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Metal superhydride compounds (MSHCs) have attracted much attention in the fields of high-pressure physics due
to the superconductivity properties deriving from the metallic-hydrogen-like characteristics and relatively mild synthesis
conditions. However, their energetic performance and related potential applications are still open issues till now. In this
study, CaHg and NbHj3, which exhibit evidently differences in their geometric and electronic structures, were chosen as
examples of MSHCs to investigate their energetic performance. The structure, bonding features and energetic performance
of CaHg and NbH3 were predicted based on first-principles calculations. Our results reveal that high-pressure MSHCs
always exhibit high energy densities. The range of theoretical energy density of CaHg was predicted as 2.3-5.3 times of
TNT, while the value for NbH3 was predicted as 1.2 times of TNT. Our study further uncover that CaHg has outstand-
ing energetic properties, which are ascribed to the three-dimensional (3D) aromatic H sublattice and the strong covalent
bonding between the H atoms. Moreover, the detonation process and products of rapid energy-release stage of CaHg were
simulated via AIMD method, based on which its superior combustion performance was predicted and its specific impulse
was calculated as 490.66 s. This study not only enhances the chemical understanding of MSHCs, but also extends the
paradigm of traditional energetic materials and provides a new route to design novel high energy density materials.
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1. Introduction

Metallic hydrogen has long been sought in the field of
high-pressure physics since its first proposal in.1935 by physi-
cists Eugene Wigner and Hillard Huntington," with numer-
ous theoretical studies revealing its outstanding properties
continuously. In 1968, Ashcroft!?! predicted that metallic hy-
drogen could exhibit superconductivity at room temperature.
In 1999, Nellis"! predicted its extremely high energy density,
making it a potential candidate for fuel, propellant, or explo-
sive. In"2010, its energy density was predicted as 216 MJ/kg
by Silvera etal.,'*! which is 46.85 times that of trinitrotoluene
(TNT) and far exceeds those of widely studied energetic mate-
rials such as the most powerful energetic materials hexanitro-
hexaazaisowurtzitane (CL-20) and 1,3,5,7-tetranitro-1,3,5,7-
tetrazocane (HMX). These remarkable predicted properties
have propelled the studies of metallic hydrogen to the cutting
edge of materials science and high-pressure physics. How-
ever, due to the extremely high pressures required, the syn-
thesis and stabilization of metallic hydrogen remain persis-
tent challenges. In 2012, McMahon et al.!! theoretically pre-
dicted that the synthesis pressure of metallic hydrogen reaches

Corresponding author. E-mail: leen04 @bit.edu.cn
fCorresponding author. E-mail: zhang@iphy.ac.cn

CSTR: 32038.14.CPB.adelc3

~ 500 GPa. In 2017, Isaac Silvera ef al.! reported the ob-
servation of metallic hydrogen under approximately 495 GPa,
though great controversies remain.

In 2004, Neils!”! proposed the concept of chemical pre-
compression, which could lower the formation pressures of
metallic hydrogen by introducing other elements, particularly
metals. Following this idea, in 2014, Duan et al.!® pre-
dicted that H3S could be synthesized under 111 GPa, which
was regarded as a milestone of superhydrides and proved
by experimental success that H3S was successfully synthe-
sized under 90 GPa in 2015 by MI Eremets.!! Then, scien-
tists have devoted their research to superhydrides, especially
metal superhydride compounds (MSHCs), and more and more
novel MSHCs have been achieved.!!®-!3 Typically, LaH
and CaHg exhibit superconductivity with high-7; higher than
200 K, similar to that predicted for pure solid-state metallic
hydrogen.[!12] Also, the lattices of superhydrides composed
of metals near the s—d border and H atoms possess strong cova-
lent H-H networks, !*15] which inspire us to hypothesize their
high energy density. On the other hand, the ambient-pressure
metal hydrides such as AIH3z and MgH, have been widely in-
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vestigated as energetic materials.!'%~1°1 In 2021, Wu ez al.!'7]
measured the combustion heat of MgH,, TiH,, and ZrH, with
values of 29.96 MJ/kg, 20.94 MJ/kg, and 12.22 MJ/kg, respec-
tively. In 2024, Makhov et al.!'! reported the addition of Al
and AlH3 to an explosive could greatly improve its heat and
the TNT equivalent of an underwater explosion. Considering
these two aspects, MSHCs should be promising candidates for
energetic materials.

