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ABSTRACT 

Room-temperature superconductivity has been a long-held dream of mankind and a focus of considerable 
interest in the research field of superconductivity. Significant progress has recently been achieved in 
hydrogen-based superconductors found in superhydrides (hydrides with unexpectedly high hydrogen 
contents) that are stabilized under high-pressure conditions and are not capturable at ambient conditions. 
Of particular interest is the discovery of a class of best-ever-known superconductors in clathrate metal 
superhydrides that hold the record for high superconductivity (e.g. Tc = 250–260 K for LaH10 ) among 
known superconductors and have great promise to be those that realize the long-sought room-temperature 
superconductivity. In these peculiar clathrate superhydrides, hydrogen forms unusual ‘clathrate’ cages 
containing encaged metal atoms, of which such a kind was first reported in a calcium hexa-superhydride 
(CaH6 ) showing a measured high Tc of 215 K under a pressure of 170 GPa. In this review, we aim to offer an 
overview of the current status of research progress on the clathrate metal superhydride superconductors, 
discuss the superconducting mechanism and highlight the key features (e.g. structure motifs, bonding 
features, electronic structure, etc.) that govern the high-temperature superconductivity. Future research 
direction along this line to find room-temperature superconductors wi l l be discussed. 

Keywords: clathrate superhydrides, high-temperature superconductivity, high-pressure conditions, 
crystal structure prediction 
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Intensive superconductivity research has been 
devoted to the investigation of two families of so- 
called ‘unconventional’ cuprate and iron-based su- 
perconductors, whose superconducting mechanism 

on the electron pairing is not believed to be mediated 
by the exchange of phonons [3 –6 ]. In these activi- 
ties, the highest Tc of 133 K at ambient pressure [3 ] 
was attained in a Hg–Ba–Ca–Cu–O cuprate material 
whose Tc was further promoted to 164 K at a high- 
pressure condition of 31 GPa [4 ,5 ], setting the record 
for Tc at the time. 

On the way to room temperature supercon- 
ductivity, metallic hydrogen was proposed in 1968 
[7 ] as a potential high-temperature superconductor 
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 superconductor exhibits two characteristic physi-
al properties when cooled below its superconduct-
ng critical temperature ( Tc ) where electrical resis-
ance vanishes [1 ] and magnetic flux fields are ex-
elled from the bulk [2 ]. Since the first discovery of
uperconductivity below 4.2 K in solid mercury in
911, tremendous efforts have been paid to the goal of
chieving superconductors that work at ever higher
emperatures for practical applications (see Fig. 1
elow). Room-temperature superconductors are yet
o be achieved and remain a century-long-held
ream of mankind. 
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Figure 1. Chronological evolution of the superconducting critical temperature ( Tc ) for various superconductors. The square, 
circle and rhombus color blocks represent conventional, cuprate and iron-based superconductors, respectively. In particular, 
blue stars represent the conventional clathrate metal superhydride superconductors. The pressures required to synthesize 
these superconductors are represented by blue labels. Inset: crystal structures of covalently bonded hydrogen sulfide super- 
conductor H3 S [22 ] (left panel) and clathrate superhydride CaH6 [24 ] (right panel). The yellow, pink, black and green spheres 
represent the S, H, Ca and H atoms, respectively. 
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ccording to an equation within the superconductive
icture of Bardeen-Cooper-Schrieffer (BCS) theory
8 ] showing that 

Tc = 1 . 14�D exp 
[

− 1 
N(0) V 

]
, (1)

here �D is the Debye temperature, N (0) is the
lectron density of states at the Fermi energy and
 is an effective pairing potential dominated by the
ttractive electron-phonon coupling interaction. Hy-
rogen, the most abundant element in the uni-
erse having the lightest atomic mass, naturally pro-
ides the highest possible �D and V parameters for
he solids that are necessary for a high-temperature
honon-mediated superconductivity. 
At ambient pressure, solid hydrogen is a wide-gap

nsulator. It has been suggested that metallization of
olid hydrogen would require a strong compression
bove a pressure of 500 GPa [9 –12 ]. This raises a
ighly experimental challenge, especially when one
eals with hydrogen, the number one element show-
ng the most mobile behavior due to the smallest
tomic core among the periodic table of elements.
s a result, hydrogen atoms often go into the inside
f diamond for a breakdown of the diamond anvil
ell, a device for generation of high pressure. As a
esult, metallic hydrogen has not yet been obtained
Page 2 of 14
through a direct compression of solid hydrogen in ex- 
periments despite great efforts in the high-pressure 
research field [13 ,14 ]. 

