;/kg wet biomass)
but also largely fulfills the self-heating requirements
of the system. Economic analysis reveals that the
investment cost of the system constitutes over 90%
of the total annual cost, which is approximately 10
times the operating cost. The price of ammonia is

affected by the price of biomass. The chemical looping
synthesis process, based on the Haber-Bosch principle,
offers a wider variety of raw materials compared
to the traditional ammonia synthesis process. The
utilization of renewable resources, such as biomass,
as raw materials for ammonia synthesis can eliminate
the reliance on fossil energy sources. However, there
are still problems such as high reaction pressure and
competitive adsorption in the ammonia production
unit. The higher reaction pressure not only imposes
greater demands on the reactor but also hinders safe
production and raises production costs.

4.2 CLAS Based on NCs

The carbon thermochemical CLAS technology
employs covalent metal oxides such as aluminum
oxide, utilizing coal char, petroleum coke, and biomass
char as reduction agents. During the production
of ammonia, it has the capability to generate CO,
exhibiting traits such as reduced carbon emissions
and minimal energy consumption. Fang et al.””®
conducted a comprehensive energy and environmental
assessment of the carbon CLAS co-production urea
system. The process is illustrated in Figure 17A.
The process comprises three stages: air separation,
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ammonia synthesis, and urea synthesis. The findings
indicate that the energy consumption for ammonia
production is merely 6.88GJ/t NH5, with a CO, emission
rate of 2.05kg/kg NH;. Additionally, the system has the
capability to generate CO and high temperature steam.
The operating conditions under atmospheric pressure
alleviate the demands on the reactor. Sarafraz et
al.””" developted a three-stage CLAS system utilizing
metal oxides such as chromium (Cr), magnesium
(Mg), aluminum (Al), calcium (Ca) and manganese
(Mn) as NC. The system configuration is illustrated
in Figure 17B, and a comprehensive analysis of the
heat transfer between reactors was conducted. The
results indicate that the system exhibits the highest
level of competitiveness when Cr,0; is utilized as the
NC. The self-heating factor of the system is 0.333,

indicating that the heat generated by the reactions
can contribute one-third of the total heat required by
the system, while the remaining two-thirds of the heat
must be externally supplied. To enhance the energy
efficiency of the system, Weng et al.”” introduced a
biomass CLAS system that integrates solar and wind
energy sources. As illustrated in Figure 18, the system
comprises six units: i) biomass gasification, ii) syngas
oxidation, iii) chemical looping air separation, iv) CLAP,
v) electricity production, and vi) water electrolysis. At
a biomass feed rate of 1kg/s, the ammonia selectivity
reached 79.36%, with an ammonia production rate
of 34.1kmol/h and an ammonia concentration of
65.65 vol%. During the ammonia synthesis process
at ambient pressure conditions, biomass is utilized as
a substitute for natural gas and coal in the production
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of ammonia. The NC alternates between the nitriding
reactor and the ammonia production reactor. This
method facilitates the ammonia synthesis process
to occur under ambient pressure conditions, thereby
preventing the competitive adsorption of N, and H,.
This process utilizes water vapor as an alternative to H,
for synthesizing ammonia, eliminating the requirement
for supplementary hydrogen production facilities.

4.3 Discussion for Chemical Looping
System Using NC

In comparison to the process based on the H-B method,
the chemical looping system that utilizes NC for ammonia
production presents clear advantages. Currently, there
have been no reports on the CLAS system utilizing TM
nitrides and AM/alkaline earth metal hydrides as NCs has
not been reported. From an energy supply perspective,
it is essential to conduct heat balance calculations for
both the ammonia production reactor and the nitriding
reactor to ascertain the heat dynamics within the
reactions, highlighting the significance of this analysis.
Moreover, the reaction kinetic models of various types
of NCs are established, providing guidance for reactor
design and process optimization. It is crucial to conduct
an analysis of the energy and environmental aspects of
various processes and choose the most appropriate one
for implementation. The analysis of energy, economic
factors, and environmental aspects of the ammonia
production system consisting of these two NC is beneficial
for the utilization of NC.

