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Recently, superhydrides have been computationally identified and
subsequently synthesized with a variety of metals at very high
pressures. In this work, we evaluate the possibility of synthesizing
superhydrides by uniquely combining electrochemistry and ap-
plied pressure. We perform computational searches using density
functional theory and particle swarm optimization calculations
over a broad range of pressures and electrode potentials. Using
a thermodynamic analysis, we construct pressure–potential phase
diagrams and provide an alternate synthesis concept, pressure–
potential (P2), to access phases having high hydrogen content.
Palladium–hydrogen is a widely studied material system with
the highest hydride phase being Pd3H4. Most strikingly for this
system, at potentials above hydrogen evolution and ∼ 300 MPa
pressure, we find the possibility to make palladium superhydrides
(e.g., PdH10). We predict the generalizability of this approach for
La-H, Y-H, and Mg-H with 10- to 100-fold reduction in required
pressure for stabilizing phases. In addition, the P2 strategy allows
stabilizing additional phases that cannot be done purely by either
pressure or potential and is a general approach that is likely to
work for synthesizing other hydrides at modest pressures.

metal superhydrides | structure search | Pourbaix diagram | hydrogen
loading

Hydrides are a large class of materials containing hydrogen,
the lightest and most abundant element in the universe.

They have attracted much research interest due to their sci-
entific significance and numerous applications. As important
hydrogen storage media (1), they are able to store hydrogen
at densities higher than that of liquid hydrogen (2). They also
find applications in hydrogen compressors (3), refrigeration (4),
heat storage (5), thermal engines (6), batteries (7), fuel cells (8),
actuators (9), gas sensors (10), smart windows (11), H2 purifica-
tion (12), isotope separation (13), alloy processing (14), catalysis
(15), semiconductors (16), neutron moderators (17), low-energy
nuclear reactions (18), and recently possible high-temperature
superconductors with a critical superconducting temperature Tc

in the vicinity of room temperature in hydrogen-rich materials
under pressure (19–38).

In the late 1960s, Neil Ashcroft (19) and Vitaly Ginzburg (20)
independently considered the possibility of high-temperature
superconductivity in metallic solid hydrogen at high pressure.
Later, the idea of chemical precompression was proposed in
which chemical “pressure” is exerted to form hydrogen domi-
nant metal hydrides stable at lower pressures (21). Following
the successful prediction (22, 23) and confirmation (24) of very
high Tc superconductivity in H3S, near–room-temperature su-
perconductivity was predicted (25, 26), synthesized (27), and
discovered (28) in the superhydrides (defined as MHn , for n > 6)
in the La-H system. Later, comparable Tc values were observed
experimentally for other La-H (29), Y-H (30–32), and La-Y-
H (33) superhydrides, and room-temperature superconductivity
was also reported in the C-S-H system (34). In addition, even
higher Tc s have been theoretically predicted, such as Li2MgH16

with Tc as high as ∼ 470 K at 250 GPa (35).

High pressures are needed to synthesize superhydrides (38).
One major reason is that at lower pressures, the thermodynamic
stability of superhydrides is weakened or no longer exists. To
overcome such a challenge, it is obvious that more processing
variables need to be introduced in addition to chemical compo-
sition and pressure. A processing variable that has been largely
hidden is the electrical potential when utilizing electrochemistry
for synthesis, which has been used in synthesizing palladium
hydride at ambient pressure (39). In the present work we show
that the synergetic use of pressure and electrical potential can
dramatically extend the thermodynamic stability regime of su-
perhydrides to modest pressures, an approach we term P2.
This approach opens more opportunities for the creation of
superhydrides and other materials by combining pressure and
electrochemical loading techniques. We begin by outlining the
general thermodynamic framework. We then apply the approach
to the Pd-H system, where we also present density functional
theory (DFT) predictions of palladium hydrides under pressure.
This is followed by predictions for other metal hydride systems
and then a discussion of the broad implications.

