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Prediction of a novel high-pressure phase of hydrogen peroxide
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The binary H-O system almost exclusively exists in the form of water ice with stoichiometry of H2O in a wide
range of pressure (<∼5 TPa) that is one of the most abundant substances in the solar system. Hydrogen peroxide
(H2O2) is only metastable at ambient condition. We herein report a stable H2O2 phase at high pressure identified
by first-principles calculations in combination with a swarm-intelligence structure search. The predicted H2O2

compound is formed by stacking of an intriguing planar H2O2 molecule different from the metastable three-
dimensional isomer at ambient condition. The planarity of hydrogen peroxide molecules is expected to be caused
by the steric repulsion between molecules at high pressure, which is responsible for the stability of the crystal.
The phase is energetically stable in the pressure range of ∼423–600 GPa. It is thus a low-pressure phase of
binary H-O system with H:O stoichiometry other than 2:1 and promises to be accessible in static compression
experiment.

DOI: 10.1103/PhysRevB.101.134112

I. INTRODUCTION

The chemical elements of hydrogen and oxygen are among
the most abundant elements in the solar system [1,2]. Their
binary compositions, mostly in the form of water ice with
stoichiometry of H2O, are important components of giant
planets under a wide range of pressure [1,3]. For example,
water ice is likely in the core of Saturn and Jupiter at pressure
as high as 6.4 TPa [4], and is mixed with ammonia and
methane ice in Uranus and Neptune up to 800 GPa [3]. Thus,
the high-pressure studies of the structure properties of water
ice are of fundamental scientific interest for both condensed-
matter and planetary physics.

Water ice has a very rich phase diagram. Until now, 16
crystalline phases have been identified experimentally [5,6],
most of which are molecular crystals with different stacking
of water molecules. At low temperature and pressure above
70 GPa, the first atomic crystal phase, ice X, emerges with
symmetrical hydrogen bonds, in which the identity of wa-
ter molecules is lost [7]. Static compression experiment for
water has achieved pressures up to ∼210 GPa [8], revealing
that ice X is the highest-pressure crystalline phase thus far.
However, this pressure is far below the highest pressures
for water within planets. Dynamic compression techniques
[9–11] can reach TPa pressures, but usually at high temper-
atures where the sample melts. In the context of high-pressure
study of water ice, theoretical simulations have played a
significant role. A number of high-pressure phases beyond
ice X have been predicted through first-principles calculations
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combined with advanced global structure searching methods,
and the transition sequence is constantly revised up to
∼50-TPa pressures [12–19]. According to the latest work, at
least five high-pressure phases should exist beyond the stable
field of ice X with transition sequence as follows: Pbcm →
Pbca → P3121 → Pcca → P21/c [12,13,16,19]. All these
high-pressure phases are insulating atomic crystals with O and
H atoms fourfold- and twofold coordinated with each other.

H2O is the most stable stoichiometry of H:O binary com-
position for a wide range of pressure, but other H:O stoi-
chiometries could also exist. On the hydrogen-rich side of
the phase diagram (H:O ratio larger than 2:1), Zhang et al.
predicted a H4O phase to be stable relative to H + H2O
above 1.4 TPa and a H3O phase to be stable relative to
H2O + H4O above 14 TPa [18]. Pickard et al. proposed a
series of hydrogen-rich phases H2+δO with δ between 1/8
and ∼5/12 at pressures of a little over 5 TPa [19]. Most
recently, Huang et al. found a solid H3O phase stable above
∼450 GPa, which transforms to a fluid metallic state at the
deep interior conditions of Uranus and Neptune (>∼500 GPa
and ∼5000 K) [20]. These stable hydrogen-rich phases are
important for planetary physics, because they are likely to
be formed at the core-mantle boundary of gas giant planets
where H2O occurs under hydrogen-rich conditions [21]. On
the oxygen-rich side of the phase diagram (H:O ratio less
than 2:1), only one phase has been proposed to be stable at
high pressure thus far, which is the hydrogen peroxide (H2O2)
exhibiting a high-symmetry pyrite-type structure with O–O
bonds and threefold-coordinated H atoms [19]. Intuitively, it
is not expected to find H2O2 in a H-rich condition within gas
giants. However, the prediction of this phase is of particu-
lar importance, which in combination with aforementioned
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H-rich phases leads to a significant conclusion of decompo-
sition of water above 5 TPa [19].