5 CHALLENGES AND PRO-
SPECTED

The pursuit of achieving green synthesis of ammonia
under mild reaction conditions has consistently been
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a focal point of research endeavors. In recent years,
there is an expectation that CLAS technology will
enable the green synthesis of ammonia due to its
ability to circumvent the competitive adsorption of H,
and N,, along with its operation under mild reaction
conditions. Researchers employed machine learning
techniques to conduct high-throughput screening
of NCs suitable for the process of CLAS, and carried
out an extensive thermodynamic analysis. Among
these, AM, alkaline earth metals, and TM are potential
candidates for this approach. Nevertheless, the current
challenges in the field of nitrogen fixation catalysis
include low efficiency in ammonia production and
inadequate cycle stability, which continue to hinder
the advancement of NC. The advancement of high-
performance NCs has consistently been a primary
concern in the field of CLAS technology.

In the field of CLAS dominated by TM, there is
a focus on the development of composite TM NCs
consisting of multiple metals, enhancing the efficient
utilization of lattice nitrogen, and investigating the
mechanisms involved in the transfer and phase
transition of lattice nitrogen during the ammonia
production process. Moreover, employing advanced
characterization techniques can assist researchers in
comprehending the reaction mechanism of NCs and
enhancing their reactivity. Furthermore, it is imperative
to elucidate the reaction mechanism of single
component TM NCs and improve the cycle stability of
the NCs. Based on this premise, the gradual transition
to the composite NCs system is suggested, along with
the design strategy for composite TM NC is proposed.
Alkaline earth metal compound NC represent a novel
class of materials with moderate thermodynamics
conducive to nitrogen fixation and ammonia production
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through hydrogenation processes. Under the catalysis
of TM, this material exhibits favorable low-temperature
kinetic performance and represents the NC material
with the highest reported rate of ammonia production
in the literature. Enhancing its thermal stability and
minimizing the production cost are crucial factors that
need to be addressed in future research. An optimal
solution has not yet been found for reducing the
reduction temperature and separating the reduction
medium from the covalent NC. In future research, it
will be essential to optimize the preparation methods
of NC. The investigation delves into the correlation
between structure and composition when employing
various preparation methods. Distinct preparation
methods are developed for various types of NC.

The integration of renewable energy with CLAS
technology has the potential to enhance the utilization
rate of renewable energy sources and establish an
industrial process characterized by negative carbon
emissions. This integration can ultimately bolster
the competitiveness of CLAS. The utilization of
chemical simulation software in the design process,
economic analysis, and energy balance assessment
of the CLAS process is beneficial for advancing green
ammonia synthesis technology. The application
of CLAS technology represents a viable approach
to realizing environmentally friendly ammonia
synthesis. The utilization of CLAS technology relies
on the interdisciplinary nature of catalytic chemistry,
material science, chemical engineering, computational
chemistry, and related fields. The growing interest of
researchers in CLAS suggests its potential significance
in facilitating the green synthesis of ammonia and the
storage and conversion of renewable energy.

6 CONCLUSION

In the context of reducing carbon emissions, the
utilization of ammonia as a novel carbon-neutral
fuel holds significant importance in enhancing
environmental conditions and mitigating CO,
emissions. The CLAS technology is considered the
most promising method for ammonia synthesis under
mild conditions. It is anticipated to facilitate the
reduction of carbon emissions and energy consumption
in the traditional ammonia synthesis industry, thereby
enhancing the application potential of ammonia.
Secondly, Controlled CLAS has the capability to achieve
distinct regulation of the overall ammonia synthesis
reaction, thereby enhancing the efficiency of ammonia
production through the optimization of individual sub-
reactions. The CLAS process facilitates the integration
of the ammonia production process with technical
processes, addressing the existing gap in small-scale
and distributed ammonia synthesis. Nevertheless,
there remain unresolved issues in the implementation
of the CLAS process:

(1) Currently, the variety of NCs are still insufficient.
It is imperative to enhance the diversity of NC and to
design novel NC with improved reaction efficiency and
milder reaction conditions.

(2) Various NCs large-scale preparation of NCs.
These theories serve as guidelines for the practical
application of NC.

(3) The elucidation of the relationship between the
structure of NC and its reaction is facilitated by the
reaction mechanism. This leads to enhanced kinetic
and thermodynamic analyses of various NC types.

(4) Through the utilization of process simulation
software, the CLAS process undergoes optimization,
and comprehensive analyses including energy,
economic, and environmental assessments are
conducted for the CLAS process. The process of the
CLAS package is designed to provide guidance for the
industrial application process of the CLAS system.
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