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Ab initio calculation of the miscibility diagram for mixtures of hydrogen and water
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We calculate the miscibility gap in mixtures of hydrogen and water under high-temperature and high-pressure
conditions as relevant for planetary interiors with density functional theory combined with classical molecular
dynamics. In contrast to earlier calculations, we find a miscibility gap at temperatures below 1500–2000 K at
pressures of up to 300 kbar, which extends the experimentally known immiscibility region by one order of
magnitude in pressure. In contrast to extrapolated experimental demixing lines reaching to high temperatures,
our results indicate a termination of the demixing region close to 2000 K. This finding profoundly impacts the
understanding of the interiors of ice-giant planets such as Neptune and Uranus by supporting a partially demixed
interior, including a density discontinuity near 2000 K, which corresponds to planetary radii of 0.85–0.95 in
Uranus and Neptune. Additionally, our findings are relevant for thermal evolution models of Earth that aim to
explain the formation of superreducing mineral associations.
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I. INTRODUCTION

Neptune and Uranus are usually assumed to be ice-giant
planets, consisting mostly of mixtures of the ice-forming
compounds water, ammonia, and methane [1–3]. Since space
probe missions to these ice giants are utterly challenging and
expensive [4,5], knowledge gain on the interior structures of
Uranus and Neptune relies mainly on the development and
improvement of models [3,6–8]. For instance, an adiabatic
temperature profile with three distinct layers, a rocky core, an
inner layer rich in water, ammonia, and methane, and an outer
layer rich in H2 and He was commonly assumed [1,6,9–14].
These relatively simple models have density discontinuities at
the boundaries between the three layers, which were assumed
to keep the number of degrees of freedom as low as pos-
sible. Nevertheless, alternative classes of models of Uranus
and Neptune with a continuous density profile were also de-
veloped [15,16]. In general, adiabatic interior models cannot
explain the thermal evolution and very different brightnesses
of Uranus and Neptune [17,18], which hints towards much
more complex interior structures being present in ice giants
[19]. Any credible planetary model needs to be based on a reli-
able thermophysical material database for the equation of state
and phase diagram of the constituent mixture of compounds.
For instance, an immiscibility region of H2 and H2O in the
interiors of Uranus and Neptune could indeed lead to layer for-
mation accompanied by density discontinuities in the planets’
interiors [1,6,10,11,20]. The demixing process would also in-
hibit heat transport by convection, invalidating the assumption
of an adiabatic interior and necessitating nonadiabatic models.
Several nonadiabatic models have already been proposed by,
e.g., Nettelmann et al. [14] and Scheibe et al. [18], to explain
thermal evolution and brightness, assuming that primordial
heat is trapped inside the planet. Recently, Bailey and Steven-
son [21] discussed the impact of an H2-H2O miscibility gap in
Uranus and Neptune. They found that the partial immiscibility
of hydrogen and water could offer a solution to questions

regarding the structure, magnetic field, and thermal evolution
of ice-giant planets.

So far, three experimental studies have investigated the
immiscibility region in water and hydrogen: In 1981, Se-
ward and Franck [22] performed experiments with pressure
vessels and determined immiscibility up to pressures of 2.3
kbar and temperatures of 650 K. In 2013, Bali et al. [23]
used Raman spectroscopy to determine whether hydrogen
and water entrapments in silicates can demix. They explored
the respective miscibility gap at temperatures between 1000
and 1500 K and pressures between 17 and 25 kbar. In
2023, Vlasov et al. [24] used a similar experimental tech-
nique and confirmed the experimental findings of Bali et al.
[23].

Interestingly, the experiments by Bali et al. [23] and Vlasov
et al. [24] resulted in a demixing line with an upward cur-
vature, which would lead to a very large demixing region
extending to temperatures of several 1000 K when extrap-
olated. However, fundamental thermodynamics of mixtures
requires termination of any demixing region at some tem-
perature as the entropy rises [25,26], which occurs probably
at pressure conditions that cannot be reached within current
experimental setups.

Up to now, two contradicting theoretical predictions re-
garding the immiscibility of H2 and H2O are available. In
2015, Soubiran and Militzer [27] predicted H2 and H2O
mixtures to be completely miscible by calculating the free
enthalpy of mixing. They combined density functional theory
(DFT) with molecular dynamics (MD). The coupling-constant
integration technique [28] (CCI) was used to determine the
nonideal entropy of the H2-H2O mixtures.

Recently, Bergermann et al. [29] conducted Gibbs en-
semble Monte Carlo (GEMC) simulations using analytical
two-body interaction potentials to describe the interaction
between the molecular species H2 and H2O. A demixing
diagram was predicted at pressures below 150 kbar and tem-
peratures of 1000 K < T < 2000 K. Notably, the isentropes
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of Neptune and Uranus and the Archean geotherms are within
the demixing region predicted by Bergermann et al. [29].

