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ABSTRACT: Ammonia’s (NH3) high hydrogen concentration
and simplicity of storage and transportation have made it a
promising energy source, especially for hydrogen production. Using
an iridium (Ir)-based catalyst for clean space applications, this
study examines the release of NH3 during the thermal
decomposition of hydroxylammonium nitrate (HAN), a green
energetic propellant. Differential thermal analysis-thermogravim-
etry in conjunction with mass spectrometry (DTA-TG/MS) was
used to examine the thermal decomposition. The generation of
NH3 was verified by subsequent fragment analysis. Coupled cluster
approaches were utilized to validate NH3 generation and to further
clarify the reaction process. Combining the theoretical and
experimental methods highlights the feasibility of employing
HAN as a precursor for NH3 production, indicating that it can be used as a sustainable energy source for space propulsion
systems. The effect of temperature on NH3 production using a coupled cluster is also explored.

■ INTRODUCTION
Production of NH3 is an important industrial process that is
mostly utilized in the production of fertilizers, which are
necessary for contemporary agriculture.1−3 The Haber−Bosch
process, created in the early 1900s by Fritz Haber and Carl
Bosch, is the method most commonly used to synthesize NH3.
In this process, nitrogen (N2) from the air and hydrogen (H2),
which is commonly obtained from natural gas (methane), are
directly combined at high pressures and temperatures with the
aid of a catalyst, which is often iron-based.4 The following
succinctly describes the reaction:

+N 3H 2NH2 2 3

The energy-intensive process of producing NH3 uses a lot of
natural gas to provide the required heat as well as a supply of
hydrogen.5,6 NH3 can be obtained from the thermal
decomposition of green propellants such as ammonium
dinitramide (ADN)7,8 and ammonium nitrate (AN).9 HAN
liquid propellant has been extensively studied recently as a
potential replacement for hydrazine, primarily due to its high
specific impulse (Isp),10−13 which provides superior perform-
ance in propulsion applications. Unlike hydrazine, which is
known for its high toxicity and handling risks, HAN propellant
boasts significantly lower toxicity,14,15 making it safer for both
humans and the environment. This reduced toxicity also
simplifies the handling and storage requirements, reducing the

overall operational costs. Furthermore, HAN has high
oxidability,16 which contributes to its efficiency as a propellant
by ensuring complete combustion and reducing the formation
of undesirable byproducts. The reactivity of HAN propellant
has also been a subject of intense study to understand the
behavior of this hazardous material under different con-
ditions.17−19 Understanding its reactivity is crucial for safe
handling, storage, and usage, as well as for optimizing its
performance in propulsion systems. Recent research has delved
into the decomposition pathways of HAN, shedding light on
the formation of byproducts such as NH3 and nitric oxide
(NO).20,21 These studies are essential for developing
mitigation strategies for any potential environmental and
health impacts resulting from the use of the HAN propellant.
The decomposition characteristics not only inform safety
protocols but also provide insights into the efficiency and
reliability of HAN as a propellant in various aerospace
applications. In this paper, NH3 production from the thermal
decomposition of HAN energetic propellant was demonstrated
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by analyzing ejected gases in real time by using a mass
spectrometer linked to a differential thermal analysis-
thermogravimetry (DTA-TG) technique. Moreover, the
coupled cluster (CC) simulation method was employed to
demonstrate NH3 release in the presence of two and three
atoms of Ir as a catalyst. NH3 is an energetic source of green
hydrogen (H2) production free of carbon dioxide (CO2).
Moreover, the production of NH3 from energetic compounds
such as ADN, AN, or HAN propellants is not cost-effective and
can be released in the presence of adequate catalysts. The
effect of the temperature on NH3 energy synthesis was also
examined and discussed. For this reason, three different
temperatures were selected: ambient temperature (298 K),
onset temperature of HAN decomposition (338 K), and the
temperature at which water as a solvent is removed (373 K).
Therefore, the thermal decomposition of binary HAN(73%)-
water as a propellant can release NH3, which can be generated
using an Ir-based catalyst. This catalyst first decomposes the
HAN propellant into NH2OH (an alkaline compound) and
HNO3 (an acidic compound). The Ir catalyst efficiently
decomposes the alkaline medium into NH3, which can be used
as an additive to lower burning rates and specific impulses for
reaction control systems (thrusters). The remaining products
can be analyzed to assess their effects on catalyst deactivation
for long-term use.

