
1.  Introduction
The Earth's core is primarily composed of Fe alloyed with ∼5.5 wt.% Ni (McDonough, 2003). The observed 
density deficit suggests a considerable amount of light elements in the core (Birch, 1964). Hydrogen has been 
considered as one of the light element candidates (Poirier, 1994). Despite its dominance in planetary systems, 
however, the effects of hydrogen are not well understood because of experimental challenges associated with 
its study at high pressure–temperature (P-T). Thanks to recent technical advances, such as pulsed laser heat-
ing with gated X-ray diffraction (Deemyad et  al.,  2005; Goncharov et  al.,  2010), and an evolving vision of 
the important role of hydrogen in the dynamics and compositions of the interiors of a wide range of planets 
(Seager & Deming, 2010), the last decade has seen a surge in studies of the Fe–H system under high P-T condi-
tions (Ikuta et al., 2019; Kato et al., 2020; Narygina et al., 2011; Ohta et al., 2019; Pépin et al., 2014, 2017; 
Shibazaki et al., 2014; Tagawa et al., 2022; Thompson et al., 2018). These studies have documented the stability 
of face-centered cubic structured (fcc) FeHx at 10–137 GPa. However, in these studies, it appears that H solu-
bility in close-packed FeHx is limited to x ≤ 1. On the other hand, a series of polyhydrides have also been found 
in which H/Fe molar ratio increases with increasing pressure: FeH2 at 67 GPa, FeH3 at 86 GPa, and FeH5 at 
≥130 GPa (Pépin et al., 2014, 2017). However, the polyhydrides were all synthesized at temperatures much lower 
(500–1500 K) than those expected for planetary interiors and some theoretical studies predict the close-packed 
structured Fe-H alloys as the most stable form up to 400 GPa (Sagatova et al., 2020).

While liquid Fe-Ni alloy of the outer core may contain more light elements than the inner core, it is unknown if the 
solubility of hydrogen in the liquid alloy is higher than the solid. There have been a number of measurements to 
study H solubility in Fe metal. However, most of them did not reach high enough temperatures expected for Fe-Ni 
liquid stability and therefore the outer core (at least 1800 K or higher). Also, while a pure source for hydrogen 
is desirable for clear understanding of H effects, most studies have used hydrogen sources with other elements, 
such as paraffin (CnHn) and water (H2O). Because these other elements can alloy with Fe metal, it is difficult to 
isolate the effects of hydrogen and therefore pure H2 is desirable (Tagawa et al., 2016). The main reason for this 
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experimental design is because when pure hydrogen is used as a medium H2 can diffuses into the diamond anvils, 
causing them to fail, particularly at temperatures relevant for melting of metals and silicates. Here, we report the 
solubility of hydrogen in metallic iron-nickel alloy frozen from liquid up to 77 GPa in the laser-heated diamond 
anvil cell (LHDAC). We mitigate the H diffusion problems using the gold coating of gaskets (Pépin et al., 2014) 
and pulsed-laser heating (Deemyad et al., 2005). We also discuss the implications of the increased solubility of 
H for the cores of planets.

2.  Methods
2.1.  High-Pressure Experiments

Two different starting materials were used: pure metallic iron (reagent grade powder from Alfa Aesar), and 
metallic Fe-6.5(4)%Ni (see Text S1 in Supporting Information  S1 for synthesis method). The metal samples 
were stored in a vacuum chamber and possible oxidation was examined by Raman and XRD before loading. 
We compressed the sample in diamond-anvil cells (DACs), with diamond culet sizes ranging between 200 and 
150 μm. We drilled the sample chamber (approximately 70% of the culet size) in a pre-compressed rhenium 
gasket, which we later coated with gold (≥80  Å in thickness) to prevent embrittlement by hydrogen during 
experiments (Pépin et al., 2014). We loaded the sample as a foil into the sample chamber, which was propped on 
both sides by pieces of the same material to avoid full contact with the anvils and provide better laser coupling 
during heating. The foil was made by compressing 1 μm grain size powder in a DAC. The thickness of the foil was 
approximately 5 μm. We loaded a piece of ruby and a piece of gold for pressure measurement (Ye et al., 2017). 
These grains were loaded apart from the sample to avoid contamination during laser heating. Pure hydrogen gas 
was then loaded into the sample chamber using a loading system at Arizona State University. The sample cham-
ber decreases after loading approximately by 30%–40% because of high compressibility of a hydrogen medium.