As an alternative route, hydrogen-containing ma- 
terials or hydrides play an important role in the pur- 
suit of metallic hydrogen, and its high-temperature 
superconductivity. The idea was first proposed as 
early as 1971 [15 ] in a hypothetic system of Li–
F–H and later in 2004 [16 ] in IV group hydrides
(e.g. methane, silane and germane). It is believed 
that the introduction of non-hydrogen elements into 
the lattice inevitably causes a chemical pressure to 
be placed on hydrogen. The resultant metalliza- 
tion pressure of hydrides is significantly reduced 
compared to that needed for pure hydrogen. High- 
pressure experimental investigation of metallic hy- 
drides in a lab becomes feasible at the current level 
of experimental technique. 

In recent years, remarkable progress has been 
achieved in the discovery of high-temperature su- 
perconductors in superhydrides stabilized under 
high-pressure conditions with the established super- 
conductivity Tc value approaching 260 K ( −13 ◦C) 
for LaH10 [17 –20 ], a record high Tc among known 
superconductors. Major findings are organized into 
two catalogues: (i) covalently bonded hydrogen sul- 
fide superconductors (e.g. H3 S with Tc at ∼200 K) 
[21 –23 ] and (ii) clathrate metal superhydride 
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uperconductors (e.g. CaH6 [24 –26 ], YH6 [17 ,27 –
 0 ], YH9 [17 ,28 ,3 0 ,31 ] and LaH10 [17 –20 ] with
c = 215, 220, 240 and 260 K, respectively), as rep-
esented by the blue stars in Fig. 1 . Particular interest
as been placed on the latter class of superconduc-
ors found in clathrate metal superhydrides that hold
he record high superconductivity and have great
otential to be those that superconduct at room
emperature. In this peculiar class of clathrate super-
ydride superconductors, the first such example was
heoretically proposed in a calcium superhydride
aH6 back to 2012 [24 ], which was successfully
ynthesized in 2022 in a lab with a measured high Tc 
f 215 K under a pressure of 170 GPa [25 ,26 ]. 
In this article, we review recent progress on

he findings of hydrogen-based high-temperature
uperconductors among superhydrides stabilized
nder high-pressure conditions, with a particular fo-
us on the family of best-ever-known superconduc-
ors found in clathrate metal superhydrides. In the
ext two sections, we provide a brief overview of
he discovery of covalently bonded hydrogen sul-
de superconductors, and discuss the CALYPSO
rystal structure prediction method and the role it
lays in aiding the experimental discovery. Then
n the following two sections we respectively dis-
uss metal hydride superconductors at ambient pres-
ure and at high pressures. The latter mainly focuses
n clathrate superhydrides, and includes a discus-
ion of the superconducting mechanism and the
ey features (e.g. structure motifs, bonding features,
lectronic structure, etc.) that govern the high su-
erconductivity. In the final section, we discuss
he future challenge and opportunity for room-
emperature superconductors among clathrate metal
uperhydrides. 

YDROGEN SULFIDE 

UPERCONDUCTORS AT A GLANCE 

2 S exists as a gas molecule in nature and smells of
otten eggs; it is the only stable stoichiometry com-
ound found at ambient pressure in the hydrogen
ulfide system. The work of Li et al. [21 ] is the origi-
al literature proposing sulfur hydride as a supercon-
uctor under high-pressure conditions. 
Since 2014 when Li et al. made the first attempt to

redict high-temperature superconductivity in sul-
ur dihydride [21 ], there has been much less inter-
st in this system since it was believed to dissociate
nto its constituent elements of sulfur and hydrogen
nder pressure [32 ,33 ]. Li et al. ’s extensive structure-
earching simulation on hydrogen sulfide via the
ALYPSO method [34 ,35 ] found that earlier pro-
osed elemental dissociation would not occur, and a
Page 3 of 14
structure with a high superconductive potential con- 
sisting of 2(SH3 ) units was predicted for H2 S with a
theoretical Tc reaching 80 K at a pressure of 160 GPa 
[21 ]. 

