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Nitrogen-hydrogen-oxygen ternary phase diagram: New phases at high pressure
from structural prediction
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Using an ab initio evolutionary structural search, we predict two novel crystalline phases in the H-N-O ternary
phase diagram at high pressure, namely, NOH4 and HNO3 (nitric acid). Our calculations show that the C2/m

phase of NOH4 becomes stable at 71 GPa, while the P 21/m phase of HNO3 stabilizes at 39 GPa. Both phases
remain thermodynamically stable at least up to 150 GPa, the maximum pressure we considered. The C2/m phase
of NOH4 contains two O-H layers and one dumbbell cluster layer, formed by two NH3 molecules linked by a N-N
covalent bond. The P 21/m phase of HNO3 contains a surprising quasiclover layer formed of H-N-O covalent
bonds. Further calculations show that both phases are semiconducting, with band gaps of 6.0 and 2.6 eV for NOH4

and NHO3, respectively. Our calculations also confirm that the compound NOH5 (NH3H2O) becomes unstable
at pressures above 122 GPa, decomposing into NH3 and H2O.
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I. INTRODUCTION

Nitrogen, oxygen, and hydrogen are some of the simplest
and better studied elements of the periodic table. Moreover,
they are some of the most abundant elements in the solar system
and form several textbook compounds, such as water, nitrogen
oxides, ammonia, and nitric acid, that are fundamental not only
to life, but also to modern industry [1–5]. The ternary phase
diagram H-N-O is extremely well characterized as a function of
composition and temperature at ambient pressure. There is also
a large amount of studies, both experimental and theoretical,
focused on the binary phase diagrams H-N, H-O, and N-O from
room to very high pressures [6–8]. However, much less is still
known about the ternary phase diagram under pressure.

Our aim is therefore to report in this article a systematic
study of the ternary H-N-O phase diagram as a function of
pressure. Our theoretical tool is global structural prediction.
Structural prediction methods have proved for the past years
to be extremely powerful to determine ground-state crystal
structures under high pressure. They have already yielded a
remarkable number of important results. For example, they
were used to show that the xenon apparently missing from
the Earth is in fact bound with iron at the interior of our
planet [9], or that simple alkali metals become semiconducting
and transparent under pressure [10]. More recently, structural
prediction was able to find superconductivity with a record
transition temperature in hydrogen sulfide [11,12], a prediction
that was confirmed experimentally one year later [13].
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It is easy to understand the importance and attractive-
ness of structural prediction in the field of high-pressure
physics. In fact, under high pressure, materials can modify
substantially the chemistry, leading to novel and unexpected
bonding patterns, often making intuitions based on our ambient
pressure knowledge fail spectacularly. Computer simulations
offer a faster and cost-efficient solution to prescreen the phase
diagram of materials, before performing targeted complicated
and expensive high-pressure experiments.

Several global structural prediction algorithms have been
developed over the past decade, such as genetic algorithms
[14–16], particle-swarm methods [17,18], random search [19],
and the minima hopping method [20,21]. These methods are
now ready for use in a number of freely available codes. It is
therefore not surprising that global structural prediction studies
of bulk solids under pressure have mushroomed over the past
years. A large majority of these works concentrates on single
stoichiometries or binary phase diagrams. Studies of ternary
phase diagrams are instead rarer, due to the significantly larger
number of possible compositions, and the consequent increase
of the required computational effort.

II. ELEMENTARY AND BINARY PHASE DIAGRAMS

The phase diagrams of elementary and binary phases made
of hydrogen, nitrogen, and oxygen have been extensively
studied, both experimentally and theoretically, in a wide range
of pressures and temperatures. In the following, we will
summarize briefly the current knowledge, starting with the
elemental phases.

Hydrogen, as the first and arguably the simplest element
of the periodic table, has attracted much attention since
Wigner and Huntington proposed in 1935 that solid hydrogen
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might dissociate into an atomic metal at around 25 GPa
[1]. Unfortunately, the extremely weak x-ray scattering of
hydrogen hindered for a long time the experimental studies
of the low-temperature and high-pressure structures. Phase
I of hydrogen consists of a disordered hcp structure [22],
while the low-temperature and high-pressure phases II and III
were extensively studied both experimentally and theoretically
[19,23–30]. More recently, experimental results suggest a
phase transition to a metallic, atomic phase at around 447 GPa
[31], but these results are still under intense debate.