We acquired X-ray diffraction (XRD) patterns at high pressures in LHDAC at the 13-IDD beamline of the 
GSECARS sector of the Advanced Photon Source (Table S1 in Supporting Information S1). A 3 × 4 μm 2 mono-
chromatic X-ray beam with energy of 30 keV or 37 keV was co-axially aligned with double-sided near-infrared 
laser-heating beam providing a 15 μm-diameter heating spot. The laser pulse (1 μs pulses) is synchronized with 
gated X-ray and temperature detectors to allow XRD acquisition at in situ high P-T (Goncharov et al., 2010). To 
monitor the sample through XRD during heating, we generate a series of 10 5 pulses to a repetition rate of 10 kHz 
and accumulate the obtained diffraction patterns. After heating at 300 K, we measured XRD without gating. The 
temperature is calculated by fitting a Planck equation to the thermal radiation spectra collected on both sides of 
the DAC assuming a gray-body approximation. We collected 2D diffraction images using a Pilatus 1M CdTe 
detector. We used a LaB6 standard to calibrate and correct distortions and detector distance (∼200 mm) during 
integration from 2D images to 1D patterns in the Dioptas software (Prescher & Prakapenka, 2015). We used the 
PeakPo software package (Shim, 2017) for peak identification and unit-cell fitting. Rietveld refinements were 
performed on selected diffraction patterns in GSAS-II package (Toby & Von Dreele, 2013).

2.2.  Density Functional Theory (DFT) Calculations

The DFT calculations in this study enable us to understand how different amounts of H change the unit-cell 
volume of fcc FeHx alloy and then apply that knowledge to calculate the amount of H in the alloys observed in 
our experiments based on their expansion of unit-cell volumes. All spin-density functional calculations on the 
FeHx (x = 0–3) systems were carried out using the Vienna Ab initio Simulation Package (VASP) code (Kresse 
& Furthmüller, 1996) and the Perdew-Burke-Ernzerhof (PBE) version of generalized gradient approximation 
(GGA) for exchange and correlation (Perdew et al., 1996). Core state were treated using the projector augmented 
wave (PAW) (Kresse & Joubert, 1999) method in which H [1s 1] and Fe [2p 63d 74s 1] electrons were explicitly 
treated. A plane-wave basis with an energy cutoff of 500 eV in combination with 16 × 16 × 16 Monkhorst-Pack 
k-point grids led to energy, force and stress convergence of 0.1 meV, 10 −5  eV/A, and 0.1 kbar, respectively. 
Thorough structure optimizations were first performed on all systems in the static lattice approximation (no 
zero-point energy or thermal corrections). Accurate compression equations of state (EOS) were obtained using 
the isochoric approach, in which the static-lattice energy is evaluated over a range of volumes (typically 20) 
surrounding the static-lattice minimum, including several expanded structures. At each volume the shape and 
internal atomic positions are fully optimized, yielding an energy-volume data set which was then fit to third order 
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Birch-Murnaghan form (Birch, 1947) to obtain the static-lattice ground state energy, volume, bulk modulus and 
bulk modulus derivative at P = 0. The magnetization of the system was also carefully analyzed at each volume to 
establish magnetic state, and identify magnetic phase changes.

In fcc FeHx, H can be hosted in the octahedral and the tetrahedral sites. Different site occupancies for H were 
therefore investigated (Table S2 in Supporting Information S1). We also considered different magnetic states 
(ferromagnetic (FM) and antiferromagnetic (AFM)) and extracted the corresponding magnetic moment (μ). 
While a range of possibility exists for AFM ordering, for the sake of simplicity, we consider alternating spin 
directions along the c axis of the fcc lattice (see Text S2 in Supporting Information  S1). We calculated the 
compression of these phases at 0 K and up to 190 GPa.