This theoretical work [21 ] initiated the practi- 
cal work by Eremets’ group [23 ] where H2 S com-
pressed in a diamond anvi l cel l was found to exhibit
two astonishing superconductive states: (i) the one 
prepared at low temperature has a Tc of 30–150 K, in
high accordance with the predicted H2 S supercon- 
ductor [21 ]; (ii) the one annealed at room tempera-
ture exhibits an unexpected high Tc at 180–203 K, 
surpassing the earlier Tc record of 164 K [5 ] set
by cuprate. The latter one has been ascribed to be
H3 S through a stoichiometric change via a decom- 
position of H2 S into H3 S+S [36 ], where H3 S is a
known stoichiometry of (H2 S)2 H2 that has already 
been synthesized at a pressure of 7 GPa [37 ] and
was later theoretically predicted to be a 200-K su- 
perconductor with a cubic structure (space group 
Im3̄ m ) at megabar pressures [22 ]. In this cubic struc- 
ture, each pair of S atoms symmetrically accommo- 
dates an atomic H between them, forming robust 
six-fold polar covalent S–H bonds (as shown in the 
inset of Fig. 1 ). The observed superconductivity in 
H3 S shows a strong isotopic effect pointing toward a 
phonon-mediated pairing mechanism [23 ]. 

The findings of hydrogen sulfide superconduc- 
tors at a megabar pressure condition mark a mile- 
stone in superconductivity history and are a result of 
joint theoretical and experimental efforts, where the- 
ory plays a critical role in guiding the experimental 
exploration. 

CALYPSO CRYSTAL STRUCTURE 

PREDICTION METHOD AND ITS ROLE IN 

AIDING EXPERIMENTAL DISCOVERY 

Research on unknown superhydrides presents a 
challenge, as they can only be produced under 
megabar pressure conditions where limited infor- 
mation is available regarding their compositions 
and crystal structures. Moreover, owing to the weak 
X-ray scattering of hydrogen, the exact position of 
hydrogen is hardly determined by X-ray diffraction 
experiments. All these difficulties call for advanced 
theory that can predict the crystal structures of 
superhydrides in a reliable manner with only the 
chemical composition given. Recently developed 
theoretical crystal structure prediction methods 
[38 ,39 ] have taken center stage for this purpose, due
to their trustworthy predictive power regarding com- 
positions and structures. Over the years, techniques 
such as random search, genetic algorithm and swarm 

intelligence methods have evolved to become the 
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referred choices for computational discovery of
tructures [38 ,39 ]. 
One may recall that crystal structure prediction

resents a challenging, NP-hard problem in the min-
mization of the high-dimensional potential-energy
urface (PES). To deal with this challenging prob-
em, the CALYPSO (crystal structural analysis by
article swarm optimization) structure prediction
ethod has been developed by the Ma group [34 ].
he method adopts a heuristic numerical solution
cheme that is an optimal compromise between
lobal exploration and local exploitation of the po-
ential energy surface, making it particularly suited
or crystal structure prediction. A number of al-
orithms has been devised in the method: (i) a
ymmetry classification searching strategy for high-
overage sampling of the potential energy surface;
ii) a bond characterization matrix for fingerprint-
ng the structures and dividing the entire PES into
 set of simpler fragments that are easier to explore
nd, most importantly, (iii) a swarm intelligence al-
orithm for rapid location of the energetically most
table structure by swarm-directed smart learning of
ptimal structures. The CALYPSO method has been
oded into the same-name software [35 ] that is freely
vailable for academic users, and it has proven a
ighly efficient and accurate tool for crystal structure
rediction. 
Given chemical compositions, CALYPSO can