Pressure–Potential Hydride Synthesis
Superhydrides were first documented experimentally using
megabar high-pressure diamond-anvil cell laser-heating tech-
niques, leading to the discovery of near–room-temperature
superconductivity in LaH10 (27, 28, 36). This result was
subsequently confirmed (29), and other metal superhydrides
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have subsequently been observed (30–33, 37). We now discuss an
alternate pressure–potential approach, P2, to synthesize dense
metal hydrides, including superhydrides, by combining pressure
and electrochemistry (i.e., electrode potential). In the P2

approach, an electrode consisting of a metal (or conducting metal
hydride) is loaded with hydrogen by holding at an appropriate
electrode potential using an electrolyte consisting of mobile
protons. The proton-conducting membrane could be an aqueous
electrolyte solution, a polymer electrolyte membrane (e.g.,
Nafion) (39), proton-conducting ceramic electrolytes (39), or
solid acid proton conductors (40). The electrolytes provide a way
to tune the activity of mobile protons and kinetics of reactions at
electrode–electrolyte interfaces.

The hydrogen loading reaction for a metal electrode M (e.g.,
Pd) and an electrolyte containing mobile protons H+ with elec-
trons e− involved and MHn as the product is given by

M+ n(H+ + e−)⇐⇒MHn, [1]

with the associated Gibbs energy change of the reaction:

ΔG=GMHn −GM − nGH+ − nGe− . [2]

The Gibbs energy of protons in the electrolyte is dependent
on their activity aH+ , which is a measure of their “effective
concentration”

GH+ =GH+(a
H+=1) + kBTln(aH+), [3]

where kB and T are Boltzmann constant and temperature, re-
spectively. The Gibbs energy of electrons is dependent on the
electrode potential

Ge− =Ge−(U=0) − eUSHE, [4]

where e is the elementary charge, and USHE is the electrode
potential referenced to the standard hydrogen electrode (SHE).
The SHE reference is defined to satisfy the relation

GH+(a
H+=1) +Ge−(USHE=0) =GH(stable), [5]

where H(stable) denotes the stable phase of hydrogen that may
be fluid or solid, depending on the pressure. Note that the
conventional definition of SHE has no consideration for high
pressure, and therefore it is modified here for convenience in
high-pressure electrochemistry applicable to megabar regimes.
It follows that

ΔG=GMHn −GM − nGH(stable) + neUSHE − nkBTln(aH+).
[6]

This relation allows us to construct an electrochemical phase
diagram for loading hydrogen into a material as a function
of pH (i.e., −log10(aH+)) and electrode potential. Lowering
the electrode potential (making it more negative) or increasing
the activity of protons (decreasing pH) enables loading higher
amounts of hydrogen.

However, in a practical device, at negative potentials, metals
tend to catalyze the hydrogen evolution reaction (HER) (41),
given by

2H+ + 2e− ⇐⇒H2. [7]

Hence, electrochemical loading needs to compete with the
HER. Electrolyte formulations can suppress the HER kinetically
through superconcentrated electrolytes (42) or other suppressing
mechanisms. It is worth noting that in our analysis, we have to
consider the generalized hydrogen evolution reaction, where at a
given pressure the stable hydrogen phase needs to be considered,
given by

H+ + e− ⇐⇒Hstable. [8]

However, we set the limit for electrochemical synthesizability at
the potential where reaction free energy for HER on the catalyst
surface is thermodynamically downhill, which is determined by
the free energy of adsorbed hydrogen on the metal surface
(41). While the P2 approach is demonstrated with a proton
conductor, a similar scheme can be constructed with hydride ion
conductors (43) (for, e.g., M+ nH− ⇐⇒MHn + ne−.

In addition to suppressing hydrogen evolution, pressure also
modifies the proton transport by suppressing thermal motion
of protons in the hydrides (44, 45). Pressure can modulate the
local strain field in the solids, which is another important factor
affecting the transport of atoms in both the electrode (46) and the
electrolyte (47, 48). Strong local distortion promotes formation
of proton polarons and increases the proton activation energy
and, thereby, decreases the proton mobility (47, 48).

