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ABSTRACT: Hydrogen-rich compounds attract significant fundamental and
practical interest for their ability to accommodate diverse hydrogen bonding
patterns and their promise as superior energy storage materials. Here, we report
on an intriguing discovery of exotic hydrogen bonding in compressed ammonia
hydrides and identify two novel ionic phases in an unusual stoichiometry NH,.
The first is a hexagonal R3m phase containing NH;—H*—NH;, H™, and H,
structural units stabilized above 25 GPa. The exotic NH;—H'—NH; unit
comprises two NH; molecules bound to a proton donated from a H, molecule.
Above 60 GPa, the structure transforms to a tetragonal P4,2,2 phase comprising
NH,", H™, and H, units. At elevated temperatures, fascinating superionic phases
of NH, with part-solid and part-liquid structural forms are identified. The
present findings advance fundamental knowledge about ammonia hydrides at
high pressure with broad implications for studying planetary interiors and
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superior hydrogen storage materials.

ydrogen-rich compounds have long been the subject of

intense research efforts for fundamental scientific
interests and practical application potentials, for example, as
premier prototypes of efficient hydrogen storage media.'”
Among such compounds, group V hydrides, e.g, ammonia
(NH,), hydrazine (N,H,), and hydrazoic acid (HNj,), are of
particular interest for their ability to form special hydrogen
bonding and flexible nitrogen backbone chains °~® Extensive
theoretical and experimental studies™”~'* have identified group
V hydrides with intriguing chemical bonding patterns'*~"” and
high energy density. Used as rocket fuel, hydrazine has a very
high hydrogen capacity of 12.6 wt %, and recent results show
that the efficiency of hydrazine decomposition for hydrogen
generation at room temperature can be improved by using
group VIII metal-based catalysts.”” Meanwhile, ammonia
possesses even higher hydrogen capacity (17.6 wt %), makin§
it a prototypical compound for research and development,
especially as a prominent choice for hydrogen storage media
supported by well-developed technologies for its synthesis and
distribution as well as its easy catalytic decomposition.””
Ammonia is known to undergo phase transformations from
molecular hydrogen-bonded to ionic nonhydrogen-bonded
configurations.”’ Ammonia and hydrogen are among the major
constituents in the interior of giant planets Uranus and
Neptune.”” While ammonia is a unique solvent in terms of its
ability to dissolve all the alkali metals,”* there is no

W ACS Publications  © xxxx American Chemical Society

2761

experimental or theoretical evidence of chemical reactions
between ammonia and hydrogen molecules.”® Such reactions,
however, may occur under high pressure conditions inside the
giant planets, and the process and resulting products can be
probed computationally and accessed by laboratory experi-
ments, which may well unveil novel structural and chemical
properties of ammonia hydrides. It is widely recognized that
subtle bonding differences in hydrogen-rich compounds can
have considerable influence on their stability and physical and
chemical behavior. In this work, we explore possible new high-
pressure forms of ammonia hydrides with novel bonding
configurations and properties. The results may have
implications for developing superior hydrogen storage media
and shed light on the fundamental principles for understanding
the physics and chemistry of giant planetary interiors.

We studied the stability of ammonia hydrides over a wide
range of stoichiometry by calculating their formation enthalpy
relative to that of the dissociation products of solid NH; and
H, at 50, 100, and 200 GPa. The formation enthalpy of the
NH;—H, system is defined as AH = H (N,Hj,,,,) — xH(NH;)
— yH(H,), where the most stable P2,2,2; and Pma2 phases of
NH,; and the P6;/m and C2/c phases of H, at the
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corresponding pressures were chosen as the reference
phases.26’27 The calculated convex hulls (Figure la) show
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Figure 1. (a) Calculated formation enthalpy of various NH;—H,
compounds with respect to the decomposition. The convex hulls are
indicated by solid lines. (b) Calculated enthalpy of the predicted NH,
phases relative to that of the decomposition products in 0—200 GPa.

that among the studied NH;—H, structures, NH, is the only
compound that is stable against decomposition in the wide
pressure range examined; note that the onset of stability of
NH, is delayed to 125 GPa due to the emergence of the new
NH, compound.” We refined our formation enthalpy
calculations for various NH, phases relative to NH; and H,
in 0—200 GPa. At about 25 GPa, a hexagonal structure in R3m
symmetry becomes more stable than the NH; and H, mixture
(Figure 1b). This structure has a gravimetric density of 33.3 wt
% hydrogen storage capacity, and 19.0 wt % is extractable upon
decomposition into NH; and H,, which represent the highest
hydrogen storage and releasing capacity among all known
materials. The R3m NH, phase adopts a sixfold symmetry and
comprises intriguing NH;—H—NH;, H,, and H™ units (Figure
2). In this ammonia hydride structure, each ionic H~ is
surrounded by six H, at an equal distance of 1.761 A; it is
located at the central sites of the six NH;—H—NHj units. At
increasing pressures, the R3m structure undergoes a phase
transition at 60 GPa to a tetragonal P4,2,2 structure, which
consists of tetrahedral NH,*, H,, and H™ units, where each H™
unit is surrounded by three tetrahedral NH," and three H,
units occupying the interstitial regions and forming a spiral
pipe structure. More structural information is presented in the
Supporting Information (Table S1 and Figure S1).

