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There is great current interest in multicomponent superhydrides due to their unique quantum properties
under pressure. A remarkable example is the ternary superhydride Li,MgH, 4 computationally identified to
have an unprecedented high superconducting critical temperature 7', of ~470 K at 250 GPa. However, the
very high synthesis pressures required remains a significant hurdle for detailed study and potential
applications. In this Letter, we evaluate the feasibility of synthesizing ternary Li-Mg superhydrides by the
recently proposed pressure-potential (%) method that uniquely combines electrochemistry and applied
pressure to control synthesis and stability. The results indicate that it is possible to synthesize Li-Mg
superhydrides at modest pressures by applying suitable electrode potentials. Using pressure alone, no
Li-Mg ternary hydrides are predicted to be thermodynamically stable, but in the presence of electrode
potentials, both Li,MgH;¢ and LiyMgH,, can be stabilized at modest pressures. Three polymorphs are
predicted as ground states of Li,MgH;¢ below 300 GPa, with transitions at 33 and 160 GPa. The highest
pressure phase is superconducting, while the two at lower pressures are not. Our findings point out the
potentially important role of the > method in controlling phase stability of complex multicomponent

superhydrides.
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There has been enormous recent progress in the quest for
room-temperature superconductors, enabled by superhy-
drides containing large amounts of hydrogen. The first
near-room-temperature  superconductor was predicted
[1,2], synthesized [3], discovered [4], and subsequently
confirmed [5] in the La-H system. Recently, a room-
temperature superconductor was discovered in the C-S-H
system [6]. In addition, the same theoretical techniques
that led to the discovery of superconductivity in LaH,,
predict even higher-temperature superconductors such as
Li,MgH,s with 7. as high as ~470 K at 250 GPa [7].
However, creation of these superhydrides requires megabar
(> 100 GPa) pressure, which is a significant hurdle for
large-scale synthesis. Therefore, lowering the pressure for
synthesizing these novel materials is a crucial milestone in
the pursuit of practical room-temperature superconductivity
[8]. Here, we show that a recently proposed novel strategy
for synthesizing superhydrides in which electrochemistry
and pressure are combined can be used to stabilize high
pressure multicomponent hydrides. Focusing on the ternary
Li-Mg-H system, we demonstrate the possible synthesis of
Li-Mg superhydrides at modest pressures.
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Our pressure-potential (P?) strategy combines electro-
chemistry and pressure to control the phase stability with
more degrees of freedom than either of those control
variables alone [9]. We consider the following loading
reaction as an example:

xLi + yMg + z(H" +e7) = Li,Mg,H_, (1)
with the associated Gibbs energy change of the reaction
AG = Gyimgn, — XGpi — yGug — 2Gn+ — 26, (2)

The above equation can be further expressed as

AG = Gyjmgn, — XGri — YGug
— 2Gu(suble) + 2eUspg — zkgTin(ay-), (3)

where ay+ is the proton activity, Ugyg is the electrode
potential referenced to the standard hydrogen electrode
(SHE) generalized to high pressure regimes, and H(stable)
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denotes the stable phase of hydrogen which may be fluid or
solid depending on the pressure.

Equation (3) shows that the phase stability of a Li-Mg
hydride can be controlled by Li:Mg ratio, electrode
potential, pH, and pressure as it affects Gibbs energies
of the involved phases. To make the calculated electro-
chemical phase diagram more compact, the reversible
hydrogen electrode (RHE) can be used as the reference
instead of the SHE to eliminate the explicit pH dependence

AG =Gy Mg n, —*¥GLi — YGmg — 2GH(stable) +2€ UrnE- (4)

where Ugryg is the electrode potential referenced to
the RHE and satisfies Ugyg = Usyg — (kgT/e)In(ay+).
Negative electrode potentials, (Uryg < 0), provide driving
force for increasing hydrogenation but, also, promote the
competing hydrogen evolution reaction (HER), which may
be kinetically suppressed by superconcentrated electrolytes
or other mechanisms [10].

We examined the electrochemical phase stability of the
Li-Mg-H system under pressure using density functional
theory [11,12] calculations by the BEEF-vdW exchange
correlation functional [13]. The calculations were run using
the GPAw code [14,15] in the Atomic Simulation
Environment [16]. Only stoichiometric phases were con-
sidered, with a total of 36 compositions, besides the pure
substances, including nine binaries and 27 ternaries. The
crystal structures were identified by the particle swarm
optimization [17] using the CALYPSO code [18], with part of
them already obtained in a previous Letter [7] and addi-
tional structures reported here. Additional details can be
found in the Supplemental Material [19].