An additional calculation was conducted to explore the influence of Ni incorporation into FeH1.5. We first built 
a structure model with a rhombohedral supercell containing eight Fe sites and 12 tetrahedrally coordinated H 
atoms. A single Ni atom was then placed on the (1/2 1/2 1/2) position at the center of the cell to yield a system 
with composition Fe7NiH12 or (Fe0.875Ni0.125)H1.5. The pressure dependence of the thermodynamic stability of 
these alloys were estimated by calculating their static formation enthalpies (H) relative to fcc Ni, orthorhombic 
solid H2 (C2/c structure) and both fcc Fe and hcp Fe according to:

Δ𝐻𝐻(Fe0.875Ni0.125H1.5) = 𝐻𝐻(Fe0.875Ni0.125H1.5) − 0.875𝐻𝐻(Fe) − 0.125𝐻𝐻(Ni) −
3

4
𝐻𝐻(H2).� (1)

The formation enthalpy can also be computed relative to iron and nickel hydrides provided the pressure depend-
ence of all phases is known:

Δ�ℎ��(Fe0.875Ni0.125H1.5) =�(Fe0.875Ni0.125H1.5) − 0.875�(FeH1.5)

− 0.125�(NiH1.5).
� (2)

While the EOS of Fe2H3 (FeH1.5) is well-established, the corresponding data for Ni2H3 has only recently been 
reported (Binns et al., 2018; Ying et al., 2018). The formation enthalpy of the nickel hydride relative to elements  is:

Δ𝐻𝐻(NiH1.5) = 𝐻𝐻(NiH1.5) −𝐻𝐻(Ni) −
3

4
𝐻𝐻(H2),� (3)

which has recently been calculated at 60 GPa where a stable C2/c structure has been observed (Binns et al., 2018; 
Ying et  al.,  2018). The formation enthalpy relative to elements, ΔH(Fe0.875Ni0.125H1.5), and Fe/Ni hydrides, 
ΔHhyd(Fe0.875Ni0.125H1.5), are related according to:

Δ�(Fe0.875Ni0.125H1.5) =�(Fe0.875Ni0.125H1.5) − 0.875�(Fe) − 0.125�(Ni) − 3
4
�(H2)

=Δ�ℎ��(Fe0.875Ni0.125H1.5) + 0.875Δ�(FeH1.5)

+ 0.125Δ�(NiH1.5).

� (4)

The same computational parameters as described above were used in the PAW-GGA calculations of all required 
phases. For Ni, 16 valence electrons were explicitly treated using PAW pseudopotentials with a cutoff of 368 eV. 
Full spin-density and structure optimization was carried out from 0 to 100 GPa in steps of 10 GPa (see Text S3 
in Supporting Information S1 for detail).

3.  Results and Discussion
3.1.  In Situ X-Ray Diffraction Experiments

At lower pressures (26 GPa), our results for the Fe–H system are largely consistent with previous reports (Badding 
et al., 1991; Kato et al., 2020; Narygina et al., 2011; Pépin et al., 2014; Thompson et al., 2018): (a) formation of 
dhcp FeHx (dhcp: double hexagonal close packed) by compression of metallic Fe in a H medium at 300 K, and 
(b) formation of fcc FeHx upon heating to temperatures above 1160 K. The unit-cell volumes of dhcp and fcc 
FeHx measured after synthesis (Table S1 in Supporting Information S1) also agree with previous reports at this 
pressure range where the magnitude of volume increase found in the phases was interpreted to be consistent with 
x = 1 in FeHx.
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While enabling heating of the samples in a H medium to very high temperatures, a pulse heating run involves 
integration of thousands of short heating events (Deemyad et al., 2005; Goncharov et al., 2010). Despite the differ-
ence in time duration and heating style, the phase behavior of the Fe-H system agrees well with those previously 
reported with different heating methods and hydrogen sources at the overlapping P-T ranges (Kato et al., 2020; 
Narygina et al., 2011; Thompson et al., 2018). Therefore, the pulse heating method in this study does not affect 
the results and provides results consistent with continuous laser heating. A recent study found consistent results 
between pulsed and continuous laser heating on Fe-Si alloy in a H medium in LHDAC (Fu et al., 2023).

We conducted similar experiments at higher pressures (Figure 1). After heating to 2720 K at 77 GPa, we found 
clear sign of melting in optical imaging of the sample (Figure 6 in Piet et al. (2021)). In fact, the temperature is 
400–700 K higher than estimated melting temperature of FeHx (Hirose et al., 2019; Sakamaki et al., 2009). We 
note that a small amount of Ni does not change the melting temperature of Fe significantly (Zhang et al., 2016). 
After temperature quenching to 300 K at 77 GPa, the diffraction patterns are consistent with that expected for 
the fcc structure, while we did not find any evidence for tetragonal FeH2 documented at the pressure range with 
lower-temperature heating (Pépin et al., 2017). The diffraction peaks of fcc (Fe,Ni)Hx shifted to lower angles 
much more than expected from previous studies, indicating much larger volume than any of the previous reports 
(Figure 2).