We examined the effects of the van der Waals interactions
and zero-point energy on the stability of compressed ammonia
hydrides.” The results (Figure S2) show that these effects shift
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Figure 2. (a) Polyhedral and (b) top view of the R3m structure of
NH, at 50 GPa with the ELF plot of the NH;—H—NH; unit shown in
panel a. (c) Hydrogen bonds between the ionic H™ and NH;—H"—
NHj units. (d) Top view of the crystal structure in P4,2,2 symmetry
at 100 GPa. (e) Ionic bonding characters between the ionic H™ and
NH," units. Blue, yellow, and white spheres represent nitrogen,
hydrogen, and ionic hydrogen atoms, respectively.

the calculated enthalpy values downward but do not change
their relative order. We also calculated phonon dispersions””
and observed no imaginary frequencies (Figure S3), which
indicates that these NH, phases are dynamically stable. The
calculated electronic band structures (Figure S4) show that
NH; is a semiconductor with an indirect band gap of 2.4 eV
(R3m phase) at 50 GPa and 1.2 eV (P4,2,2 phase) at 100 GPa,
in sharp contrast to solid ammonia that remains an insulator
with a large band gap of 5.3 eV at 100 GPa.*® Moreover, we
performed calculations to determine the structural stability of
the NH, phases at finite temperatures (see Supporting
Information for more details). The obtained P—T phase
diagram (Figure 3) shows that rising temperature stabilizes the
two ionic solid phases of NH, at higher transition pressures
than those at 0 K. Hydrogen atoms deviate from their initial
positions at higher temperatures, leading to the forming of a
superionic phase that contain part-solid and part-liquid
structural character, where the nitrogen ions crystallize and
the hydrogen ions float around freely within the nitrogen
lattice (Figure SS). The appearance of the superionic P4,2,2
phase is achieved at higher temperatures, indicating that ionic
P4,2,2 NH, is a promising candidate structure for ammonia
hydride in a wide range of pressure conditions. The superionic
phase will finally break down into liquid state with increasing
disorder (entropy) by the temperature effect (Figure SS), and
NH; is tougher to melt than NH; and H, at high pressure
(>55 GPa). Our results reveal that the ionic and superionic
phases of NH,, are within the reach of high-pressure synthesis
in the laboratory. Although the stable temperature regions are
much lower than the isentropes in temperature for Uranus/
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Figure 3. P—T phase diagram of NH, ammonia hydrides. The dashed
orange line, red solid line, and dark-gray dash-dotted line represent
melting lines of NH; and H, and the isentrope of Uranus/Neptune,
respectively.’”~>* The light-gray solid lines indicate phase boundaries,
and the symbols are calculated data points.

Neptune (2000—7000 K), the present findings still advance
fundamental knowledge about new structures and physics to
address such reaction, process, and resulting products near the
adiabats inside the giant planets that have important
implications for planetary modeling. Furthermore, the temper-
ature induced phase transformation between the superionic
phases (favorable for releasing hydrogen) and crystal phases
(favorable for storing hydrogen) provides new insights for
exploring new hydrogen storage materials.

Ammonia is known to be able to accept protons and form
stable ionic phases under pressure, as in, e.g, ammonium
hydroxide (NH,*OH~) in P4/nmm symmetry, ammonium
oxide ((NH,"),0?") in Amma symmetry, and ammonium
amide (NH,*NH,”) in Pma2 symmetry, which are predicted
to become energetically stable at 3, 65> and 90 GPa,*®
respectively. Such novel ionic phases have been confirmed by
subsequent experimental measurements.”>*® To probe the
evolution of chemical bonding patterns of NH, at high
pressure, we calculated the Bader charge based on the AIM
theory.”” Results listed in Table SII show that these ionic NH,
structures are characterized by intriguing charge transfer
behaviors among their respective constituents.