In this paper, we reinvestigate the miscibility diagram of
hydrogen and water using ab initio simulations based on
density functional theory combined with molecular dynamics
(DFT-MD). We calculate the free enthalpy of mixing at tem-
peratures between 1000 and 2000 K and pressures between 40
and 300 kbar. The CCI method [28,30] was used to determine
the nonideal entropy, similarly to Soubiran and Militzer [27].
We consider nuclear quantum corrections (NQCs) of the ionic
motion using a postprocessing method designed by Berens
et al. [31,32]. This procedure influences the results signifi-
cantly, as the immiscibility region is widened, which is shown
below. A detailed explanation of the numerical techniques
used is given in the Supplemental Material [33]. In contrast
to Soubiran and Militzer [27], our simulations provide strong
evidence for a miscibility gap in mixtures of hydrogen and
water under high-pressure and high-temperature conditions,
in agreement with the experimental findings and the GEMC
simulations.

II. METHODS

We calculate the miscibility of hydrogen and water by
evaluating differences in the free enthalpy in dependence on
the water concentration. The free enthalpy per molecule g of
the mixture is given by

G

NH2 + NH2O
= g = u + pv − T s, (1)

where u is the internal energy per molecule, p is the pressure,
v is the volume per molecule, T is the temperature, and s is
the entropy per molecule, G is the total free enthalpy, and NH2

and NH2O are the numbers of hydrogen and water molecules,
respectively. The free enthalpy of mixing is defined as

�g(p, T, x) = g(p, T, x) − xg(p, T, 1)

− (1 − x)g(p, T, 0), (2)

where g(p, T, x) is the free enthalpy of the mixture, g(p, T, 1)
the free enthalpy of pure water, and g(p, T, 0) that of pure
hydrogen. Herein, x defines the molecular water fraction as
follows,

x = NH2O

NH2 + NH2O
. (3)

A concave region indicates that the mixture is unstable and
demixes into two phases with different concentrations [27,34–
38]. By fitting �g(T, p, x) using a Redlich-Kister ansatz [39]
and applying a double-tangent construction to �g(T, p, x), the
concentrations of the water-poor and water-rich regions of the
demixed fluid can be determined [26,34,35,37].

We performed DFT-MD simulations using the Vienne
ab initio simulation package (VASP) [40–44]. We used the
Perdew, Burke, and Ernzerhof (PBE) exchange-correlation
functional [45] and the Nosé-Hoover thermostat [46,47] to
maintain the temperature in the NV T ensemble. The thermo-
dynamic variables p, T , u, and v are a direct output of our
DFT-MD simulations. In contrast, the entropy is not directly
available from the simulations. Unfortunately, the simplest

FIG. 1. Free enthalpy of mixing �g as function of the water
fraction xH2O for 1000 K and 120 kbar. Results from classical
nuclear motion using the ideal molecular entropy: gray stars. Results
calculated with the CCI method are shown in red, specifically: using
the classical nuclear motion as red diamonds, by including the NQC
as red triangles. The double-tangent constructions are depicted as
dotted lines. The dashed-dotted line quantifies the size of the free
enthalpy salient (concave section) �g̃(p, T ) [see Eq. (4)].

approximation, the ideal molecular entropy of mixing, is in-
sufficient for this purpose [34]. Therefore, we use the CCI
method to calculate the nonideal entropy. Furthermore, we
augment our simulation data for classical particles with the
correction procedure of Berens et al. [31] to take into account
NQC to the ionic motion. A more detailed description is given
in the Supplemental Material [33].

Figure 1 illustrates the influences of the nonideal entropy
and of NQC at 120 kbar and 1000 K. Using the ideal molec-
ular mixing entropy and no NQC, we found an immiscibility
region for water concentrations of 0.1 < x < 0.6. The dotted
lines represent the constructed double tangents. Using the
nonideal entropy instead generally decreases the free enthalpy
of mixing and reduces the concave section, which enhances
the tendency of hydrogen and water to mix. By including
the NQC, however, the concave region is widened, and we
find a sizable immiscibility region for water concentrations of
0.1 < x < 0.85.

The trends explained above are similar to what was found
in earlier work on hydrogen-helium mixtures, where Schöttler
et al. [34,35] observed that NQCs contributed significantly to
�g and enhanced the immiscibility in the molecular regime.
These results underline the importance of the NQC when
calculating the miscibility gap in molecular mixtures. Mi-
croscopically, NQCs originate mainly from changes in the
vibrational properties of the molecules with x in our method.