Application to the Pd-H System
We first study the example of the Pd-H system. As Pd catalyzes
the competing HER at very low overpotential (41), this system
can serve as a limiting case for the approach. The calculations
of Gibbs energies of relevant phases necessitate information
about their crystal structures. Experimentally, the highest hy-
dride phase found so far is Pd3H4 (49), which was synthesized
at around 5 GPa and crystallized in the structure with a face-
centered cubic (fcc) H lattice intercalated with a Pd/vacancy fcc
lattice in the Cu3Au-type ordering. Possible Pd hydrides with
even higher hydrogen content have apparently not yet been re-
ported. Therefore, a DFT structure search using particle swarm
optimization (PSO) is used to explore possible crystal structures
of Pd hydrides with different compositions (SI Appendix).

Ground-state structures are shown in Fig. 1 for selected com-
positions and pressures; additional structures can be found in
SI Appendix and the Github repository. In PdH and Pd3H4 struc-
tures, all the H atoms are bonded to the Pd atoms. We predict
the rocksalt structure with the Fm 3̄m space group as the ground
state of PdH at high pressure, consistent with experiments (50,
51). However, the predicted ground state at low pressure is
calculated to have an R3m structure, not the experimentally
found rocksalt structure. This may be attributed to lack of con-
sideration for higher-level effects such as the quantum or anhar-
monic effects. For the Pd superhydrides, the structures consist
of Pd-H layers or clusters between which H2 molecules are
located.

To more quantitatively characterize the structural features
of these Pd hydrides, a bond topology analysis of the low-
enthalpy structures was performed (Fig. 2). Both pressure and
composition have significant influence on the coordination
number (CN) of Pd and the dimensionality of the Pd-H
framework. At zero pressure, the CN is between 3 and 7 and
has moderate variation with composition. The dimensionality
changes around PdH2 sharply. From PdH to PdH2, the
frameworks are exclusively three-dimensional (3D). From PdH3

to PdH6, the frameworks are exclusively two-dimensional (2D),
while starting from PdH7, both one-dimensional (1D) and 2D
frameworks exist. At 150 GPa, the frameworks are invariably 3D
regardless of the compositions, but CN spans between 5 and 18
and shows a dramatic change with composition. More analysis
about the obtained structures of Pd hydrides can be found in
SI Appendix.

The phase stability of the identified structures in the Pd-H
system is assessed using the Bayesian error estimation functional
with van der Waals correlation (BEEF-vdW) (52), which con-
tains an ensemble of functionals distributed around the best-fit
one to avoid bias from exchange-correlation errors (details in
Materials and Methods). We find that the approach predicts no
thermodynamically stable Pd superhydrides at both ambient and
megabar conditions (SI Appendix, Figs. S11 and S12), although
the stability of superhydrides is significantly increased at megabar
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Fig. 1. Results of ground-state structure search for (A) PdH at 0 GPa, (B) PdH at 150 GPa, (C) Pd3H4 at 0 GPa, (D) Pd3H4 at 150 GPa, (E) PdH8 at 0 GPa, (F)
PdH10 at 0 GPa, (G) PdH12 at 0 GPa, and (H) PdH12 at 150 GPa. The gray balls represent Pd atoms, and the pink balls represent H atoms. The space groups of
the corresponding structures are indicated in parentheses.

conditions. Therefore, synthesizing Pd superhydrides using only
pressure is challenging, if not impossible. This raises the in-
triguing question of whether palladium superhydrides could be
synthesized by introducing an electrochemical environment and
whether it can be done at modest pressures, e.g., at 100-MPa

Fig. 2. Composition-dependent bond topological features of the low-
enthalpy structures at (A) zero pressure and (B) 150 GPa. The coordination
number corresponds to the number of nearest-neighbor H atoms surround-
ing a Pd atom, and the dimensionality is used to describe the framework
formed by the Pd polyhedra.

(kilobar) versus 100-GPa (megabar) conditions. Although elec-
trochemical studies have been performed over the years in the
100-MPa range (maximum of 1 GPa) (53, 54), the field remains
largely unexplored.