Above 25 GPa, a pressure induced dissociation of H,
molecule occurs in NH, with two ammonias accepting an
H* and forming the NH;—H*—NHj unit. The forming of ionic
bonding between the NH;—H*—NH; and H™ units in the R3m
structure is identified by a significant transfer of Bader charge
between H* in NH;—H*—NH; (middle site) and H™ unit. The
resulting hydrogen bridge bonding in the cationic group is
highly unusual compared to the previously reported P2,2,2,
ammonium hydroxide and Pma2 ammonium amide as well as
the P4,2,2 NH, structure studied in the present work.
However, the same motif has been reported to emerge in
ammonia-rich water—ammonia mixtures, where it is stabilized
by proton transfer from H,O above 60 GPa.*®

Even more striking is the formation of centrosymmetric
bonds in NH;—H*—NHj with a collinear N—H*—N bonding
pattern (Figure 2a), which is rare in bulk crystals; previous
works on ammonia salts have identified the N,H, motif, but
always in a symmetry-broken NH,—NH; state (the bridging
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proton is not at the center).”””** Here, the bridging H atom
locates at the crystallographic symmetric center and is equally
shared by two chemically identical units. Both N—H distances
of the hydrogen bridge bonds are identical at 1.228 A, which is
longer than that of the N—H bond (1.018 A) in the NH; unit
at 50 GPa. Here, the bridge bonding is weaker than the
terminal bonding, stemming from the insufficient electron
localization in the hydrogen bridge bonds. Chemically
speaking, it is unfavorable to form the N—H'—N unit due to
the significantly different chemical bonding strength between
the covalent bonds and hydrogen bonds. The novel chemical
bonding observed in the present case can also be considered as
a hydrogen atom forming two covalent bonds (Figure 2a) with
a bond order of s = 1/2.** This surprising centrosymmetric
bond in the R3m phase highlights significant modulation of the
bonding environment in ammonia hydrides at high pressure.
As shown in Figure 2, six equivalent bonding connections
exist between the H™ and NH;—H*—NHj units in the R3m
phase. This bonding configuration is an anion coordination,
constituting anions and anion receptors. In general, most anion
receptors have amide type** or imidazolium groups™ as
binding sites, forming N—H:--anion or C—H:--anion hydrogen
bonds, respectively.” Interestingly, in the current case, H™
occupies the anion position, which has not been previously
reported. The N—H and H---H™ distances are 1.018 and 1.498
A at 50 GPa, respectively. The N—H-H~ hydrogen bond
strength is slightly weaker than that in H,O but is stronger
than that in ammonia, judged by the distance of H---O in H,0O
(1409 A)* and of H--N in ammonia (1.702 A)*® at the
identical compression condition. The theoretical bond
energy49 of H---H™ is 10.26 kJ/mol in the R3m phase at 50
GPa (Figure S6a), which is comparable to the results for
typical hydrogen bonds. Furthermore, we analyzed the
bonding behavior using the bond critical points (BCPs)
derived from a QTAIM analysis (Figure 4).””>' The BCP
between H™ and the nearest terminal H in the N,H," unit
possesses an electron density p of 0.03 au and a positive
Laplacian of 0.06 au. The positive Laplacian and small value of
electron density are indicative of the hydrogen-bonded nature
for the N—H---H™ bonding.>* The typical dihydrogen bond,>?

\g{\ 3 o
Pv: ©04a.u) |7 AE p (0.03 a.u.)
p (0.06 a.u.) ‘@ 5 V2p (0.06 a.u.)

(©)

iy
p (0.07 a.u) .
V2p (0.06 a.u.)

Figure 4. Gradient paths and critical points derived from a QTAIM
analysis for NH, in (a, b) the R3m phase at 50 GPa and (c, d) the
P4,2,2 phase at 100 GPa. Gray spheres represent BCPs, black spheres
represent H, and red squares represent H™. Gray spheres in dashed-
line boxes represent BCPs between (a) H™ and N,H,", (b) H™ and
H,, (c) H™ and NH,", and (d) H™ and H,.

p (0.04 a.u.) \
V2p (0.09 a.u.) °
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X—H™""°H-Y, involves a weak acid hydrogen bond as a
proton donor, X—H*, and a negatively polarized hydrogen
atom in "H-Y acting as a proton acceptor.”® In comparison
to the typical situation, the H™ anion emerged from the split
hydrogen molecule in the present case can be considered as a
proton receptor in the R3m phase rather than a hydrogen atom
polarized by Y, a less electronegative element than H. In this
view, the N—H--H™ bond can be regarded as a special
dihydrogen bond. As pressure further increases above 60 GPa,
each of the NH; molecules in the NH; structure accepts a
proton from H,, forming another ionic phase with P4,2,2
symmetry composed of NH,", H™, and H, units. As depicted
in Figure 2e, the NH," cation connects with the H™ anions at
three distances of 1.155, 1.192, and 1.279 A at 100 GPa, and
the resulting bond energy of the H---H™ component among
N-H--H™ is 76.11 kJ/mol (Figure S6b). These results
indicate a considerably enhanced ability of the NH; unit to
accept a proton at the higher pressures, which is a key driving
force for the phase transition.