Previous experimental studies have estimated the H content of synthesized FeHx phases (x) from the volume 
difference between close-packed structured FeHx and Fe metal,

𝑥𝑥 =
𝑉𝑉 (FeH𝑥𝑥) − 𝑉𝑉 (Fe)

Δ𝑉𝑉H

,� (5)

assuming that the volume increase by H (ΔVH) is proportional to the H content (x). The volume increase, 
ΔV = V(FeHx) − V(Fe), per Fe after melting at 77 GPa is 3.33 Å 3 when the diffraction pattern was fit to an fcc 
structure and V(Fe) is taken from the equation of state of fcc Fe from Dorogokupets et al. (2017). Note that Ni has 
little effect on the unit-cell volume of Fe-Ni alloys when Ni content is low (Mao et al., 2006), which is the case 
for our sample. For the range of 𝐴𝐴 Δ𝑉𝑉H = 1.9 − 2.2 Å

3
∕H considered in the literature (Antonov et al., 2019; Ikuta 

Figure 1.  X-ray diffraction patterns measured at high pressures and 300 K after laser heating at 77 GPa and 2720 ± 150 K. 
The d-spacings of the fcc (Fe,Ni)Hx peak anomalously decreases from 77 to 67 GPa, followed by a “normal” gradual increase 
in d-spacing from 67 to 30 GPa and an abrupt shift to a lower d-spacing at 30 GPa. The d-spacings of the fcc (Fe,Ni)Hx 
experiences an abrupt shift to a lower d-spacing at 25–30 GPa. Below 25 GPa, the peak shifts show expected behavior until 
the phase converts to bcc Fe by H loss upon quenching to 1 bar. The right panel shows shifts of the 111fcc and 101bct peaks 
(the gray rectangular area in the left panel). X-ray wavelength was 0.3344 Å.
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et  al.,  2019; Narygina et  al.,  2011), the volume measured at 77 GPa after 
melting yields x = 1.51 − 1.74 for (Fe,Ni)Hx.

The XRD patterns show some peak splitting and broadening at 77 GPa after 
melting (Figure 1), indicating either a distortion of the fcc structure (such as 
to a body-centered tetragonal structure, bct) or the existence of more than one 
fcc phase. Our DFT calculations (described later) predict that some distor-
tions in fcc Fe-H alloy could result in a bct structure (Table S2 in Supporting 
Information S1). We conducted Rietveld refinements using three models: (a) 
a single fcc phase, (b) a mixture of bct + fcc and (c) a mixture of two fcc 
phases. The observed broadening of the 111fcc peak indicates that a single 
bct phase is unlikely to explain the distortion since this peak does not show 
splitting in bct. Rietveld refinement for the bct + fcc model yields the lowest 
Rwp value at 0.30% (Figure S1 in Supporting Information S1). The bct phase 
is dominant with a phase fraction of 92 vol% (Table S3 in Supporting Infor-
mation S1). The bct distortion may result from a large amount of H in the 
crystal. The volume of bct is nearly identical to the value we obtained when 
single fcc phase was assumed for the fitting and therefore the estimated value 
of x between 1.51 and 1.74, unaffected by different fitting strategy. In this 
case, because bct does not deviate significantly from fcc, we assumed that 
volume behavior of bct remains comparable to that of fcc. For the minor fcc 
phase, the same estimation yields x = 1.30 − 1.51. Therefore, regardless of 
the fit models, hydrogen content (x) is much greater than previously reported 
(x ≈ 1). It is possible that the local difference in temperature quench rate 
contributed to the different amount of H preserved in the solid frozen from 
liquid.

We also observed an unusually large unit-cell volume for thermally 
quenched fcc FeHx at 89  GPa without Ni. The observed volume increase 
yields x = 1.35 − 1.56 for the empirical ΔVH values. However, unlike the 
Ni-bearing case, we do not observe peak splitting and broadening, and the 
diffraction patterns are consistent with a single fcc phase, which may indi-
cate that bct distortion only appears when H/Fe is sufficiently large (x > 1.5). 
From these observations and comparisons, we interpret that the significant 
volume expansion beyond what is expected for H/Fe = 1 above 77 GPa is due 
to increased H solubility in (Fe,Ni)Hx liquid. The reason previous studies did 
not observe the large H solubility is likely because their synthesis tempera-
tures were not high enough for melting (the data points we report here are 
from the samples synthesized in Piet et al. (2021)).