In recent years, our research team has synthesized a series
of hydrogen-rich MSHCs,[20-221 quch as CaHg and LugHo»3,
using the diamond anvil cell combined with an in-situ laser

heating technique. Nevertheless, existing studies[?3-20]

on
high-pressure MSHCs have predominantly focused on their
superconductivity and electron—phonon coupling interactions.
To date, their energetic performance has barely been studied,
while its comprehension is essential for developing novel en-
ergetic materials.

In this work, the detailed energetic performance of CaHg
and NbH3 was investigated based on the density functional
theory (DFT), which were chosen as the typical representa-
tive MSHCs due to their differences in structure and chemi-
cal bonding. The critical influences on energetic performance
imposed by the structures of MSHCs were uncovered. Fur-
ther investigations reveal that CaHg also possesses high energy
density and high specific impulse, highlighting its potential ap-
plications as high explosives and propellant components.

2. Methods

The original structures of CaHg and NbHj3 under high

20.22) and are

pressure are obtained from experimental data,!
investigated using the Vienna Ab Initio  Simulation Pack-
age (VASP)[?728] afterwards.

wave (PAW) method®®! with a plane-wave cutoff energy

The projector augmented

of 400 eV is.employed, and the Perdew—Burke—Ernzerhof
(PBE) functional within the generalized gradient approxima-
tion (GGA)BY is used to describe the exchange—correlation
interactions. . Considering the strong electron correlation ef-
fects in NbH3, the Hubbard parameter UP! is applied to
the effective potential. The effective U value is set to
2.0 eV for d-orbitals of Nb atoms, as used in the previous
literature. 32! To account for van der Waals interactions, the
DFT-D3 method®?! is applied for corrections. The conver-
gence criteria for the Hellmann—Feynman force and energy
are set to 0.01 eV/A and 1 x 107> eV, respectively. The K-
point mesh is sampled within 27 x 0.02 A~! using the Gamma
scheme in the Brillouin zone. The structures and electron lo-
calization function (ELF) of the two MSHCs are visualized
using the VESTA ver. [34
crystalline orbital Hamiltonian population (ICOHP) calcula-

3.90.0a program.3#! The integrated

tions are carried out by employing the LOBSTER ver.5.1.1

program. 3!

The calculations of the theoretical detonation parameters
of the two high-pressure MSHCs, including heat of detona-
tion (Q), detonation velocity (D), and detonation pressure (P),
were conducted following the Hess’s law and Kamlet—Jacobs
equations!3®! as shown below:

0 = E(M)+3E (Hy) — E (MH,), )
0= 0.4885Nm2 Q?, )
D=1.01¢? (1+1.30p), 3)
P =1.558¢p>, )

where M = Ca and Nb, and x =6 and 3, respectively; ¢ rep-
resents a parameter for energy under detonation conditions,
N (in mol/g) represents the amount of moles of gas prod-
ucts formed per.gram of MSHCs during detonation under high
pressure, m is the average molar mass of these gases, which is
2.016 g/mol, and p (in g/em?) denotes the density of the two
MSHCs under high pressure. Moreover, the energy densities
of the two MSHCs are numerically equal to their Q, according
to the common definition for traditional energetic materials.

The thermal decomposition behavior of CaHg was sim-
ulated by AIMD within the CP2K program,*”) with the or-
bital transformation technology*®! used to accelerate comput-
ing. A 2 x 2 x 2 supercell of CaHg containing 112 atoms was
conducted and optimized under 200 GPa. After optimization,
the system was run for 10 ps at 3000 K, and subsequently for
3 ps with cooling to 298.15 K in the constant NPT ensemble
at 1 atm under the PBE-D3[*1 Jevel of theory with the DZVP-
MOLOPT-SR-GTH*" basis set. The convergence criteria for
forces and energy were set to 0.01 eV/A and 1 x 107> eV,
respectively. All simulations were performed under periodic
boundary conditions (PBC), and the thermostat was set as
CSVR for efficient and accurate temperature control. The time
step was 0.5 fs, and the time constant was 200 fs. The DIIS
minimizer was employed for all integration calculations in the
simulations.

The calculations of combustion performance were carried
out by employing the Explo5 ver.6.04 program under isobaric
combustion conditions at a chamber pressure of 7 MPa, with
equilibrium expansion conditions at the nozzle throat.