Nitrogen has a remarkably rich phase diagram, with no less
than 13 solid molecular phases [2,32–38], an amorphous state
[33], and two nonmolecular phases [39,40]. At 300 K, nitrogen
freezes at 3 GPa to β-N2, and further compression results in
the δ, δloc, ε, ζ , and κ phases at 5, 11, 16, 60, and 115 GPa,
respectively [3,4,34,41–43]. Finally, at about 150 GPa, there
is a transition to the amorphous η phase, which exhibits
substantial pressure hysteresis [33,44]. Recently, Frost and
co-workers synthesized a new phase, called λ-N2, through low-
temperature compression, and observed it to have a remarkably
wide stability range [45].

Oxygen also exhibits a rich polymorphism with seven
unambiguously established crystalline phases. At ambient
pressure and as a function of temperature, oxygen solidifies to
the paramagnetic γ phase, then to the magnetically disordered
β phase [5,46], and ultimately to the antiferromagnetic α phase
[47]. At a pressure of 6 GPa, the α phase transforms into the
antiferromagnetic δ phase [48–50]. As the pressure increases
to about 8 GPa, the δ phase of oxygen is destroyed, leading
to the ε-O8 phase, consisting of O8 clusters [51,52]. Above
96 GPa, ε-O8 was observed to transform into a metallic ζ phase
[53,54] (that intriguingly exhibits superconductivity with a
transition temperature of 0.6 K [55]). Zhu and co-workers
predicted another phase of oxygen at 1.92 TPa, which exhibits
polymeric spiral chains of O4 [56]. These studies explored
the high-pressure phase diagrams of solid oxygen up to a
maximum pressure of 2 TPa.

Beside the elementary phase diagrams, also the binary N-H,
N-O, and O-H diagrams have been extensively studied. The
low-temperature and pressure phase I (P 213) of NH3 under-
goes a first-order phase transition into phase IV (P 212121) at
around 3–4 GPa and then into phase V at about 14 GPa [6–8].
In 2008, Pickard et al. found that the phase V of ammonia
also belongs to the space group P 212121. Furthermore, they
predicted two new ionic phases under high pressure (Pma2
and P 21/m) that retransform into a molecular phase (Pnma)
at about 440 GPa [57].

As one of the most important binary compounds, H2O ice
has a very rich phase diagram. Until now at least 15 solid phases
have been identified experimentally [58,59], and another seven
high-pressure phases have been predicted by theoretical studies
[60–63]. Experimentally, all crystalline phases were found
to consist of water molecules connected by hydrogen bonds,
except for ice-X. This latter is an atomic crystal and it is stable
above 70 GPa at low temperature.

Nitrogen oxides such as NO, N2O5, NO2, and N2O have
also been studied both experimentally and theoretically. NO
is a metastable compound at low pressure, while a polymeric
NO structure becomes stable at 198 GPa [64]. Molecular N2O5

phases are stable in a wide pressure range from 9 to 446 GPa,

when they decompose into NO and O [64]. The cubic phase
(Im3̄) of NO2 forgoes two phase transitions at 7 GPa (to a
P 21/c crystal) and then at 64 GPa (to an another P 21/c phase),
before decomposing at 91 GPa [64]. N2O follows a series
of phase transitions from Pa3̄ [65] → Cmca [66] → C2m

[67] → P 21/m [68] at the pressures of 57, 177, and 194 GPa,
respectively.

Finally, for what concerns the literature on ternary com-
pounds, the phase ammonia monohydrate (AMH) I [69] of
NH3H2O is known to transform into AMH II [70] at about 2.8
GPa. AMH II turns into a P 4/nmm and then into a Ima2 phase
at 3.3 and 42 GPa [71], respectively. On the other hand, a new
high-pressure phase (P 21/c) of pure nitric acid (HNO3) has
been characterized at 1.6 GPa at room temperature by high-
pressure neutron powder and x-ray single-crystal diffraction
techniques by Allan and co-workers in 2010 [72].