Another set of evidence supporting the argument that the super-stoichiometric H content of our (Fe,Ni)Hx samples 
is from liquid was found during decompression measurements at 300 K (Figure 2; data are provided in Table S1 
in Supporting Information S1). Upon decompression from the synthesis pressure (77 GPa) down to 70 GPa, we 
observed a steady decrease in the unit-cell volumes of (Fe,Ni)Hx, which is the opposite to the expected behavior 
of crystalline solids under decompression, that is, volume increase (insets in Figures 1 and 2). During decom-
pression, the bct distortion also decreases whereas the fraction of the fcc phase increases (Table S3 in Supporting 
Information S1). This anomalous behavior can be best explained by the gradual loss of hydrogen with decreasing 
pressure, because the amount of H in the (Fe,Ni)Hx sample exceeds the H storage capacity of the solid fcc phase. 
At 67 GPa, peaks are sharper (Figure 1) and almost no peak splitting is observed, consistent with the existence 
of a single fcc phase.

From 67 GPa down to 30 GPa, the unit-cell volume of the fcc phase remains anomalously high and the volume 
indicates x = 1.25 − 1.45 for empirical ΔVH values, but its decompression behavior appears to be normal. At 
30 GPa, the dhcp phase appears in the diffraction patterns. At 25 GPa, the unit-cell volume of the fcc phase 
drops abruptly to the level expected for x ≈ 1, again indicating another H loss of the sample at this pressure. 
From 25 GPa down to 4 GPa, we observe a gradual increase in the unit-cell volumes of the fcc and dhcp phases 
and the measured unit-cell volumes of the dhcp and fcc phases agree with those reported for x ≈ 1 (Narygina 

Figure 2.  Volume per Fe + Ni atom observed in this study (red squares 
for fcc FeHx and red circles for fcc (Fe,Ni)Hx) compared with those from 
previous studies (Ikuta et al., 2019; Kato et al., 2020; Narygina et al., 2011; 
Ohta et al., 2019; Shibazaki et al., 2014; Tagawa et al., 2022; Thompson 
et al., 2018) (gray symbols for fcc FeHx and open symbols for fcc (Fe,Ni)Hx). 
The equation of state for fcc Fe (H/Fe = 0) and fcc FeH (H/Fe = 1) are from 
Dorogokupets et al. (2017) and Kato et al. (2020), respectively. The red curve 
is a guide for eye for our data points. The inset shows the volumes measured 
above 70 GPa where the diffraction patterns were fit to a two phase model: 
bct (solid red) + fcc (open red) (see text for details). The decompression 
data for (Fe,Ni)Hx was obtained for the sample synthesized at 77 GPa in Piet 
et al. (2021). All three data points for FeHx are obtained after all three separate 
heating runs.

 19448007, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
101155 by O

ffice O
f Scientific A

nd T
echnical Inform

ation, W
iley O

nline L
ibrary on [20/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

PIET ET AL.

10.1029/2022GL101155

6 of 10

et al., 2011; Pépin et al., 2014). The behaviors we observed here indicates that the H content in the crystalline 
phase quenched from liquid (x ≫ 1) is beyond the H amount a stable fcc (Fe,Ni)Hx can store. Therefore, H 
gradually escapes from the crystalline phase quenched from liquid with decompression as it becomes further 
destabilized by decompression.

3.2.  Hydrogen Content of the Fe-Ni-H Phases

A conventional 4-atom fcc cell contains 12 interstitial sites (four octahedral and eight tetrahedral sites) where H 
can be hosted (Figure 3). H/Fe ratios in a fcc cell can therefore range anywhere from 0 up to 3 and H/Fe (or x) > 1 
requires some level of H occupancy in the tetrahedral sites. The incorporation of H into the interstitial sites leads 
to an expansion of the fcc structure and therefore an increase of its volume with respect to that of H-free fcc Fe.