3. Results and discussion
3.1. Structures and bonding features

In this study, CaHg and NbH3 were chosen and investi-
gated as examples of MSHCs by employing the first-principle
GGA-PBE method. Firstly, CaHg and NbH3 were optimized
respectively under 150 GPa and 300 GPa. The calculated
structures are similar to the experimental structures, 29221 and
all the relative errors in lattice parameters are within 5% (as
listed in Table S1), indicating the reliability of our compu-
tational scheme. High formation pressure always causes the
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energy input to systems, and the energy properties of CaHg
and NbHj3 are closely related to the programmed pressure. To
eliminate the impact of different programmed pressures, we
optimized both structures again at 200 GPa. The structures
of CaHg and NbH3 under 200 GPa almost remain unchanged,
and the detailed structure parameters are listed in Table S2. All
following discussions of the structures, energies and properties
of CaHg and NbHj3 are based on the structures at 200 GPa.

As shown in Figs. 1(a) and 1(b), compared to ambient-
pressure metal hydrides, MSHCs always have higher H coor-
dination, more complex geometric structures and novel elec-
tronic configurations. Besides the interactions between metal
and H atoms, the high pressure facilitates to drive the trans-
formation of hydrogen to atomic phases. The H sublattices
in MSHCs always feature a strong covalent H-H network and
high electron density. We first discuss the geometric structures
of CaHg and NbH3.

Fig. 1. Structures-and ELF of high-pressure MSHCs. (a) The structure
of CaHg under 200 GPa. (b) The structure of NbH3 under 200 GPa.
(c) The ELF (isosurface = 0.1) of CaHg under 200 GPa. (d) The ELF
(isosurface = 0.1) of NbH3 under 200 GPa. The white, blue, and green
balls represent the H, Ca, and Nb atoms, respectively. The pink, blue and
yellow bonds represent the H-H covalent bonds in CaHg, the Nb—Hy _ype
and Nb-Hz-y,. bonds in NbH3, respectively. The Ca-H bonds are not
presented.

Under 200 GPa, the structure of CaHg (shown in
Fig. 1(a)) exhibits high symmetry and high hydrogen content.
The Ca atoms in CaHg form body-centered cubic (BCC) sub-
lattices, and the uniformly distributed H atoms form a highly
symmetric covalent H network. Specifically, each H atom
bonds with four adjacent H atoms via equivalent H-H cova-
lent bonds with a bond length of 1.191 A. Every 24 H atoms
constitute a Hyy cage, in which eight Hg hexagonal units are
located in the tetrahedral interstitial sites and six Hy square
units are located in the octahedral interstitial sites of the Ca
sublattice. In addition, all the distances from the H atoms to
the cage-centered Ca atoms in CaHg are 1.883 A.

NbH3 (shown in Fig. 1(b)) has an XY>Z-type Heusler
structure, where the Nb atoms occupy the X sites in a face-
centered cubic (FCC) arrangement and the H atoms occupy
the Y and Z sites. The Y-type and Z-type H atoms in NbH3
are individually distributed in the tetrahedral and octahedral
interstitial sites of the Nb sublattice, respectively. The bond
lengths of Nb—Hy _y,e bond and Nb—Hz_yp,e bond are respec-
tively 1.719 A and 1.985 A, and the shortest distance between
the adjacent H atoms is 1.719 A.

Further, the electronic structure. and bonding features
of CaHg and NbH3 were investigated via ELF and ICOHP.
The ELF, derived from the topological analysis of electron
pair probability based on the Pauli exclusion principle, can
intuitively display .the electron occupation in the MSHCs
system.[*!] And the ICOHP values (commonly negative) can
be used to evaluate the interaction strengths between two
atoms by integrating the partition of band—structure energy
calculated via the Hamiltonian matrix elements weighted den-
sities of states. Specifically, the lower ICOHP value indicates
the stronger interaction, while the value close to zero implies
no chemical bonding. 4243

The ELF of CaHg (shown in Fig. 1(c)) shows that there
is low electron occupation around Ca atoms and higher elec-
tron occupation around H atoms, which implies the electron
delocalization and metallization of CaHg. Notably, relatively
high electron occupation exists between the adjacent H atoms
and expands in the H sublattice of CaHg, which implies an
extended H network with covalent H-H bonds. The ICOHP
value for H-H bonds (—0.559 eV) is lower than those for Ca—
H (—0.126 eV) and Ca—Ca (—0.036 eV) interactions. Both
ELF and ICOHP of CaHg reveal the strong H-H covalent
bonding, weak interaction between Ca and H atoms and no
interaction between Ca atoms.