III. METHODS

For our study we chose to perform structural prediction
using a particle-swarm optimization algorithm, implemented
in the CALYPSO code [17,18]. This method is unbiased by
any known structural information, and has been successfully
used for the prediction of various systems under high pressure
[73–76]. The underlying ab initio structural relaxations and the
electronic band-structure calculations were performed in the
framework of density functional theory (DFT) using the VASP

code [77]. The calculations were carried out in the generalized
gradient approximation for the exchange-correlation potential,
using the Perdew-Burke-Ernzerhof [78] (PBE) functional. The
electronic wave functions were expanded in a plane-wave basis
set with a cutoff energy of 600 eV. The electron-ion interaction
was described by means of projector augmented-wave (PAW)
[79] pseudopotentials with 1s1, 2s22p3, and 2s22p4 electrons
in the valence for the H, N, and O atoms, respectively.
Monkhorst-Pack k-point [80] meshes with a grid density of

0.03 Å
−1

were chosen to achieve a total energy convergence
of better than 1 meV per atom. The phonon dispersion curves
were computed by the direct supercell calculation method, as
implemented in the PHONOPY program [81].

We define a compound thermodynamically stable if its
distance to the convex hull of stability is zero. We recall that
the convex hull is a hypersurface in the composition space, that
connects compounds that have a formation enthalpy lower than
all possible decomposition channels. The (positive) distance
to the convex hull of a phase measures its instability. Beside
the newly predicted structures, we considered elementary,
binary, and ternary phases already studied in theoretical and/or
experimental works available in literature. To obtain reliable
enthalpy differences, we recalculated the enthalpies of all
these structures using our calculation setup. These calcula-
tions allowed us to confirm the phase ordering presented
in previous theoretical studies on elementary and binary
phases.

Note that our calculations are performed at zero temperature
and in a range of pressures from 0 to 150 GPa. The inclusion
of temperature effects would require the calculation of the
phonon modes of all involved compounds in the whole pressure
range. The very high computational cost associated with these
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FIG. 1. Ternary phase diagram of the H-N-O system at 150 GPa.
The novel phases are marked in red.

calculations explains why we focus in this work solely on the
effects of pressure.

IV. RESULTS

We investigated systematically the phase stability of stoi-
chiometric NOHx (x = 1, 2, 3, 4, 5), HONx (x = 1, 2, 3, 4,
5), HNOx (x = 1, 2, 3, 4, 5), and H3NO4 compounds. The
structural prediction runs were performed with unit-cell sizes
of 2 and 4 formula units (f.u.) at pressures of 50, 100, and
150 GPa. To limit the computational burden, we decided to
restrict our investigation to a limited set of stoichiometries
that allowed one to keep the unit cells sufficiently small. We
calculated the convex hull of thermodynamic stability with
respect to the decomposition into all known phases of the H-N-
O ternary system, including our theoretical predictions and the
most stable phases reported experimentally and theoretically in
the corresponding pressure range. The phases that we included
explicitly to build the convex hull, as they belong to the lowest
enthalpy decomposition channels, are H2 (P 63/m and C2/c)
[19], N2 (P 41212 [39] and I213 [43]), O2 (C2/m) [51,52],
H2O (phase X [60] for the pressure above 70 GPa and phase

VIII [58] below 70 GPa), N2O (Pa3̄ [65] and Cmca [66]),
N2O5 (P 1̄ and C2/c) [64], and NH3(P 212121 for a pressure
below 90 GPa and Pma2 above 90 GPa) [57].

In Fig. 1 we show the ternary phase diagrams of H-N-O at a
pressure of 150 GPa (the largest pressure that we considered).
Metastable compositions that appear above the convex hull are
not plotted for clarity. There are several conclusions that we can
immediately extract from Fig. 1. First, all compositions HONx

(x = 1, 2, 3, 4, 5) are above the convex hull, which implies
that they are not thermodynamically stable at 150 GPa. If we
consider HNOx (x = 1, 2, 3, 4, 5), only HNO3 (nitric acid) is
on the convex hull, although in a novel structure different from
the low-pressure phases. Finally, for NOHx (x = 1, 2, 3, 4,
5), the only stable composition is interestingly not NOH5 (i.e.,
NH3H2O, a mixture of water and ammonia that is 0.098 eV/f.u.
above the hull) but NOH4. This is again an indication of the
profound influence that high pressure has on the chemistry of
even simple elements, leading to unexpected stoichiometries
and bonding patterns.