The empirical method of estimating H content from the volume increase used in the previous section and the 
previous studies comes with two sources of significant uncertainty: (a) can ΔVH be pressure dependent? and (b) 
can ΔVH be different depending on whether H enters the octahedral or the tetrahedral site? For (Fe,Ni)Hx, ΔVH 
has been measured only up to 12 GPa (Ikuta et al., 2019). Impact of H on the compressibility of Fe alloy can be 
small if H content (x) is small, but for a system with a large amount of H, which is the case for the samples in this 
study, H could alter the compressibility of Fe alloy. The observed volume above 30 GPa is beyond the capacity of 
the octahedral interstitial site of the fcc structure (H/Fe = 1), meaning that the tetrahedral occupancy is important 
to consider. Studies have suggested that ΔVH can be significantly different between the octahedral and the tetra-
hedral sites (Antonov et al., 2019; Ikuta et al., 2019).

In order to address these questions, we performed a series of DFT calculations. Ni itself has little effect on the 
unit-cell volume of Fe-Ni alloys with relatively low-Ni contents (Mao et al., 2006). Our DFT calculation for 
superstoichiometric FeH1.5 and (Fe,Ni)H1.5 (described later in this section) found that the volume of the two 
phases is essentially the same (Table S4 in Supporting Information S1). Therefore, we conducted DFT calcu-
lation for FeHx to estimate ΔVH. We consider H/Fe ratios (or x in (Fe,Ni)Hx) between 0 and 3 by using a range 

Figure 3.  Volume increase by H incorporation, ΔV, observed for this study and other studies (data points; notations are the 
same as Figure 2) compared with ΔV from our DFT results for different amount of H (contour lines). ΔV was calculated 
from: Vobs − V(Fe) where Vobs is the observed volume for FeHx and V(Fe) is the volume of H-free fcc Fe calculated using EOS 
of Dorogokupets et al. (2017). The contours are estimated by taking difference in volume between fcc FeH3 (𝐴𝐴 𝐴𝐴0 = 18.043 Å

3

 , 
K0 = 179.3 GPa, and 𝐴𝐴 𝐴𝐴

′

0
= 4.26 in Vinet equation) and fcc Fe (𝐴𝐴 𝐴𝐴0 = 10.644 Å

3

 , K0 = 172.4 GPa, and 𝐴𝐴 𝐴𝐴
′

0
= 6.91 in Vinet 

equation) from our DFT calculations: 1/3 × (V(FeH3) − V(Fe)) × x. On the left side, crystal structures of fcc FeHx with H in 
all octahedral sites, FeH O, and H in all tetrahedral sites, 𝐴𝐴 FeH

T

2
 , are shown. The red spheres in 𝐴𝐴 FeH

T

2
 highlight the arrangement 

of H atoms in a tetrahedral motif which is considered for partial occupancy of H atoms in FeH T.
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of different vacancy configurations (Figure  3): H in octahedral sites (H O), in tetrahedral sites (H T) and with 
mixed occupancy (H OT or H TO with dominantly occupied octahedral or tetrahedral sites, respectively). The DFT 
calculation shows that ΔVH is pressure dependent in all the models we consider and it decreases with pressure, 
meaning that H makes Fe-Ni alloys more compressible (Table S2 in Supporting Information S1). Therefore, the 
assumption of a constant ΔVH likely underestimates the amount of H in (Fe,Ni)Hx at high pressures, as used ΔVH 
values are from measurements at pressures less than 12 GPa.

For H/Fe = 1, a model with all H atoms in octahedral sites (FM-FeH O-LP) has a lower free-energy than with all H 
in tetrahedral sites (FM-FeH T), suggesting that H preferentially enters the octahedral sites in a low-H regime. This 
result supports the existing view on H substitution in the close-packed structure of iron metal (Antonov, 2002). 
The magnetic moment of the FM-FeH O model decreases with increasing pressure, becoming zero at 34 GPa. 
Above 34 GPa, however, non-magnetic (NM) FeH O-HP becomes the lowest energy configuration.

For H/Fe = 1.5, models with full octahedral occupancy and partial tetrahedral occupancy (𝐴𝐴 FeH
OT

1.5
 ) yield lower 

energies than a model with all H in the tetrahedral sites (𝐴𝐴 FeH
T

1.5
 ), consistent again with the notion that H atoms 

would fill the octahedral sites first. H/Fe = 2 models in which all eight tetrahedral sites are occupied (𝐴𝐴 FeH
T

2
 ) 

possess a lower energy than models with fully occupied octahedral sites and partially occupied tetrahedral sites 
(𝐴𝐴 FeH

OT

2
 ). Therefore, H in the tetrahedral sites may become energetically competitive with an increase in H/Fe.