Given the wide pressure range that the binary H-O system
could exist within gas giants and the relatively simple high-
pressure phase diagram on the O-rich side, it is reasonable to
expect that some stable phases may be missed. Complement-
ing the high-pressure phase diagram of the binary H-O system
will inevitably advance our understanding on the structure of
gas giant planets. Therefore, in this work, we performed an
extensive exploration of high-pressure phase diagram of the
binary H-O system on the O-rich side (H:O ratio less than
2:1) via our in-house developed swarm-intelligence CALYPSO

method. Strikingly, a stable orthorhombic phase of H2O2 is
predicted to be thermodynamically stable at pressure range
of about 423–600 GPa. The predicted H2O2 is formed by
stacking of intriguing planar H2O2 molecule. It is thus far
a low-pressure phase of binary H-O system with H:O sto-
ichiometry other than 2:1 and promises to be accessible in
static compression experiment using diamond-anvil cell.

II. COMPUTATIONAL DETAILS

The search for structures of the H-O system was based
on the global minimization of free-energy surfaces using ab
initio total energy calculations and the swarm-intelligence-
based CALYPSO structure prediction method [22,23]. Several
techniques are included in the CALYPSO method to improve
the search efficiency, e.g., space-group symmetry constraints
in structural generation, a bond characterization matrix tech-
nique for fingerprinting structures, local version of the par-
ticle swarm-optimization algorithm enabling a simultaneous
search in different energy funnels, etc. The key feature of
this methodology is its capability of predicting the ground-
state stable structure of materials with only the knowledge
of chemical composition at given external conditions (for
example, pressure), not relying on any prior known structural
information. Its validity has been manifested by successful
identification of the ground-state structures for a large number
of systems [24–30].

The underlying energy calculations and structure optimiza-
tions were performed in the framework of density-functional
theory using the Vienna Ab initio Simulation Package [31].
The projector-augmented plane-wave approach [32] was used
to represent the ion-electron interaction with 1s2 and 2s22p4

as valence electrons for H and O, respectively. The electron
exchange-correlation functional was treated using the gener-
alized gradient approximation proposed by Perdew, Burke,
and Ernzerhof [33]. The cutoff radius of the pseudopotentials
of oxygen and hydrogen are 0.58 and 0.42 Å, respectively.
A cutoff energy of 1200 eV for the expansion of the wave
function into plane waves and appropriate regular Monkhorst-
Pack k-point grids were chosen to ensure that all enthalpy cal-
culations were well converged to 1 meV/atom. The ab initio
molecular dynamics (AIMD) simulations were performed in
the canonical ensemble applying a Nosé thermostat. A system
containing 128 atoms was used for H2O2 at 500 GPa. The
simulations lasted ∼4ps with a time step of 0.5 fs, and a 1 ×
1 × 1 k-mesh grid was used for the Brillouin-zone sampling.
Phonon calculations were carried out using the frozen phonon
approach as implemented in the PHONOPY package [34]. The

FIG. 1. Phase stabilities of various oxygen-rich H-O compounds
with respect to decomposition into solid O2 and H2O at 400 and
600 GPa. The convex hulls are shown with solid lines. Dotted guide-
lines directly connect the data points. Compounds corresponding to
data points located on the convex hull are thermodynamically stable.

Visualization for Electronic and Structural Analysis software
(VESTA 3) was used for visualization and plotting [35].

III. RESULTS AND DISCUSSION

In order to obtain stable structures for oxygen-rich H-O
compounds, the stoichiometries of HOx (x = 4, 3, 2, 3/2,
4/2, 1, 3/4, and 2/3) with simulation cell size up to four
formula units (f.u.) were systematically searched at pressures
of 400 and 600 GPa. The thermodynamic stability of different

FIG. 2. Stable structures of hydrogen peroxide: (a) the pyrite-
type structure with space group of Pa-3 in Ref. [19] and (b) the
orthorhombic structure with space group of Pbca at 500 GPa derived
from the CALYPSO structure search. Two sides of views are given.
The red and white spheres represent oxygen and hydrogen atoms,
respectively.
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FIG. 3. (a) Calculated enthalpies per formula unit as functions of pressure of different structures relative to the Pbca structure without the
inclusion of zero-point energy. Inset shows enthalpy curve with inclusion of zero-point energy. (b) Phase diagram of water ice and hydrogen
peroxide including vibrational motion. (c) Phonon dispersions of Pbca structure of H2O2 (left panel) at 500 GPa; hydrogen and oxygen
projected phonon density of states (right panel). Blue and red lines are the oxygen and hydrogen projected phonon density of states, respectively.