Theoretically calculated pressure dependent electro-
chemical Pourbaix diagrams for Li-Mg-H at 300 K are
shown in Fig. 1. It is found that the phase equilibria depend
on the Li:Mg ratio. At zero potential (Ugyr = 0), for
any Li:Mg ratio, no ternary Li-Mg hydrides are thermo-
dynamically stable within the range of conditions
studied, consistent with previous work [7]. The phase
equilibrium is dominated by MgH, + LiH from ambi-
ent pressures to ~100 GPa, above which a transition
sequence MgH, +LiH - MgH, + LiH, - MgH, +
LiHg — MgH, + LiHg — MgH,; + LiHg —» MgH,, + LiHg
occurs. Applying positive potential (Ugyg > 0), Mg or Li
metals, Mg+ LiH and MgH, + LiH, are stabilized.
Interestingly, applying a negative potential (Ugyg < 0),
ternary Li-Mg superhydrides are stabilized at ambient and
modest pressures. For a Li:Mg ratio 0-0.25, LiH+
Li,MgH,¢, LiH + LiyMgH,,, and LiHg 4 LiyMgH,, can
be accessed with gradually lowered potential. For a Li: Mg
ratio 0.25-0.5, the accessible phase equilibria become
LiH+Li,MgH 4, Li,MgH ¢+ LiyMgH,,, and MgH s+
LiyMgH,,. For a Li:Mg ratio above 0.5, the accessible
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FIG. 1. Pressure dependent Pourbaix diagram of Li-Mg-H at

300 K by the best-fit BEEF-vdW functional [13]. The dashed
line represents the equilibrium HER (hydrogen evolution
reaction). Different phase regions are represented by differ-
ent colors. Generally, each phase region has two phases
coexisting. The potential in the diagrams is referenced to
RHE and is actually pH-dependent if converted to the
SHE scale.
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FIG. 2. Pressure dependent enthalpies of the three ground states
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phase equilibria are predicted to be MgH, + Li,MgHq,
MgH; ¢ + Li,MgH 4, and MgH¢ + Li;MgH,,. It can be
seen that, among the multiple ternary compositions con-
sidered, Li,MgH,4 and Li;MgH,, are the only two that are
thermodynamically favorable at modest conditions, and
their stability regions can be maximized under Mg-rich and
Li-rich conditions, respectively.

We note that, near ambient pressure, the U-log P phase
boundaries are nearly linear, with an order of magnitude
reduction of the transition pressure achievable by only
0.03 V change in the electrode potential, as observed
previously for binary hydride systems [9]. This is due to
the dominant effect of pressure on the Gibbs energy of
hydrogen gas, with the pressure-dependent part as
1kpTIn(P) (using the ideal gas approximation) in the
low pressure regime [9]. The regimes beyond low pressure
have more complex pressure-dependent Gibbs energies for
fluid and solid phases and the phase boundaries become
much more sophisticated.

The ground state (the lowest enthalpy polymorph) at the
corresponding pressure is considered for each composition
in Fig. 1. Thus, even with the same stoichiometry, the

crystal structure may change at varying pressures, which is
exemplified for Li,MgH,¢ in Fig. 2. Based on the calcu-
lated enthalpies of the structures examined, it is found that
Li,MgH,s composition can form three polymorphs up to
300 GPa, which are termed as the @, f, and y phases.
Li,MgH;¢ undergoes two polymorphic transitions, a — f
at 33 GPa and f — y at 160 GPa. In addition, only
a-Li,MgH 4 can be thermodynamically stabilized provided
HER is suppressed, while -Li,MgH;4 and y-Li,MgH,¢ are
both unfavorable (Fig. 1). However, it may still be possible
to synthesize them, as the decomposition into hydrides with
different stoichiometries is a diffusional phase transforma-
tion and kinetically controlled [22]. The Fd3m phase with
T, reaching ~470 K at 250 GPa [7] and a broad range of
T.’s estimated in more recent calculations that include
anharmonicity and nuclear quantum effects [23] is found to
be metastable with respect to the ground-state polymorphs
within the conditions studied, in agreement with the
previous Letter [7]. Interestingly, the coexistence of sig-
nificant proton quantum diffusion together with hydrogen-
induced superconductivity has been recently found in the
Fd3m phase [23], reminiscent of the prediction of super-
conducting superfluid hydrogen [24].