The structures of the two novel phases that we have
identified, NOH4 and HNO3, are shown in Fig. 2(a), and
Figs. 3(a) and 3(b). We also plotted the charge density and
electron localization functions of these two phase, as shown
in Figs. 2(b) and 2(c) and Figs. 3(c) and 3(d), respectively.
The structural parameters of the predicted stable structures for
the H-N-O ternary system are summarized in Table I. In the
following, we analyze systematically the two new phases.

We calculated the dependence of the formation enthalpy on
the applied pressure, considering the possible decomposition
of NOH5 and NOH4 into water, ammonia, and nitrogen, as
shown in Fig. 4. We find that NH3H2O is stable in a large range
of pressures, in good agreement with previous works [71], but
that it becomes thermodynamically unstable at around 122 GPa
when it decomposes into NH3 and H2O. We find the opposite
behavior for NOH4, that becomes stable at around 71 GPa, as
shown in Fig. 4.

The new phase of NOH4 has C2/m symmetry (space
group No. 12), with 24 atoms in the unit cell as shown in
Fig. 2(a). It is composed of O-H chains separated by a layer of
NH3 molecules. To understand the bonding character of this
structure, we plot in Fig. 2(b) the charge density and in Fig. 2(c)
the electron localization function (ELF). This latter quantity is

FIG. 2. (a) Crystal structure of NOH4 with space group C2/m. The white, blue, and red atoms represent H, N, and O, respectively. (b)
Charge density plot. (c) Electron localization function in the plane perpendicular to the (010) crystallographic direction.
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FIG. 3. (a), (b) The P 21/m phase of HNO3. The red, light blue,
and white atoms represent respectively O, N, and H. (c) Charge density
plot of the P 21/m phase of HNO3. (d) Slab cut along the (010)
direction of the ELF. For clarity, we used here a (2 × 1 × 2) supercell.

a valuable tool developed in quantum chemistry to visualize
bonds, lone pairs, etc. It assumes values in the range from zero
to one, with one meaning perfect localization of electrons (such
as in a bond). We find that the ELF has large values between
two NH3 molecules, indicating a covalent bond between the
two N atoms. We thus conclude that the NH3 layer is in fact
built from N2H6 dumbbell clusters.

The H-O distance is 1.117 Å and the H-O-H angle is 112.87◦
at 150 GPa. In the chains, the electrons are mainly distributed
in the center of the O-H bonds. The covalent character of these
bonds can also be confirmed by the charge density plot in
Fig. 2(b). On the other hand, the N-N distance is 1.355 Å at
150 GPa. We deduce that the N-N bond is a single bond, as
confirmed by the shape of the ELF.

TABLE I. Predicted crystal structures of NOH4 and HNO3 at
150 GPa, and of NOH5 at 100 GPa.

Space group Lattice
pressure parameters Atomic coordinates (fractional)

C2/m-NOH4 a = 4.80513 Å H (8j ) 0.73862 0.27769 0.18187
150 GPa b = 3.94998 Å H (2a) 0.00000 0.00000 0.00000

c = 3.72274 Å H (2b) 0.00000 0.50000 0.00000
α = γ = 90◦ H (4i) 0.47412 0.00000 0.83563
β = 101.9◦ O (4i) 0.86866 0.00000 0.21498

N (4i) 0.60060 0.00000 0.65717
P 21/m-HNO3 a = 3.76343 Å H (2e) 0.09859 0.25000 0.06669
150 GPa b = 3.71923 Å O (2e) 0.34502 0.25000 0.01337

c = 3.79534 Å O (2e) 0.67110 0.25000 0.65678
α = γ = 90◦ O (2e) −0.01431 0.25000 0.33338
β = 119.7◦ N (2e) 0.67195 0.25000 0.34246

Ima2-NOH5 a = 3.82308 Å H (8h) 0.00000 0.05335 0.26087
(NH3H2O) b = 4.11076 Å H (8i) 0.27414 0.25000 0.02918
100 GPa c = 5.62304 Å H (4d) 0.25000 0.25000 0.75000

α = β = γ = 90◦ O (4e) 0.00000 0.25000 0.86373
N (4e) 0.00000 0.25000 0.37254
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FIG. 4. Enthalpy per formula unit of the Ima2 phase of NOH5

(NH3H2O) and of the C2/m phase of NOH4 as a function of pressure.
The zero line corresponds to the decomposition into NH3 and H2O
(for NOH5), or into NH3, H2O and N2 (for NOH4).