Bader analysis indicates very small charge transfer from the
ionic species to the H, molecules, and H, is basically neutral
(Table S2). The H, is needed to fill voids in the ionic
(NH,")H™ structure because the two ionic species have very
different sizes;>> thus, packing of (NH,")H™ alone (global
stoichiometry NHj) is not efficient, and only with additional
H, in the structure does it become favorable under pressure.
An alternative probe of the vibrational properties of NH,
confirms that the interactions between the ionic species and
the H, molecules are weak (see the Supporting Information).

To further elucidate the mechanisms for the pressure-
induced phase transitions leading to the formation of the two
ionic NH, phases, we examined the evolution of the internal
energy (U) and the product of pressure and volume (PV),
which contribute to the enthalpy (H = U + PV) of the
pertinent material systems and phases in response to pressure
change. We show in Figure Sa the pressure dependence of AU,
A(PV), and AH, defined as the values for the R3m NH,
measured relative to those for NH;+2H,, which are set to zero.
It is seen clearly that the phase transition from NH;+2H,
mixture to the R3m phase is caused by the steep decrease of
the internal energy of the latter; meanwhile, the PV term of the

0.2 0.6
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Figure 5. Calculated AH, AU, and A(PV) versus pressure for the
predicted phase transitions: (a) NH; + 2H, mixture phase — R3m
phase of NH, and (b) R3m — P4,2,2 phase of NH,, where the
mixture and R3m phase are chosen as the reference phases,
respectively.
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R3m phase rises with increasing pressure, although its large
negative magnitude is still the main contributor to the overall
negative relative enthalpy around the phase transition pressure.
At further increasing pressures, the fast decreasing U term
continues to overcompensate for the rising PV term, resulting
in the stabilization of the R3m NH, relative to the NH; + 2H,
mixture. These results indicate that the exotic hydrogen
bonding and ionic bonding formed in the R3m phase of NH,
are the key driving mechanisms for the phase transition and
stabilization. On the other hand, both the U and PV terms
make similar contributions to lowering the enthalpy (Figure
Sb), therefore driving the phase transition at about 60 GPa
from the R3m phase to the P4,2,2 NH, and maintaining the
stability of the latter at higher pressures. Here, the volume
reduction and additional bonding with a sequence of H,
dissociation events in the P4,2,2 phase are equally important
mechanisms for the phase transition.

We also simulated Raman, infrared spectra, and XRD
patterns of R3m phase at 30 GPa and P4,2,2 phase at 70 GPa
(Figure S7) as a reference point for experimental character-
ization. The H, vibron is strongly blue-shifted under pressure
(reaching almost S000 cm™ at 70 GPa), in stark contrast to
what is seen in pure hydrogen. Due to the polarizing
environment, the H, vibron should have significant IR
intensity in both the R3m and P4,2,2 phases.

In summary, we performed an extensive structure search in
conjunction with first-principles energetic calculations to
explore the formation, stability, evolution, and phase
transitions of ammonia hydrides at high pressure and high
temperature. We identified two ionic phases in a novel NH,
stoichiometry that contain exotic hydrogen bonding patterns.
The first ionic phase in R3m symmetry hosts several intriguing
bonding configurations, especially a highly unusual collinear
N—H"—N bonding pattern in the centrosymmetric NH;—H"—
NHj; unit and a hydrogen-bonded N—H---H™ connecting the
anionic H™ unit to the NH;—H'—NH; unit. At higher
pressures, NH; molecules develop an enhanced ability to
attract protons, and each NH; unit accepts a proton from the
hydrogen molecule, producing a phase transition to the second
ionic phase with P4,2,2 symmetry, which contains NH,*, H,,
and H~ structural units. Our analysis indicates that
compression induced new bonding enhancement and volume
reduction play crucial yet distinct roles in bringing about these
phase transitions to the exquisite ionic structures with exotic
hydrogen bonding patterns in these novel ammonia hydrides.
These insights advance fundamental knowledge on the
mechanisms underlying the new structure and physics in
these remarkable compounds, which may be present inside
some large planets and are within the reach of high-pressure
synthesis in the laboratory. Moreover, the NH, compressed
crystal phases possess the highest storage (33.3 wt %) and
releasing (19.0 wt %) capacity of hydrogen among known
materials. The temperature induced phase transformations
between the superionic and crystal phases may open new
avenues for designing and developing advanced hydrogen
storage media.

B METHODS

Our structure prediction is based on the recently developed
Crystal structure AnaLYsis by Particle Swarm Optimization
(CALYPSO) met}lodolog}f,56_59 which predicts stable struc-
tures with only the knowled§e of the chemical composition at
given external conditions.”*’~®* The structural and electronic
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calculations were carried out using the density functional
theory within the Perdew—Burke—Ernzerhof*® generalized
gradient approximation exchan§e—correlation functional as
implemented in the VASP code.®” More computational details
can be found in the Supporting Information.
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