For NbH3 (shown in Fig. 1(d)), the ICOHP values of
Nb-Hy, Nb-Hz and Nb-Nb are respectively —1.201 eV,
—0.585 eV and —0.534 eV, which imply the strong bonding
interactions of Nb—H and Nb-Nb. The high electron occupa-
tion between the Nb and H atoms indicates that Nb—H bonds
exhibit a certain degree of covalent character, and both the
low electron occupation and the near-zero ICOHP value of
—0.040 eV between the adjacent H atoms indicate the weak
interactions between them.

Here, we further discuss the performance of H atoms un-
der different pressures. Under ambient pressure, H atoms typ-
ically form H, molecules, where the H-H bond is a o-bond
formed by the overlap of the two 1s orbitals of H atoms, with a
bond length of 0.74 A and an ICOHP value of —2.555 eV. The
intermolecular distances between H, molecules exceed 3 A,
and their interactions are dominated by dispersion forces. For
the traditional metal hydrides at ambient-pressure conditions,
such as AlH3, H atoms interact with metal atoms through ionic
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bonds, while there is almost no interaction between H atoms.
The ELF (Fig. S1) and ICOHP of AlH3 indicate that elec-
tron occupation mainly locates around H atoms. The ICOHP
values for AI-H and H-H are respectively —1.309 eV and
—0.003 eV, which means the strong ionic interactions between
Al and H atoms but almost no interactions between H atoms.

However, the H atoms behave differently in high-pressure
MSHCs. The high pressure increases both the potential en-
ergy and kinetic energy of CaHg and NbH3 systems, and the
kinetic energy increases more quickly than the Coulomb en-
ergy with the increase of pressure.!**! The increase of kinetic
energy closely depends on the growth rates of pressure and
intrinsic properties of the systems, which causes the elec-
tron delocalization and metallization of the atoms. Different
performances of metallization occur in high-pressure CaHg
and NbHj3, which is ascribed to their different metal atoms
and other inherent properties. For the CaHg system, under
200 GPa, the electronic delocalization of Ca and H atoms
causes the formation of the equivalent covalent bonding be-
tween the H atoms. These pressure-induced delocalized co-
valent H-H bonds are weaker than the typical o-bond in the
H; molecule, which aids in forming the metastable covalent
H network. This extended H sublattice in CaHg is a metallic-
hydrogen-like structure featuring high energy density..In the
NbH3 system, electron delocalization causes a certain degree
of covalent character in Nb—H bonds and strong bonding be-
tween Nb atoms.

3.2. Energetic performance

The above discussion suggests that the MSHCs possess
high energy. In the following section, the energetic perfor-
mance of CaHg and NbHj has been well studied. Also, the
relationship between their structural characteristics and ener-
getic performance was explored theoretically by using thermo-
dynamic and molecular dynamics methods.

3.2.1. Basic properties

The energetic performance of energetic materials is
closely related to their density, formation enthalpy and energy
density. Higher density, higher positive formation enthalpy
and higher energy density generally contribute to better en-
ergetic performance of explosives.!*! The densities (p), for-
mation enthalpies (AHy) and energy density (E4, numerically
equal to detonation heat, Q) of CaHg and NbH3 under 200 GPa
were calculated and listed in Table 1.

The p of CaHg and NbH3 under 200 GPa are 4.01 g/cm?
The high p of MSHCs
is attributed to the high compact crystal structure com-

and 10.08 g/cm?, respectively.

pressed by high pressure and the inherent high mass of metal
atoms. Their AHy values are respectively 1020.98 kJ/mol and
468.92 kJ/mol, both higher than that of CL-20, whose AH is

a high positive value of 377 kJ/mol. CaHg possesses a higher
Eq of 22.13 kl/g, which is 3.6 times that of CL-20 (a tradi-
tional energetic material, whose Eq is 6.56 kJ/g) and 2.3 times
that of cubic gauche polymeric nitrogen (cg-N, a novel high-
pressure energetic material, whose Eq is 9.7 kJ/g).°% While,
the E4 of NbHj is comparable to that of TNT (4.184 kJ/g[#01)
but below CL-20. The outstanding E4 value of CaHg is closely
related to its structure and chemical bonding. CaHg has a
metallic-hydrogen-like structure with high H coordination and
extended covalent H-H bonding induced by high pressure.
This unique structure makes CaHg in the metastable state and
tends to store more energy introduced by high pressure within
the H networks in the form of chemical energy. In contrast,
NbH3 lacks the metallic-hydrogen-like structure and bonding
features resembling CaHg. Most of the energy introduced by
high pressure is stored in the form of Coulomb energy. As a
result, NbH3 has a relatively low E4 compared to CaHg.