To examine the possibility of stabilizing Pd superhydrides
at modest pressures, we calculate a comprehensive pressure-
dependent Pourbaix diagram at 300 K using the best-fit BEEF-
vdW functional, with the reversible hydrogen electrode (RHE) as
the reference (Fig. 3). Here the RHE reference is used instead
of the SHE reference, since the former absorbs the potential
change due to pH and makes the HER potential independent of
pH, which is a more convenient choice for the present case. At
decreasing potentials, the phase transition sequence is Pd→
PdH→ PdH10 → PdH12. At ambient pressure, we find that
electrochemical loading of even the PdH phase is challenging and
will compete with the HER, as observed experimentally (39). The
most thermodynamically accessible Pd superhydride, PdH10 has
a very narrow potential window near ambient pressure, which is
gradually enlarged with increasing pressure. The phase boundary
between PdH and PdH10, can be fitted as the relation

U=−0.168 + 0.0297 ∗ log10(P) + 8.83 ∗ 10−5 × P2/3, [9]

where U is the electrode potential on the RHE scale (in volts)
needed to transform PdH to PdH10 under a given pressure P
(in megapascals). Near the ambient pressure, the above relation
has good linearity between U and log10(P), and the power of
the electrochemical driving force is illustrated by the fact that
an order of magnitude reduction of the transition pressure can
be achieved by only 0.03 V change in the electrode potential.
When the pressure approaches 103 MPa (1 GPa), nonlinearity
of the relation becomes significant. The region above the HER
potential in Fig. 3 indicates the electrode potentials that are
accessible without causing HER and therefore can be effectively
utilized for hydride synthesis. The superhydride PdH10 is pre-
dicted to be stabilized at about 300 MPa (0.3 GPa) at the HER
potential with the overpotential due to hydrogen adsorption
taken into consideration. Using superconcentrated electrolytes
that can suppress HER further, it is expected that PdH10 can be
stabilized under even lower pressure operating at a more negative
potential.

We provide a qualitative discussion of how a mere 0.03 V of
potential change can reduce the transition pressure by an order
of magnitude near the ambient pressure. In the low-pressure
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Fig. 3. Pressure-dependent Pourbaix diagram of Pd-H by the best-fit BEEF-
vdW functional at 300 K. The dotted-dashed red line represents the equi-
librium HER potential on Pd, while the dashed red line takes overpotential
into consideration.

regime, the dominant effect of pressure is on the free energy
of hydrogen gas, whose pressure-dependent part is 1

2
kBTln(P)

(using the ideal gas approximation). This leads to a change of
0.0298 eV when changing the pressure by an order of magnitude
at 300 K. This value well explains the coefficient of the log10(P)
term in the above-calculated phase boundary. The regimes

beyond low pressure have more complicated pressure-dependent
Gibbs energies for fluid and solid phases and require a more
sophisticated treatment.

Application to Other Metal Hydride Systems
From an electrochemical synthesis standpoint, palladium is
among the most difficult as it catalyzes HER with negligible
overpotential (41). To demonstrate the generality of this strategy,
the pressure-dependent Pourbaix diagrams were calculated for
three other hydride systems, Y-H, Mg-H, and La-H (Fig. 4). In
all these systems, high-temperature superconductors have been
predicted or observed. Calculations similar to those above for Pd-
H indicate that YH9, MgH16, and LaH8 can be synthesized under
ambient or modest pressure at potentials without HER. As for
Pd-H, the critical potential becomes less negative with increasing
pressure. The results for these different metal–hydrogen systems
thus demonstrate that using electrochemistry to drastically lower
the synthesis pressure of superhydrides is a general approach. It is
also worth noting that, although superhydrides are emphasized in
the present work, this approach can be applied to other hydrides
as well, some of which also exhibit interesting properties such as
room-temperature superconductivity in hole-doped H3S (55).