Our results contradict the findings of Soubiran and Militzer
[27,48], who found no demixing at all, partially because they
did not take into account NQC. Furthermore, they applied less
stringent convergence criteria in their DFT-MD simulation pa-
rameters. We were able to use up to two times more particles,
two times more concentrations, up to two times more λ-
integration points, and up to ten times longer simulation runs
to diminish fluctuations and to obtain more precise results. A
detailed overview is given in the Supplemental Material [33].
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FIG. 2. Free enthalpy of mixing �g for different p-T conditions. (a)–(c) show �g for T = 1000, 1500, and 2000 K, respectively. Our raw
data are shown by colored triangles. The solid lines are Redlich-Kister fits [39]. The dashed lines represent the double-tangent constructions.

III. STATISTICAL AND NUMERICAL ERRORS

To ensure the fidelity of our results, we calculated error
bars to address statistical and numerical uncertainties. The
uncertainty of the CCI, denoted as uCCI, was determined by
propagating the uncertainties arising from the DFT-MD sim-
ulations for different λ values. It is important to note that
this procedure tends to overestimate the uncertainty. Our anal-
ysis reveals uncertainties ranging between 0.001 and 0.004
eV/molecule for the CCI. Comparatively, the uncertainty in
pressure is an order of magnitude smaller than uCCI, render-
ing the former negligible. Additionally, we account for the
uncertainty associated with the NQC uNQC. We find that in-
cluding uNQC enhances the total uncertainty to approximately
uNQC = 0.000 15.

Finally, because of our much longer simulation times, more
λ integration points, twice as many water concentrations, and
higher particle numbers, we were able to reduce the statistical
uncertainties significantly compared to the work of Soubiran
and Militzer [27].

IV. RESULTS FOR THE DEMIXING REGION

Our main results for �g at nine different p-T conditions are
shown in Fig. 2. The free enthalpy of mixing is smallest for the
lowest temperature (1000 K, left) and the lowest pressure (40
kbar). Increasing the temperature leads to a general decrease
in �g, a typical sign of temperature-enhanced solubility of
water and hydrogen in each other. The same behavior occurs
as the pressure is decreased, which reduces the influence of
molecular interactions and effectively increases the ideality of
the mixture.

At four conditions (1000 K: 80 and 120 kbar; 1500 K:
120 and 200 kbar), the free enthalpies of mixing show very

pronounced concave behaviors, which implies that water and
hydrogen are demixed there.

At the remaining five conditions (1000 K: 40 kbar; 1500
K: 40 kbar; 2000 K: 120, 200, and 300 kbar), we deem the
numerical precision of the data points may not be sufficient
to warrant the deduction of a significant concave region,
although Redlich-Kister fit curves with slightly concave sec-
tions can be derived. Especially at he highest temperature of
2000 K (right panel in Fig. 2), the relatively straight sec-
tions in the Redlich-Kister fits indicate that this temperature
is close to the highest one at which demixing can be expected
in the pressure range between 120 and 300 kbar. The same
holds for the condition of 1500 K and 40 kbar.

We did not calculate the free enthalpy for p > 300 kbar
because these conditions intersect with the melting line of
water [49–57]. The treatment of melting is not feasible within
the present simulation approach. Likewise, it was not feasible
to calculate the free enthalpy of mixing at pressures below
40 kbar because the DFT-MD simulations would have been
computationally too expensive to obtain sufficiently precise
results.

In general, the behavior of �g in p-T space indicates
that increasing the temperature reduces the miscibility gap
in hydrogen-water mixtures. According to our data, hydrogen
and water tend to become completely miscible above 2000 K
between 40 and 300 kbar.

To quantify the demixing region, i.e., to determine the
demixing line Td (p), which separates the miscible region from
potentially demixed states, we quantify the size of the concave
sections in our nine free enthalpies by determining the differ-
ences between �g(p, T, x) and the respective double tangent
�gt (p, T, x) at each value xi(p, T ) where both functions have
the same slope:

�g̃(p, T ) = �g(p, T, xi ) − �gt (p, T, xi ) (4)
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FIG. 3. Results for �g̃(p, T ) at 1000 K (blue), 1500 K (red), and
2000 K (black). The solid lines represent the corresponding fit from
Eq. (5), which has a linear pressure dependence.

(see also Fig. 1 for an illustrative example). The quantity
�g̃(p, T ) shows a systematic behavior with p and T (see
Fig. 3). The following functional form,

�g̃(p, T ) = a + bp + (c + ep)T d , (5)

where a, b, c, d, e are coefficients given in Table I, allows
for an accurate mathematical representation of �g̃(p, T ) (see
Fig. 3).

The zero of �g̃(p, T ) naturally defines the lowest pressure
p(T ) at which demixing occurs in the p-T plane. These values
represent the demixing line Td (p) that is shown as a green line
in Fig. 4.