Because the sizes of the octahedral and the tetrahedral interstitial sites of fcc are different, ΔVH is likely different 
for these two sites as also pointed out by Antonov et al. (2019). From the trend found in other 3d transition metal 
hydrogen alloys with well-characterized site occupancies, Antonov et al. (2019) predicted 1.9 Å 3/H and 3.1 Å 3/H 
for the ΔVH's of the octahedral and the tetrahedral sites in FeHx, respectively. Our DFT for x = 1 in FeHx with all 
H in the octahedral sites found ΔVH = 1.54 Å 3/H at 0 GPa, somewhat lower than the value proposed for the same 
site by Antonov et al. (2019). The ΔVH for the tetrahedral site found to be 3.08 Å 3/H in the 𝐴𝐴 FeH

T

2
 model, which 

agrees well with the estimation by Antonov et al. (2019) for the same site. The agreement is not surprising in that 
Antonov et al. (2019)'s estimation is from CoH2 and CrH2 where all H atoms are in the tetrahedral sites. However, 
it is difficult to take into account the octahedral and tetrahedral site effects separately in the case of FeHx because 
H begins to enter the tetrahedral interstitial sites before the octahedral sites are fully occupied according to the 
existing experimental data (Ikuta et al., 2019).

From the difficulties discussed above, it is logical to use an averaged ΔVH which includes both octahedral and 
tetrahedral H for FeHx, as also noted by Antonov et al. (2019). Our partial occupancy models do not take into 
account the existence of multiples of configuration and disordering of H occupation expected for the real FeHx, 
although they provide important insights for the energy differences between substitutions of H into different 
interstitial sites. Therefore, we chose to obtain ΔVH from the FeH3 model where both the octahedral and the tetra-
hedral sites are completely filled (Figure 3). The model yields: ΔVH = 2.47 Å 3/H at 0 GPa, which shows the best 
agreement with experimental estimation for FeHx with both octahedral and tetrahedral H occupancies, 2.2 Å 3/H 
(Antonov et al., 2019; Ikuta et al., 2019) among our DFT models. Also, the DFT based estimation (x = 1.1) shows 
good agreement with the amount of H constrained by site occupancy from neutron diffraction (not by volume 
increase) by Ikuta et al. (2019) who estimated x = 1 for their data points at 12 GPa (the down-pointing triangles 
in Figure 3). From the model, we obtain x = 1.84 at 77 GPa for (Fe,Ni)Hx (Figure 3).

From our observation for the instability of the fcc phase with x > 1 (i.e., loss of H) during decompression and 
previous observation for predominantly x = 1 for FeHx synthesized below melting temperature, we infer that the 
maximum H content possible for stable solid form of FeHx is ∼1. If it is the case, our finding indicates that the 
liquid outer core has approximately 1.8 times greater H storage capacity than the solid inner core. We cannot also 
rule out the possibility of some loss of H during temperature quench in our experiments. In this case, the value of 
x = 1.8 reported here for liquid (Fe,Ni)Hx should be regarded as a lower bound of x for the liquid. We note that the 
experimental design here is to measure the maximum H storage capacity of (Fe,Ni)Hx liquid, not the partitioning 
of H between the liquid and solid Fe alloys, which is more proper to consider for estimating H contents in the 
liquid and solid parts of the cores when H amount is limited, such as terrestrial planets including Earth.

3.3.  Effect of Ni on H Storage in Fe Alloy

Despite the fact that both (Fe,Ni)Hx and FeHx above 77 GPa were heated above the projected melting temperature, 
we found much greater volume increase for the Ni-bearing alloy and therefore more H contained in the frozen 
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form: x = 1.84 for (Fe,Ni)Hx and x = 1.69 for FeHx. It is possible that a small amount of Ni may reduce loss of H 
when Fe alloy converts from liquid to solid. To get more insight, we performed DFT calculations for the FeH1.5 
and (Fe0.875Ni0.125)H1.5 systems (Equation 1 and Figure S5 in Supporting Information S1). Our principal finding 
is that the incorporation of Ni lowers the formation enthalpy relative to FeH1.5 over the entire pressure range. 
Near ambient pressure where the reference state of Fe is the bcc phase, the enthalpy of (Fe0.875Ni0.125)H1.5 is about 
8 meV per formula unit lower than that of its FeH1.5 counterpart while the relative enthalpy lowering of the Ni 
alloy is ∼12 meV per formula unit at high pressures where the reference state of iron is hcp. The effect of Ni on 
enthalpy is much smaller near ∼16 GPa where a cross over is found between the relative enthalpies compared to 
bcc/hcp Fe. This pressure is similar to the calculated bcc-hcp transition for pure iron (Mankovsky et al., 2013). 
The pressure dependence of the magnetic moment of the Ni alloy is about 10% lower than that of FeH1.5 over 
the entire pressure range. Therefore, this energetics comparison can explain the observed larger amount of H in 
the fcc phase quenched from Fe liquid when Ni is present. We do not rule out the possibility of a small amount 
of Ni actually promotes the H solubility in Fe liquid at high pressure. It is desirable to explore this possibility in 
future studies.