■ EXPERIMENTAL METHOD
The thermal decomposition of HAN (NH3OH·NO3)
propellant in the presence of an Ir-based catalyst was
investigated using DTA-TG/MS (Shimadzu, Japan) connected
to a mass spectrometer (MS) at 1 atm. The Ir-based catalyst,
with the active phase deposited onto SiO2-doped Al2O3, was
prepared by using wet impregnation. Characterization of this
catalyst (not presented here) revealed that nanoparticles with
an average diameter of approximately 5 nm were homoge-
neously distributed throughout the support.
Starting at ambient temperature and increasing to 400 °C,

the experiment used a temperature ramp rate of 5 °C/min.
With this configuration, it was possible to evaluate mass loss
(TG) and thermal effects (DTA) concurrently while the HAN
propellant thermally decomposed. MS was used to study the
changing gases in real time, giving extensive insights into the
paths and products of decomposition. By combining these
methods, HAN decomposition’s thermal behavior and catalytic
effects may be fully understood.
Direct insertion probe mass spectrometry (DIP-MS) L-

250G-I A, developed by Canon Anelva Co., Ltd. (Kawasaki,
Japan), is utilized for the detailed examination and thermal
analysis of HAN-based samples, focusing on their mass
composition of HAN and water. This analytical technique
involves introducing the sample into the ionization chamber,
where it undergoes vaporization and is subsequently ionized
through electronic excitation. The DIP-MS system is
recognized as the most efficient tool for the real-time
identification of gas products during thermal decomposition.
Remarkably, it can achieve a temperature increase from 40 to
450 °C, utilizing a rapid temperature ramp of approximately
128 °C/min. This innovative approach has never been
previously applied to HAN-based propellants. The probe’s
temperature program was designed to increase from room
temperature to 450 °C at a swift rate of 128 °C/min. During
the analysis, we used an ionization voltage of 70 eV,
maintained the source temperature at 250 °C, and analyzed

a mass range from m/z = 17 to 100. Scans were conducted at a
rate of 2 scans per second, with a high-quality vacuum
maintained at better than 7 × 10−5 mbar.

■ THEORETICAL BASIS
The production of NH3 during the thermal decomposition of
the HAN propellant catalyzed by Ir was investigated using the
coupled cluster (CC) method. This sophisticated computa-
tional method is well-known for accurately characterizing
electron correlation, which makes it ideal for researching
reaction energetics and processes. Clusters including 2 and 3 Ir
atoms were chosen in order to investigate the catalytic effect of
Ir on NH3 synthesis. The HAN molecule was modeled
interacting with these clusters in order to assess the energy
feasibility and possible paths for NH3 production. Moreover, in
the case of HAN propellant, which is an ionic solution
(NH3OH+ as cation and NO3

− as anion), Ir atoms with free d
orbitals can easily be linked via dative bending. The electrical
structure, reaction intermediates, transition states, and general
energy profiles for the decomposition process were all
thoroughly described by the CC calculations. The study
sought to determine the best catalytic designs and comprehend
the effects of altering the number of Ir atoms on NH3
generation by analyzing various Ir cluster sizes. This method
provided insightful information on how Ir functions to
maximize catalytic efficiency and promote the intended
reaction. Moreover, three different temperatures were consid-
ered to investigate their effects on the production of NH3 using
coupled clusters.

■ RESULTS AND DISCUSSION
The experimental investigation into the production of NH3
from the thermal decomposition of HAN propellant was

conducted using an Ir-based catalyst. In fact, The Ir-based
catalyst is unique for the decomposition of HAN to
hydroxylamine (NH2OH) in an alkaline medium and nitric
acid (HNO3) in an acidic medium because it can decompose
at a low onset temperature in the presence of Ir particles.
Moreover, in the second step, Ir effectively decomposes the
alkaline medium to ammonia, which is central to the findings
presented in this paper. This study aimed to understand the
NH3 release mechanism and optimize the conditions for its

Figure 1. DTA-TG thermogram of the thermal decomposition of the
HAN propellant.
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synthesis. The thermal decomposition process was metic-
ulously analyzed, with a particular focus on the role of the Ir
catalyst in facilitating the HAN decomposition using 2 and 3
atoms of Ir. To gain a comprehensive understanding of the
NH3 production mechanism, the coupled cluster method was
employed. This advanced computational technique was
utilized to perform a detailed mechanism analysis, including
the construction of energy diagrams. The study examined how
varying temperatures affected the NH3 synthesis, allowing for a

nuanced exploration of the reaction kinetics and catalytic
efficiency. By integrating experimental data with computational
simulations, the research provided valuable insights into
optimizing the conditions for NH3 production from the
HAN propellant.
Therefore, the thermal decomposition of HAN propellant

over Ir-based catalyst was experimentally performed using
DTA-TG/MS techniques as shown in Figure 1.
From this figure, Ir is capable of exothermally decomposing