The C2/m phase of NOH4 at 150 GPa is dynamically stable
as it does not exhibit any imaginary phonon frequencies, as
shown in Fig. 5. The electronic band structure and projected
density of states (DOS) are shown in Fig. 6. We observe that
the C2/m phase is an insulator with a large band gap of 6.0 eV
at 150 GPa. Note that this value was calculated with the PBE
functional, that systematically underestimate band gaps.

HNO3 (nitric acid) at 150 GPa crystallizes in a novel phase
of P 21/m symmetry and with an interesting structural con-
figuration, containing two parallel layers forming a cloverlike
pattern with a H atom tail. There are 10 atoms in the unit cell,
as shown in Figs. 3(a) and 3(b). The “quasiclover” is formed
by three nitrogen atoms, one oxygen atom, and one hydrogen
atom. Every N atom in the middle of the quasiclover has three
nearest O atoms, while one of the three O atoms is bonded with
one H atom.

The charge density plot of the P 21/m phase of HNO3 is
shown in Fig. 3(c). We can clearly find that the electron cloud
is almost entirely distributed around the region between the
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FIG. 5. Phonon dispersion of the C2/m phase of NOH4 at
150 GPa.
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FIG. 6. Band structure and density of states of the C2/m phase
of NOH4 at 150 GPa.

N and O atoms. Obviously, there are two different kinds of
N-O covalent bonds, with bond lengths of 1.195 and 1.246 Å
at 150 GPa. From the plot of the ELF [see Fig. 3(d)] one can
distinguish the three N-O covalent bonds, together with the
lone pairs around the oxygen atoms. The O-H bond distance
is 1.042 Å at 150 GPa.

The relative enthalpy per formula unit of the new P 21/m

phase of HNO3, calculated with respect to the phase II (P 21/c)
[72], is shown in Fig. 7 as a function of pressure. Our results
show that the new P 21/c phase is energetically favored in
a large range of pressures from about 39 GPa to more than
150 GPa.

Finally, we calculated the phonon dispersion of this phase
at 150 GPa, as depicted in Fig. 8, that proves that the P 21/m

phase is mechanically stable. We also calculated the electronic
band structure and density of states, as shown in Fig. 9. It
reveals that the P 21/m phase of HNO3 is a semiconductor
with a PBE band gap of 2.6 eV.
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FIG. 8. Phonon dispersion of the P 21/m phase of HNO3 at
150 GPa.

We observe that this work is an attempt to calculate from
first principles the convex hull of stability of a ternary system
with volatile elements. As in any other theoretical study of
phase diagrams, we had to restrict ourselves to a number of
different compositions and unit-cell sizes. As such, we cannot
rule out the existence of other stable compounds with larger
unit cells. If these undetected compounds have particularly low
formation enthalpy, they may change significantly the shape of
the convex hull of stability. However, and even in that case, we
can still conclude that an experiment performed in the pressure
range that we have suggested should detect new phases in the
H-N-O phase diagram.

V. CONCLUSION

In summary, we explored the ternary phase diagram of
the H-N-O system at high pressure using a global structural
prediction method combined with first-principles calculations.
We found only two stable ternary phases at 150 GPa, namely,
NOH4 and HNO3. The novel phase of NOH4 possesses C2/m

symmetry while the new phase of HNO3 has P 21/m symmetry.
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FIG. 9. Band structure and density of states of the P 21/m phase
of HNO3 at 150 GPa.
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While the former composition becomes thermodynamically
stable at 71 GPa, the P 21/m phase of HNO3 is stabilized with
respect to phase II at pressures higher than 39 GPa. Both are
layered systems, with the C2/m phase of NOH4 containing
HO chains separated by a NH3-NH3 dumbbell cluster, and the
P 21/m phase of HNO3 composed of quasiclovers, with a H
tail. These structures are a consequence of the high pressure
on the bonding behavior of even simple elements. Our results
can be used as a guide for further experimental exploration of
the ternary H-N-O phase diagram.
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