4.  Implications
Recent studies have shown that hydrogen becomes strongly siderophile and partitions into metallic iron over 
silicate melt at high pressures (Tagawa et al., 2021; Thompson et al., 2018; Yuan & Steinle-Neumann, 2020). The 
most important finding of our experiments is that the H storage capacity of Fe-Ni liquid is likely more than 1.8 
times greater than that of the solid counterpart. The pressure range in this experiment overlaps with that expected 
for the magma ocean during the core formation (20–70 GPa), which likely determined the light element compo-
sition of the core. A recent study on temperature quenched hydrous silicate melt + iron liquid samples showed 
partitioning of H into the metallic liquid (Tagawa et al., 2021). In the experiments, because of H loss during 
pressure quench, the amount of H in Fe liquid was estimated from frozen form at 300 K and high pressures. We 
showed here that H storage capacity of Fe liquid is likely beyond the amount of H solid fcc can hold and some 
amount of H could be lost during temperature quench. This metastable behavior of the fcc phase quenched from 
liquid could therefore result in underestimation of the amount of H contained in (Fe,Ni)Hx liquid at high temper-
atures. It has also been shown that H2, instead of H2O, can directly ingass to silicate magma at high pressures 
(Hirschmann et al., 2012). From the observation, ingassing of nebular hydrogen was proposed for the early Earth 
(Olson & Sharp, 2018). Our study suggests that large ingassing of hydrogen through alloying with liquid metal 
Fe is also possible during the formation of Earth. Another important implication is that the liquid outer core 
would likely have a larger H storage capacity than the solid inner core. Given partitioning behavior of H between 
silicate melt and iron liquid, it is likely that the liquid outer core may have the largest storage capacity for H in 
the Earth and the rocky planets. We note, however, that this issue should be ultimately addressed by partitioning 
experiments under limited amount of H reasonable for the Earth.

Many sub-Neptunes in the extrasolar systems are believed to have thick hydrogen atmosphere interfacing the 
magma ocean at tens of GPa's of pressure (Kite et  al.,  2019). Hydrogen can make the environment strongly 
reducing, stripping Fe from silicate melt to form a separate Fe liquid: FeO + (x + 2)/2 H2 → FeHx + H2O (Horn 
et al., 2023). Furthermore, Fe metal droplets in the magma ocean can be directly hydrogenated by ingassed H2 
(Hirschmann et al., 2012): Fe + x/2H2 → FeHx. Such metallic liquid structures in the magma ocean will even-
tually sink toward the deep interior because of their high density, resulting in significant hydrogen ingassing in 
exoplanets of common type. Recent experiments have shown that Fe-H alloys can form from reaction between 
iron metal and water at high pressures: 3Fe + H2O → 2FeH + FeO (Ohtani et al., 2005). Therefore, water-rich 
planets (Zeng et al., 2019) could have a large amount of hydrogen stored in the metal during their core formation 
as well. For gas giants, the hydrogen-core interface would be at much higher pressures and therefore application 
of the results presented here should be made with care. However, a DFT study showed that Fe and H remain 
soluble in each other at pressures between 400 and 4,000 GPa (Wahl et al., 2013). Therefore, a significant amount 
of H stored in the core could be common for a large population of planets in our galaxy, from rocky planets to 
sub-Neptunes and gas giants.
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Data Availability Statement
The data from experiments and density functional theory in this study are available at Zenodo via https://doi.
org/10.5281/zenodo.7662676. A Python code to calculate the hydrogen content in (Fe,Ni)Hx using the density 
functional theory calculation is also included in a Jupyter notebook file in the repository.
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