Table 1. Properties of high-pressure MSHCs.

Basic properties Detonation performance

Compound
p AHy N  QOE) D P
(g/cm3) (kJ/mol) (mol/g) (kJ/g) (km/s) (GPa)
CaH™™ @ 401 102098 00650 22.13 1625  168.95
caHy®® 401 102098 00474 951 1123 8025
NbH @) 1018 46892 00156 489 1252 12254

CL-20P () 2,04 377 0.0308 6.56  9.62 44.1
CL-20%- () 204 377.4+13 - 6.1 9.6 43

(a) Parameters calculated based on the ideal case, (b) parameters calculated
based on the MD simulation results, (c) predicted (via K-J equations) and
experimental parameters for CL-20, Refs. [46-49]. Densities (p), formation
enthalpies (AHy), energy density (E4, numerically equal to detonation heat,
Q), gas production (N), theoretical detonation heat (Q), detonation velocity
(D), and detonation pressure (P) are all included.

3.2.2. Detonation performance

The K-J equations are a common method for predict-
ing the detonation parameters of traditional CHON-based en-
ergetic materials, which have also been employed for metal-
containing systems.>!! Here, we also borrowed the K-J equa-
tions to describe the detonation performance of MSHCs to a
certain extent. The detonation parameters are closely related
to the detonation reaction process and the corresponding final
products. In an ideal case, the final products consist of metal
crystal and Hj gas, in which the energy release reaches its op-
timal level. The corresponding detonation parameters were
calculated and listed in Table 1, including the gas production
(N), theoretical detonation heat (Q), detonation velocity (D),
and detonation pressure (P).

The N of CaHg and NbHj are respectively 0.0650 mol/g
and 0.0145 mol/g, due to the difference in their hydrogen con-
tent. The Q (numerically equal to E4) of CaHg and NbHj are
respectively 5.3 times and 1.2 times TNT equivalent, and all
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values for their D and P are higher than those of CL-20. Par-
ticularly, both the D and P of CaHg are higher than those of
NbH3 by over 30%, which is primarily attributed to its larger
H content and the extra energy stored in its metallic-hydrogen-
like structure, as discussed above. Thus, substantial amounts
of high-temperature gases are released during its detonation,
which provides the necessary force for working.

3.3. Decomposition behavior of CaHg

As discussed above, CaHg possesses metallic-hydrogen-
like H-H covalent bonds and superior detonation performance.
In this section, we further explored its energetic performance
and potential applications by employing the ab initio molec-
ular dynamics (AIMD) method and CP2K software. The de-
composition process was theoretically simulated with a CaHg
model containing 112 atoms. The system was first optimized
under 200 GPa and then was simulated for 3 ps within the NVT
ensemble. To provide sufficient energy to initiate the decom-
position, the thermostat temperature was set to 3000 K. The
evolution of the potential energy and the structure throughout
the decomposition simulation are shown in Fig. 2.

() Potential energy evolution of CaHg
—639.5
[ T T 71 [ T T 71
—640.0 l 3000 K 298.15 K —
—640.5 I
)
§ —641.0 l
£ _ea1sH
& |
% —642.0 ll
)
& _6a2.5 ?
b
—643.0 \
1
_ i
643'50 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.
Time (ps)

Fig. 2. Decomposition behavior of high-pressure CaHg. (a) The potential
energy evolution of the decomposition of CaHg. (b) The structure of CaHg
before decomposition. (c) The products of the decomposition of CaHg. The
blue and white balls represent the Ca and H atoms, respectively. The pink
and green bonds represent the H-H and Ca—H bonds, respectively.