HAN in a single step at a low temperature of around 65 °C as
an onset temperature with a maximum of 188 °C reached out
in the Al-cell, which is in contrast to the decomposition
observed with HAN-free catalysts.22 A strong, intense peak was
observed during this process.
The thermal decomposition of the HAN energetic

propellant was performed after that using a real-time analysis
by MS, and the obtained data are illustrated in Figure 2.
A real-time analysis of the ejected gas from the HAN

propellant, conducted in the presence of Ir particles as a
catalyst, enabled us to distinctly identify the various species
associated with the mass fragments (m/z). The use of Ir
particles facilitated a catalytic reaction environment, leading to
a more nuanced separation and identification of different gas
species. By monitoring the mass-to-charge ratios of the ejected
fragments, we were able to precisely distinguish between the
different natures of the chemical species present. This

Figure 2. (a) Absolute intensity vs time of the thermal decomposition obtained by MS, (b) obtained fragments (m/z), and (c) real-time analysis of
ejected gas by MS.

Figure 3. Optimized structure of the HAN propellant.

Figure 4. NH3 production from the decomposition of the HAN
propellant.
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approach provided valuable insights into the reaction dynamics
and the specific roles of the catalyst in modifying the
propellant’s decomposition profile.
The gases ejected after the thermal decomposition of HAN

were analyzed by MS. The release of NH3 was confirmed by
the appearance of the m/z = 17 fragment (Figure 2b). The MS
analysis is presented in Figure 2a. As observed, the thermal
decomposition of HAN propellant with Ir as a catalyst is a
violent exothermic process, occurring in one step as previously
reported.22,23 The completed analyzed gases were presented in
Figure 2c, and the different fragments were attributed to
nitrogen (N2), NOx, vapor steam, and NH3.
On the other hand, in this study, experimental data on the

NH3 production from the decomposition of HAN propellant
using iridium particles as a catalyst, along with the analysis of
different ejected gases via MS, are presented. These
experimental observations provide valuable insights into the
catalytic processes and the nature of the reactions involved. To
theoretically elucidate these findings, we next examine the
reaction mechanisms involving HAN and Ir atoms using the
coupled cluster method. This advanced computational

technique allows for an in-depth analysis of the electronic
structure and reaction pathways, offering a detailed under-
standing of how Ir particles facilitate the decomposition of
HAN and influence NH3 production. By correlating the
theoretical predictions with the experimental data, we aim to
provide a comprehensive explanation of the catalytic processes
observed, thus bridging the gap between empirical results and
theoretical models. Figure 3 illustrates the optimized structure
of HAN propellant in its ionic liquid state, i.e., hydrox-
ylammonium (NH3OH+) as cation and nitrate (NO3

−) as
anion.
Moreover, the thermal decomposition of HAN propellant

has been previously discussed, and most research groups
believe that the main products of the first step were
hydroxylamine (NH2OH) and nitric acid (HNO3) dissolved
in water18,24,25 as shown in Figure 4.
NH2OH then rearranges to produce NH3, HNO, and water,

while HNO3 decomposes into NO2
+, NO3

−, and water.
Therefore, the HAN propellant is considered a good source
to produce NH3 for different applications.
The coupled cluster method was used to correlate NH3

release from HAN decomposition in the presence of two Ir
atoms as shown in Figure 5.
In this case, the optimized HAN-2Ir (top left), so-called

reaction coordinate (RC), was oriented in the direction to
realize the interaction between two oxygen atoms from
NH3OH+ to NO3

−, respectively, with both Ir atoms. This
mechanism begins with the NH3 production from the RC
complex (HAN adsorbed on Ir atoms) via the transition state
(TS). The resulting product, so-called P, then undergoes a
rearrangement by the migration of hydrogen from the hydroxyl
(OH) group bound to the Ir atom and the oxygen (O) of the
nitrous oxide (NO2) group. At the same time, the evaluation of
the temperature’s effect on NH3 production from HAN
decomposition was carried out. The results of this study are
given in Table 1 and depicted in Figure 6.
From Table 1 and Figure 6, it is evident that NH3 synthesis

via the thermal decomposition of HAN propellant is

Figure 5. Coupled cluster for NH3 production from HAN decomposition using 2 atoms of Ir.