H-O compounds with respect to stable solid O2 [36,37] and
H2O [13] at each pressure was evaluated through the below
equation:

�G f (HOx ) = [G(HOx ) − 1/2G(H2O)

− 1/2(x − 1/2)G(O2)]/(1 + x), (1)

where G = U + PV − T S is the Gibbs free energy of each
composition and �G f is the Gibbs free energy of formation
per atom. Here, U, P, V, T, and S are the internal energy,
pressure, volume, temperature, and entropy, respectively. Note
that G reduces to the enthalpy (H = U + PV ) at T = 0 K.
Based on the above definition, the pressure-composition phase
diagram at 0 K for HOx systems is shown in Fig. 1, in
which the convex hull was constructed by the calculated
enthalpies of the most stable structures for each composition.
The structure whose formation enthalpy lies on the convex
hull (solid lines) is deemed to be stable with respect to
decomposition into elements or other compounds, whereas the
structure above the convex hull (dotted line) is metastable or

unstable [38]. It is clearly seen from Fig. 1 that all the H-O
compounds under consideration are not stable relative to solid
O2 and H2O at 400 GPa. This finding is consistent with the
common knowledge that H2O is the only stable compound
for H-O system at low pressures. However, further increasing
the pressure to 600 GPa, the H2O2 becomes stable against
decomposition into solid O2 and H2O.

At 400 and 600 GPa, our structure searches can readily
reproduce the previous pyrite-type H2O2 structure with space
group of Pa-3 [Fig. 2(a)] [19], validating our methodology
in application to dense H-O systems. In addition, an or-
thorhombic Pbca structure [Fig. 2(b)] with 4 f.u. per unit
cell is found to be more stable than the pyrite-type Pa-3
structure at both pressures. The structural parameters of the
new Pbca structure at 500 GPa are a = 3.328 Å, b = 3.407 Å,
c = 3.398 Å, with H at 8c (0.1347, 0.8680, 0.5822) and O at
8c (0.1072, 0.3926, 0.3939) sites. As depicted in Fig. 2, the
predicted orthorhombic Pbca structure is a molecular crystal
formed through stacking of hydrogen peroxide molecules that
is very different from the previous Pa-3 structure occurring
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FIG. 4. AIMD simulations of crystalline solid, superionic solid, and fluid phases of H2O2. (a)–(c) MSD of oxygen and hydrogen in H2O2

at (a) 1000 K, (b) 3000 K, and (c) 6000 K at 500 GPa, in three phases. (d)–(f) Trajectory snapshots of the corresponding phases, where the
purple and blue spheres represent instantaneous positions of oxygen and hydrogen atoms, respectively.

as an atomic crystal with the hydrogen peroxide unit indis-
cernible. The coordination environments of the two structures
are also different. The O atoms are twofold- and fourfold
coordinated in Pbca and Pa-3 structures, while the H atoms
are coordinated with one O and three O atoms, respectively.
However, both structures contain O–O single bond with length
of ∼1.25 Å at 500 GPa, which is longer than the O–O double
bond (1.12 Å) in solid O2 at 500 GPa. Interestingly, the
hydrogen peroxide molecule in the Pbca structure is planar.
This is different from the hydrogen peroxide molecule at
ambient condition which is nonplanar with dihedral angle of
90.2°due to the electronic repulsion between the lone pairs of
the adjacent oxygen atoms [39]. The planarity of hydrogen
peroxide molecules in Pbca structure is expected to be caused
by the steric repulsion between molecules at high pressure.
It reduces the steric size of the molecules and leads to a
denser packing of the crystal, which lowers the PV term of
the enthalpy.

Figure 3(a) shows the calculated static enthalpies of the
two high-pressure structures of H2O2 and their possible de-
composition products of solid O2 (C2/m structure [37]) and
H2O (Pbcm structure [13]). We find that the Pbca structure
becomes stable against decomposition into solid O2 and H2O
at pressure about ∼458 GPa. It has the lowest enthalpy up to
∼600 GPa, beyond which the Pa-3 structure is energetically
more favorable. It is important to include the quantum nuclear
zero-point (ZP) motion when considering the energetics of
systems containing light elements. We therefore explored
the effect of ZP energy correction within the quasiharmonic
approximation and evaluated the corresponding contributions
to the free energies. Accordingly, the phase diagram of H2O2

including vibrational motion up to 2000 K was constructed

[Fig. 3(b)]. The results indicate that the ZP energy further
shifts the onset of the stable pressure of Pbca structure down
to ∼423 GPa at 0 K [inset in Fig. 3(a)]. Note that the
stable field (∼423–600 GPa) of the Pbca structure of H2O2

is much lower than pressure of ∼1 TPa recently achieved in
static compression experiments by a secondary anvil diamond
cell [40].

We calculated phonon dispersion curves for the Pbca struc-
ture at 500 GPa using the supercell method. The absence
of any imaginary phonon frequencies in the whole Brillouin
zone indicates that the Pbca structure is dynamically stable
[Fig. 3(c)]. Furthermore, it is clearly seen that the H atom
mainly contributes to the high-frequency vibrations because
of its relatively lighter atomic mass, while the O atom domi-
nates the low-frequency vibrations.