After short time heating, the CaHg system undergoes a
rapid-decomposition stage within 0.4 ps. During this stage,
extensive bond dissociation occurs, accompanied by the re-
lease of hydrogen atoms and a sharp decline in potential en-
ergy. The freed H atoms further bond with neighboring H or
Ca atoms to form H, and Ca,H,, clusters. At the end of this
stage, 73% of H atoms form H, molecules and the remaining
27% participate in the formation of Ca,H,, clusters, as shown
in Fig. 2(c). According to this simulated decomposition pro-
cess, there is a decrease in both energy release and detonation
parameters of CaHg compared to the ideal case. Based on the
potential energy decline throughout the simulations, the det-
onation parameters (denoted as CaHI(‘)AD) were calculated and
listed in Table 1. The results show that CaHg exhibits large
gas production (NMP = 0.0474 mol/g, or 1062.26 mL/g), also

far exceeding that of CL-20 (628.5 mL/g.5?!). The OMP is
9.51 kJ/g, which is 2.3 times that of TNT. The DMP and PMP
are 11.23 km/s and 80.25 GPa, respectively. Consequently, Ta-
ble 1 shows the detonation performance of CaHg in different
decomposition processes, the N, Q, D and P respectively lie
in (0.65-0.474 mol/g), (22.13-9.51 kJ/g), (16.25-11.23 km/s)
and (168.95-80.25 GPa), which are all higher than those of
CL-20. Our simulation validates the excellent detonation per-
formance of CaHg and its tremendous potential as high explo-
sives.

The above discussion about the hydrogenrelease suggests
the potential of CaHg for high-performance propellant com-
ponent. Further, its combustion performance was predicted
by using the Explo.S software. The theoretical vacuum spe-
cific impulse (Isp) of CaHg is 490.66 s, which is 1.9 times that
of hexogen (RDX, whose I, is 258 $)1°* and 3.2 times that
of ammonium perchlorate (AP, whose I, is 155 s).154 The
characteristic velocity (c*) and the combustion temperature of
CaHg are 2672.4 m/s and 2620.7 K, respectively. The main
combustion products consist of 24.54% Ca and 71.76% Hj,
corresponding to a hydrogen release ratio of 97.48%. All these
results highlight that high-pressure CaHg exhibits combustion
performance far exceeding that of common high-energy pro-
pellant components such as RDX and AP, suggesting its po-
tential for propellants.

4. Conclusion

For the first time, CaHg and NbH3 were chosen as ex-
amples of MSHC:s to systematically investigate their energetic
performance. Since the two MSHCs were obtained under high
pressure, both the potential and kinetic energy of the systems
increase, while the increase in kinetic energy is more rapid
than the Coulomb energy as the pressure rises. Consequently,
both MSHCs exhibit high energy densities, with the values of
5.3 times and 1.2 times that of TNT, respectively. Notably,
the outstanding energy density of CaHg is relatively higher
than that of NbH3, which is closely related to the structure and
characteristic H-H covalent bonds in CaHg. CaHg possesses
highly ordered extended H sublattice and metastable covalent
H network with strong pressure-induced covalent H-H bond,
which are similar to those in metallic hydrogen and offer CaHg
higher energy density.

Given this, we conducted an in-depth study of its deto-
nation process and energy release performance. First of all,
instead of the complete decomposition into pure Ca metal and
H;, CaHg might undergo complex reactions and produce var-
ious Ca,H,, clusters. Furthermore, the corresponding energy
density of CaHg was predicted as 2.3 times TNT equivalent.
Consequently, the theoretical energy density of CaHg ranges
from 2.3 to 5.3 times TNT equivalent. Moreover, at least
72.9% of H atoms in CaHg are finally released to form 35
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H; molecules in the rapid energy-release stage, suggesting its
potential for high-performance propellant component. There-
fore, we further predicted its combustion performance. The
theoretical specific impulse, characteristic velocity and hydro-
gen release ratio of CaHg are respectively 490.66 s, 2672.4 m/s
and 97.48%, indicating its superior combustion performance
far exceeding that of common high-energy propellant compo-
nents such as RDX and AP.

Our results demonstrate that the energy density and en-
ergy release of high-pressure MSHCs are significantly higher
than traditional CHON-based explosives, which makes them
a promising candidate for next-generation energetic materi-
als. Certain high-pressure MSHCs, such as CaHg, possess
metallic-hydrogen-like structures and characteristic covalent
bonds and can release substantial amounts of high-temperature
gases during their detonation, demonstrating tremendous po-
tential for explosives and high-energy propellant components.
To date, stabilizing MSHCs, which are synthesized at high
pressure, under ambient pressure conditions is very challeng-
ing. Using the pressure-quench protocol (PQP) or achieving
solid solutions is promising to recover the pressure-induced
phases to ambient pressure, which may extend the research on
MSHC:s from basic studies to applied research. This study en-
hanced the chemical understanding of MSHCs and provided a
new route to design novel high-energy-density materials, pro-
moting the exploration of MSHCs in defense, aerospace, and
energy sectors.
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