Figure 4 also includes experimental results for demixing
[22–24] and planetary isentropes [12,17]. Our demixing re-
gion is close to the experimental results of Bali et al. [23]
and Vlasov et al. [24], deviating only by ≈2.5 kbar between
1000 and 1500 K and has a similarly steep slope as those from
the experiments. However, at pressures above 50 kbar, our
demixing line bends to the right and becomes nearly constant
in temperature above 100 kbar. Interestingly, earlier results
obtained from GEMC simulations which use classical pair
potentials [29] are also in the vicinity of the present results.

Concluding this section, our results agree with the exper-
imentally known immiscibility region and extend this region
by one order of magnitude in pressure. For pressures above
100 kbar, we predict the highest temperature where demix-
ing occurs to be almost constant. Thus, hydrogen and water
become completely miscible above 2000 K.

V. IMPACT ON ICE GIANTS

The p-T diagram of water-hydrogen mixtures shown in
Fig. 4 indicates that the thermal profiles through the ice gi-
ants Uranus and Neptune intersect with the demixing area

FIG. 4. T -p diagram with all conditions for which we calculated
�g (green triangles). The green demixing line Td (p) shows the lowest
pressure and highest temperatures where demixing occurs according
to the condition �g̃(p, T ) = 0 [see Eq. (5)]. For comparison we show
GEMC results of Bergermann et al. [29] (red circles), experiments
by Bali et al. [23] (blue line), experiments by Seward and Franck
[22] (purple diamonds), and experiments by Vlasov et al. [24] (cyan
line). The melting line of water is shown in dark red [58]. Predicted
T -p profiles along Uranus’ and Neptune’s radius are shown by solid
and dashed lines, respectively: Scheibe et al. [17] (black) and Nettel-
mann et al. [12] (model N1: gray). We also added Earth’s Archean
geotherms as given by Mareschal and Jaupart [59] (orange shaded
area). The inset shows the low-pressure region in more detail.

calculated in this work. Therefore, we expect hydrogen and
water to be immiscible in certain regions of the ice giant
planets.

According to the planetary model N1 for Neptune by
Nettelmann et al. [12], immiscibility of hydrogen and water
can occur at radii between rN = 0.86 RN and rN = 0.93 RN ,
where RN = 24 622 km denotes the radius of Neptune. They
predict a jump in density at rNρ = 0.86 RN which is within our
demixing region. For the planetary model of Uranus [12] im-
miscibility of hydrogen and water can occur at radii between
rU = 0.83 RU and rU = 0.87 RU , where RU = 25 362 km de-
notes the radius of Uranus. The jump in density is predicted
at rUρ = 0.77 RU and, therefore, very close to our demixing
region. Note, however, that a certain minimum concentration
of water is required to cause demixing of hydrogen and water,
which depends nonlinearly on p and T . Figure 2 indicates
that demixing occurs when the water fraction reaches approx-
imately ≈15% at temperatures of 1000 and 1500 K.

The miscibility gap of hydrogen and water supports the
assumption of density discontinuities inside ice-giant planets.
Therefore, more complex planetary models than the adiabatic
interior assumption are required to explain heat transport from
the warm-to-hot center towards the cool surface [15]. For

TABLE I. Coefficients for the fit formula, Eq. (5).

a (eV) b (eV/kbar) c (eV/K) d e [eV/(K × kbar)]

−3.1119382 0.2364756 3.0937059 0.0007158 −0.235185
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example, Nettelmann et al. [12] proposed a model with a
boundary at about 100 kbar and 2000 K. At these T -p con-
ditions, hydrogen and water might be immiscible, resulting
in a stably stratified layer with a density jump. Therefore,
heat transport by convection would be inhibited, leading to
primordial heat trapped inside the planet, while the relatively
thin outer layer is cooling rapidly (see Scheibe et al. [18] for
a detailed study).

Furthermore, our demixing curve intersects with Earth’s
Archean geotherms as well. Therefore, our results support
the assumption of the formation of superreducing mineral
associations and rapid upper mantle oxidation [23,24,60] and
subsequently influence the evolution of Earth and Earth-like
exoplanets.

In conclusion, our work provides predictions for the
miscibility gap of hydrogen and water mixtures at pres-
sures and temperatures, and especially quantifies the p-T
region in which the demixing terminates in the interior.
These findings will help to better understand giant ice plan-

ets such as Neptune and Uranus but also Neptune-like
exoplanets, which are a very common class of exoplan-
ets. Our findings provide valuable insights that will aid
in developing new planetary models capable of addressing
long-standing scientific questions regarding the structure and
evolution of Uranus and Neptune and influence future space
missions [4].
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