The stable pressure range (∼423–600 GPa) of the Pbca
structure has been suggested to occur within some gas giant
planets such as Uranus and Neptune [4,13] but accompanied
with high temperature of ∼5000–6000 K. Therefore, we per-
formed AIMD simulations to consider the high-temperature
behavior of this structure. The simulated mean-square dis-
placement (MSD) and trajectory at 500 GPa are presented in
Fig. 4. At 1000 K, MSD values of the hydrogen and oxygen
atoms remain nearly steady [Fig. 4(a)], indicating that the
system is stable in the solid with all atoms close to their
equilibrium positions [Fig. 4(d)]. At 3000 K, the hydrogen
atom MSD values gradually increase, whereas the oxygen
atoms continue to be stable, which represents a transition
into a superionic state [Fig. 4(b)]. From the trajectory data,
we can easily observe that the oxygen atoms remain near
their equilibrium positions while hydrogen atoms diffuse
[Fig. 4(e)]. Further increasing the temperature to 6000 K, the
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FIG. 5. Isosurfaces of ELF for (a) Pbca structure with a value of
0.7, (b) Pbca structure with a value of 0.88, (c) Pa-3 structure with
a value of 0.75. (d) Calculated electronic band structures (left panel)
and projected density of states (right panel) for Pbca structure.

oxygen atoms present a diffusion state, indicative of melting
[Figs. 4(c) and 4(f)].

To gain deep insight into the chemical bonding nature of
the two high-pressure structures of H2O2, we have calculated
the electronic localization function (ELF), which, defined to
have the convenient range of values between 0 and 1, is known
to be an informative tool to distinguish different bonding
interactions in molecules or solids [41]. The regions in which
the ELF value is close to 0.5 or 1.0 correspond to a perfect
free-electron gas distribution or well-localized electrons, re-
spectively. For the Pbca structure, the isosurface of ELF with
a value of 0.70 [Fig. 5(a)] shows substantial accumulation of
electrons around each hydrogen peroxide molecule, denoting
strong covalent bonding nature of neighboring O-O and O-H
pairs within the molecule; isosurface of ELF with a value
of 0.88 [Fig. 5(b)] clearly shows two lone electron pairs on
each O atom, which combined with O–O and O–H bonds are
distributed tetrahedrally. For the Pa-3 structure, the ELF plot
in Fig. 5(c) indicates that all the neighboring O-O and O-H
pairs form covalent bonds, in which each O atom is covalently
bonded by three H atoms almost in a plane and by one O atom
perpendicular to the H3O plane.

To quantitively evaluate the bonding interactions, we also
calculated the integrated crystal orbital Hamilton populations
(ICOHPs) using the linear muffin-tin orbital method [42].

The ICOHP counts the energy-weighted population of wave
functions between two atomic orbitals for a pair of selected
atoms, whose value tends to scale with bond strength (metallic
or covalent) in compounds. The results are consistent with the
above ELF results. At 500 GPa, the ICOHP values for O-O
and O-H pairs are −13.40 and −6.87 eV in Pbca structure,
respectively, while the values are −13.62 and −4.47 eV in
Pa-3 structure. This indicates that the O–H covalent bonds
in Pbca structure are stronger than those in Pa-3 structure.
Electronic bond structures and density of states for Pbca struc-
ture at 500 GPa are shown in Fig. 5(d). The Pbca structure is
insulating with a direct band gap of 3.05 eV at the � point
of the Brillouin zone. Both valence and conduction bands are
dominated by the O 2p states.

IV. CONCLUSIONS

In summary, by means of first-principles calculations and
the swarm-intelligence structure search method, we identified
an orthorhombic phase of H2O2 with space group of Pbca
stabilized in pressure range of ∼423–600 GPa. The structure
of the phase is formed by stacking of intriguing planar H2O2

molecules. The planarity of the H2O2 molecule is caused
by the steric repulsion between molecules at high pressure,
which reduces the steric size of the molecules and leads to a
denser packing of the crystal, responsible for the stability of
the structure. The phase is thus a low-pressure phase of the
binary H-O system with H:O stoichiometry other than 2:1,
and its stable field is promising to be accessible in current
static compression experiment using diamond-anvil cell. The
stable pressure range (∼423–600 GPa) of the H2O2 phase
has been suggested to occur within some gas giant planets
such as Uranus and Neptune [4,13] but accompanied with
high temperature of ∼5000–6000 K. At these P-T conditions,
H2O2 should exist in the form of fluid according to the AIMD
simulations. The current results will inevitability advance our
understanding of the high-pressure behavior of the binary H-O
system.
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