Table 1. Relative Energies and Energy Barriers (kcal mol−1) of NH3 Production from HAN Decomposition in the Presence of
Two Ir Atoms

T = 298 K T = 338 K T = 373 K

reaction ΔG Ea ΔG Ea ΔG Ea

+RC P1 NH3 −64.02 0.54 −65.26 0.74 −66.35 0.92

Figure 6. Energetic diagram of NH3 production from HAN-2Ir
decomposition at different temperatures: T = 298, 338, and 373 K.
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accompanied by a free energy change (ΔG < 0), confirming
the thermodynamic feasibility of the process. This reaction can
be accelerated with increasing temperatures. The RC, as the
initial interactive complex, is stable. However, the free energy
(ΔG) of the TS intermediate structure decreases, indicating
that the NH3 production becomes thermodynamically more
favorable at higher temperatures.
The effect of the number of Ir atoms for NH3 synthesis from

the thermal decomposition of the HAN propellant was
performed. At this time, three atoms were chosen to react
with the HAN structure, and the obtained data are illustrated
in Figure 7.

Three iridium (Ir) atoms (HAN-3Ir) engage with the
oxygen (O) atom of the NH3OH+ cation and oxygen (O)
atom of the NO3

− anion in this reaction. The rearrangement of
the intermediate TS1 complex was followed by the release of
nitrous acid (HONO), as shown by the improved reaction
mechanism. The resulting P2 intermediate complex then goes
through a further rearrangement to reach the TS3 state. The
stable gas NH3 can then be produced by the breakdown of this
TS3 complex. Because we could synthesize NH3 in a single
step in the first example, the release of NH3 was easier from
both the 2 Ir and 3 Ir atoms. Nevertheless, 3 Ir atoms were
used in the second stage to produce NH3. Consequently, a low
Ir-concentrated catalyst might be sufficient for NH3 synthesis.

Figure 7. Coupled cluster for NH3 production from HAN decomposition using 3 atoms of Ir.

Table 2. Relative Energies and Energy Barriers (kcal mol−1) of NH3 Production from HAN Decomposition in the Presence of
Three Ir Atoms

T = 298 K T = 338 K T = 373 K

reactions ΔG Ea ΔG Ea ΔG Ea

+RC P1 HONO −32.06 6.58 −33.90 6.60 −35.51 6.63
P1 P2 −2.85 29.50 −2.82 29.56 −2.79 29.62

+P2 P3 NH3 −30.44 7.684 −31.72 7.73 −32.84 7.78
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The effect of temperature on the thermal decomposition of
the HAN-3Ir system was evaluated, and the findings are
represented in Table 2 and Figure 8.
According to the data that are shown, the HAN-3Ir system’s

thermal decomposition becomes somewhat more preferred as
the temperature rises. Actually, there was a 2 kcal mol−1

acceleration of the first reaction, RC → P1 + HONO. The
second stage involved the synthesis of NH3, and once more,
the temperature rising had a favorable impact on the synthesis
of NH3 from the thermal decomposition of HAN-3Ir. It can be
concluded that a theoretical study utilizing the coupled cluster
method has demonstrated that NH3 can be produced from the
thermal decomposition of HAN propellant when catalyzed by
a low Ir-concentrated catalyst. The research examined the
influence of Ir atom numbers and the initial temperatures of
the reactions. These simulations aimed to corroborate
experimental findings obtained through the DTA-TG/MS
technique. The experimental results, which identified ejected
gas species from HAN decomposition in real time, were
successfully supported by the theoretical data, confirming that
a low Ir-concentrated catalyst facilitates NH3 production under
the specified conditions.

■ CONCLUSIONS
The potential for producing NH3 through the thermal
breakdown of HAN as a source for space applications is
examined in this study. The formation of NH3 was
demonstrated by the experimental data obtained by using
the DTA-TG/MS approach when Ir particles were used as a
catalyst. Computational investigations that investigated the
interaction of HAN with two and three Ir atoms, using the
coupled cluster approach, further validated these experimental
data. The computational results showed that two oxygen atoms
must be close to the Ir atoms in order for NH3 to be produced.
The investigation also discovered that increasing the temper-
ature thermodynamically supported the processes that
produced NH3 at low free energies. The significance of
catalyst design and heat conditions in enhancing the
generation of NH3 from HAN is underscored by these
findings, which provide encouraging perspectives for the
creation of sustainable energy sources for clean space
propulsion systems.
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