The crystal structures of the three polymorphs of
Li,MgH ¢ are shown in Fig. 3. Both a-Li,MgHs and
p-Li,MgH,¢ have low symmetry with the P1 space group.
a-Li,MgH s can be described as periodic corrugated
hydrogenated Li-Mg layers filled with hydrogen dimers
in between. f-Li,MgH, also has hydrogenated Li-Mg
layers, but they are connected by sharing part of the
coordinating hydrogen atoms. Compared with the two
phases at lower pressure regimes, y-Li,MgH;¢ has higher
symmetry with the P3m1 space group. It has a 3D network
consisting of face-sharing Li-Mg-centered H-cage struc-
tures. Figure 4 details the effect of pressure on the H-H
separation and the excess charge based on Bader’s theory
[25] for the H, dimers found in Li,MgH .. It can be seen
that a larger H-H separation usually correlates with a higher
excess charge, consistent with the previous Letter [7]. The
polymorphic transitions produce dramatic effects on H-H

(a) a-Li,MgH,¢

FIG. 3.
at 33-160 GPa, and (c) y-Li,MgH,¢ at > 160 GPa.

(b) B-Li,MgH,¢

(c) y-Li;MgH,¢

Crystal structures of the three ground states of Li,MgH, 4 at different pressures: (a) a-Li,MgH 4 at 0-33 GPa, (b) #-Li,MgH4
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FIG. 4. Pressure dependent H-H separation in H, dimers and
excess charge per H, dimer of Li,MgH,4 by the best-fit BEEF-
vdW functional [13].

distances. a-Li,MgH,q and f-Li,MgHs have H-H sepa-
rations smaller than 0.8 A and an excess charge lower than
0.2e, while the maximum H-H distance and the excess
charge in y-Li,MgH;4 achieve 0.97 A and 0.57e, respec-
tively, within the pressure range studied. The increasing
charge transfer from Li-Mg to H with pressure can be
attributed to the increasing electronegativity difference
between Li-Mg and H with pressure [26].

The electronic density of states (DOS) of a-Li,MgH 4
and p-Li,MgH;qs are shown in Figs. 5(a) and 5(b),
respectively. For these two phases, an energy gap separates
the filled valence band and the unfilled conduction band,
with zero DOS at the Fermi level, indicating that they are
not conducting. The superconducting critical temperature
T. of y-Li,MgH 4 based on the Eliashberg equation [27] is
shown in Fig. 5(c), with Coulomb pseudopotential param-
eters of 4* = 0.10 and u* = 0.13 adopted. The predicted 7',
of y-Li,MgH,c increases with decreasing pressure from
250 to 150 GPa, reaching 177-193 K at 150 GPa. This
trend is similar with that of the Fd3m phase with decreas-
ing pressure from 500 to 250 GPa [7]. The large difference
in superconductivity between a or pf-Li,MgH;s and
y-Li,MgH,4 is correlated with the presence of H, units
in the former [7]. These results show that the most stable
polymorphs of Li-Mg superhydrides at modest pressures
are not superconducting, which may be overcome by
optimizing the metal elements used. For example, computa-
tional studies of the La-B-H system predict that the
composition LaBHg exhibits a 7. of 126-155 K at a
relatively low pressure of ~50 GPa, although it is not
thermodynamically stable against the ternary La-B-H hull
below 110 GPa [28,29]. Thus, it is possible to design alloy
composition of superhydrides having superconducting
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FIG. 5. (a) Electronic density of states of a-Li,MgH ¢, (b) den-

sity of states of f-Li,MgH,s, and (c) superconducting critical
temperature of y-Li,MgH .

ground-state polymorphs at modest pressures. In addition,
metastable polymorphs can be kinetically favored, such as
the Pd;H, phase with a CuyAu-type ordering of the Pd or
vacancy lattice [9,30].

In conclusion, this Letter predicts the possibility of
synthesizing ternary Li-Mg superhydrides at modest pres-
sures by the P? method. For hydride systems, high T,
superconductivity correlates with highly H-rich composi-
tions and characterized structural features. The P> method
can effectively enhance stability of highly H-rich compo-
sitions at modest conditions; further realizing structural
features for superconductivity within a given stoichiometry
still remains an open question, but may be achieved by
synthesis of kinetically stabilized phases given that the
present analysis is based on thermodynamic stability. Such
a synthesis pathway could be addressed by experimental
and further theoretical efforts. Design of suitable types of
metals in hydrides is also an important aspect, which can be
accelerated by machine learning techniques. In practice, the
highest achievable hydrogenation will depend on sup-
pressing HER and on engineering issues like maintaining
structural integrity of the highly hydrogenated electrode,
which may be tackled by microstructure design. The value
of the P?> method is creating new space for controlling
phase stability and for synthesizing materials with new
stoichiometries or materials with existing stoichiometries
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but novel structures. The power to unlock new phases can
be further amplified when coupled with increasing the
number of chemical constituents, as evident by the impor-
tant ternary Li-Mg-H system studied here.
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