Most notable are the results for La-H and the near–room-
temperature superconducting phase LaH10 (28, 29, 36). The
calculated stability up to 200 GPa for La-H shows a rich set of
superhydrides, the stabilizing pressures of which are predicted to
be significantly reduced (in tens of gigapascals) by the electrode
potential above HER. For instance, LaH16 is predicted to be
stabilized below 100 GPa at the HER potential while an extreme
pressure above 200 GPa is needed without an electrochemical
driving force. It is also noted that the experimentally verified
LaH10 phase is stabilized only after removing LaH11 in the

A B

C D

Fig. 4. Pressure-dependent Pourbaix diagram by the best-fit BEEF-vdW functional at 300 K: (A) Y-H, (B) Mg-H, and (C and D) La-H with LaH11 (C) and
without LaH11 (D) considered. The dotted-dashed lines represent the equilibrium HER potential on the metal, while the dashed lines take overpotential into
consideration.
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underlying data, which may be due to the errors caused by ne-
glecting higher-order corrections such as anharmonicity (44) and
nuclear quantum effects (56) in the calculations. Such corrections
usually enhance the stability of the high-density structures to
lower pressures (44). More interestingly, the potential not only
decreases the critical pressure, but also stabilizes some phases
that cannot be stabilized regardless of pressure at zero potential,
such as LaH4, LaH5, and LaH8. Such an additional degree of
freedom therefore opens up a broad materials space that has
been largely unexplored.

Discussion
The above analysis based on pressure-dependent Pourbaix di-
agrams provides us with useful insights on how the interplay
between electrochemistry and pressure can dramatically change
stability of palladium hydrides. As in other structure search cal-
culations (25, 26), crystal defects are not taken into consideration
in the present calculations and therefore all the calculated phases
are stoichiometric. On the other hand, a study of thermodynamic
stability of PdHx under pressure in a nonelectrochemical envi-
ronment shows that x increases to unity at about 2 GPa (57). Due
to the approximations on stoichiometry, the calculated lower-
bound pressure of the stability region of PdH at zero potential
is several hundred megapascals, comparable to but lower than
the experimental value. We also point out that the stability in this
study is based on thermodynamics, while the dynamical stability
may be quite different. For example, UH7 is predicted to be
thermodynamically unstable but dynamically stable at pressures
below 22 GPa (58).

The observations of phase transitions are influenced by kinet-
ics, and the thermodynamically stable phases may be difficult to
access due to high kinetic barriers. Instead, metastable phases
may form, depending on reaction pathways, as evident in elec-
trochemical synthesis of intermetallics such as compounds found
in the Na-Sn system (59). On the other hand, since the target
phases stabilized by pressure and potential become unfavorable
at normal conditions without compression and electrochemical
environment, a sufficient energy barrier is needed to prevent the
transition to the more stable phases when retrieving the target
phases at normal conditions.

Due to these considerations, the phase diagrams presented
here should be considered useful for understanding the large
effect of electrochemical potential in stabilizing superhydrides
at more modest pressures, instead of as precise predictions of
synthesis conditions as a result of anharmonicity (44), quantum
effects (56), or possible metastable behavior (59). It is hoped
that the results stimulate additional calculations that take into
account these effects as well as experimental verification of the
predictions.

Conclusions
Using first-principles density functional theory and particle
swarm structure search calculations, the phase stability of metal
superhydrides has been studied. Focusing on the Pd-H system, we
find from an analysis of the electrochemical loading of hydrogen
in the metal under a broad range of pressures that it is possible to
electrochemically synthesize PdH10 before the onset of hydrogen
evolution. Remarkably this is predicted to occur at even modest
pressures of about 300 MPa, which are readily accessible using
existing high-pressure methods. Given that palladium is among
the most active metals for hydrogen evolution, we suspected
significant effects of electrochemical loading on the synthesis of
other hydrides. Indeed, we demonstrate the generalizability of
this pressure–potential (P2) approach for La-H, Y-H, and Mg-
H, often yielding 10 to 100 times reduction in predicted pressure
needed for stabilizing a particular phase, as well as stabilizing
phases that cannot be done purely by either pressure or potential.

Combining pressure and electrochemistry thus offers a po-
tential alternate route to synthesize metal superhydrides and
other novel materials at currently accessible static pressure con-
ditions, although further experimental and theoretical efforts are
necessary to verify and refine the preliminary findings outlined
here. Numerous extensions of existing electrochemical and high-
pressure techniques could lead to altogether different materials
created under an even broader range of pressures. This proof-
of-concept work should serve to explore the frontier of high-
pressure electrochemistry to produce novel materials with broad
applications (18, 60).

Materials and Methods
Calculation Details. All DFT calculations involving the BEEF-vdW exchange
correlation functional were run using GPAW software using the atomic
simulation environment (ASE) (61–63). A real-space grid with spacing of 0.16
Å is used for the representation of electronic wavefunctions, and a k-point
density of larger than 30 Å in reciprocal space was used in each dimension.
For each material, the geometry is relaxed to a maximum force of less than
0.01 eV/Å. For the solid phases, the Gibbs energies include 0 K total energies
and contributions from pressure, while the finite-temperature contributions
are ignored. For each pressure, a Vinet equation of state (64) is fitted to
find the equilibrium volume that should minimize the Gibbs energy, and the
corresponding Gibbs energy is also determined at the same time. For the
fluid hydrogen phases that have nonnegligible finite-temperature effects,
the data from the National Institute of Standards and Technology database
(65) are used. The HER overpotential is calculated based on the assumption
that the HER kinetics are determined by the hydrogen adsorption on the
electrode surface (41),

ΔUHER
= |ΔGH∗ | = |ΔEH+ΔEZPE − TΔSH| ≈ |ΔEH + 0.24eV|, [10]

where ΔGH∗ is the Gibbs energy change of hydrogen adsorption, ΔEH is
the hydrogen chemisorption energy, ΔEZPE is the difference in zero point
energy between the adsorbed and the gas phase, and ΔSH is the entropy
change of hydrogen adsorption.

Structure Search. The particle swarm optimization is employed for structure
search, using the CALYPSO (Crystal structure AnaLYsis by Particle Swarm
Optimization) code (66, 67). Since only the superhydrides are of interest
here, the searched compositions include PdHn (n is an integer and 1 ≤ n ≤
12) and Pd3H4, which is the highest Pd hydride reported in experiments
so far, totaling 13 compositions in all. For each composition, one unit cell
is allowed to have one to four formulas. For a fixed number of formulas
at a given composition, about 1,000 structures were searched during the
structure evolution.

Bayesian Error Estimation Functional. For each material, a collection of func-
tionals at the level of the generalized gradient approximation (GGA) were
used as described below. Error estimation was carried out using the Bayesian
error estimation functional with van der Waals correction (52). This empir-
ically fitted functional generates an ensemble of functionals that are small
perturbations away from the best-fit functional in exchange-correlation
space.

The exchange-correlation energy for the BEEF-vdW is given in ref. 52 as

Exc =
∑

m

am

∫
ε

UEG
x (n)Bm[t(s)]dr + αcELDA−c

+ (1 − αc)E
PBE−c

+ Enl−c.

[11]
Here Bm is the mth Legendre basis function, each of which has a corre-
sponding expansion coefficient am. The expansion coefficients, as well as
the αc parameter that mixes the local density approximation (LDA) and
Perdew–Burke–Ernzerhof (PBE) (68) exchange correlation functionals, have
been prefitted with respect to a range of datasets as described in ref. 52.
Additionally, within the functional is the Enl−c nonlocal correlation term
implemented via the vdW-DF2 (69) method. The method to generate the
ensemble of functionals was tuned such that the spread of the predictions
of the functionals matches the error of the main self-consistent functional
with respect to the training and experimental data on which it was originally
trained. Each of these functionals can then provide a non–self-consistent
prediction of energy and therefore allows for a computationally efficient
yet systematic way of understanding the sensitivity of the final prediction
with respect to small changes in exchange-correlation functional.
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Bond Topology Analysis. The coordination number is determined using the
CrystalNN class based on a Voronoi algorithm in pymatgen (70). The frame-
work of the crystal structure and its dimensionality are identified using the
Zeo++ code based on the Voronoi decomposition (71), where radii of 0.5 and
1.6 Å are adopted for H and Pd, respectively.

Data Availability. The data that support the findings of this study and
custom code for calculating and plotting the phase diagrams based on

first-principles data presented in this paper are available on GitHub
(https://github.com/BattModels/P2) (72).
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