redict structures, in an intelligent and automatic
ay, for two- or three-dimensional crystals, nan-
clusters and nanoparticles, protein molecules, re-
onstructed surfaces and interfaces, etc. The proof of
he method’s generality and reliability is in its utiliza-
ion: up to now ( June 2023), CALYPSO has been
idely used in the world by more than 40 0 0 re-
earchers from 74 countries. Use of CALYPSO has
enerated many groundbreaking discoveries dedi-
ated to high-pressure science, including the long-
uzzled oC 40 phase structure of semiconducting
ithium, chemical compounds of Fe/Ni3 Xe, the sub-
titutional alloy structure of Bi2 Te3 , the atomic struc-
ure of solid oxygen, counterintuitive compounds of
3 O and Ca3 O, the polymeric N10 structure, the su-
erhard cubic phase of BC3 , etc. [39 ]. 
CALYPSO has played an important role in

he design of hydrogen-based superconductors un-
er high-pressure conditions. Besides the above-
entioned prediction of metallic and supercon-
ucting structures of H2 S [21 ], CALYPSO has
een used to make breakthrough predictions on
 class of clathrate metal superhydride supercon-
uctors (e.g. CaH6 [24 ], YH6 [27 ], YH9 [17 ],
aH10 [17 ,18 ], etc.) that have received subsequent
xperimental confirmation. With the development
f the crystal-structure searching methods, future
Page 4 of 14
design of room-temperature superhydride supercon- 
ductors becomes feasible. 

METAL HYDRIDE SUPERCONDUCTORS 

AT AMBIENT PRESSURE 

The first hydride superconductor ever reported 
in 1970 was Th4 H15 with a Tc of 8 K at ambient 
pressure [40 ]. Later on, other binary metal hy- 
dride superconductors of PdH [41 ] and NbH0.69 
[42 ] were also reported with Tc values of ∼10 K. 
Several ternary metal hydride superconductors 
(e.g. Hf V2 H [43 ] and Pd0.55 Cu0.45 H0.7 [44 ] with 
Tc values of 4.8 and 16.6 K, respectively) were also 
synthesized. 

It is worth noting that all these ambient-pressure 
metal hydride superconductors possess low super- 
conductivity ( < 16.6 K). The top panel of Fig. 2 lists
the most hydrogen-rich hydrides achieved at am- 
bient pressure. It is seen that H contents in these 
ambient-pressure metal hydrides are generally low 

with a metal/H ratio larger than 1/3. In the crystal 
structures (Fig. 3 ), H atoms typically occupy the in- 
terstitial octahedral ( O ) or tetrahedral ( T ) sites of
the closely packed metal lattice. In order to under- 
stand the physical origin for the low superconductiv- 
ity at ambient pressure, the electron density of states 
of PdH [41 ], ScH2 [45 ] and ScH3 [45 ] are calcu-
lated, as shown in Fig. 3 . It is found that hydrogen
electrons are localized at a low-lying energy level, and 
do not contribute to the Fermi level. As a result, hy-
drogens in these low-H-content hydrides are not ex- 
pected to play an important role in the superconduc- 
tivity. It is worth noting that two properties of metal 
hydrides are crucial to achieving H-dominated high- 
Tc superconductivity: a large H-derived density of 
state at the Fermi level and large modifications of 
the electronic structure in response to the motions 
of H atoms (electron-phonon coupling) [17 ,38 ]. It is 
apparent that these ambient-pressure metal hydrides 
are not good candidates for the H-dominated super- 
conductors. 

From a chemical point of view, it is not unex- 
pected to see such a negligible hydrogen electron 
contribution to the Fermi level in these hydrides. 
Metal hydrides can be regarded as M+ cation-doped 
solid hydrogen (H2 ). Once there is a formation of 
hydrides, valence electrons of metal atoms wi l l trans- 
fer to H2 molecules in the solid due to the large dif-
ference in electronegativities of hydrogen and metal 
atoms. The resultant electron occupancy of the an- 
tibonding σ ∗

1 s orbitals of H2 molecules (Fig. 4 ) wi l l 
lead to the dissociation of molecules into hydro- 
gen atoms forming ionic Pd+ …H−, Sc + 

2 …2H− and 
Sc + 

3 …3H− bonding s tates in PdH, ScH2 and ScH3 , 
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Figure 2. Periodic table of experimental binary hydrides synthesized under ambient pressure (1 atm. , top panel) or high- 
pressure conditions (bottom panel). We use boxes with and without a black border to respectively distinguish between metal 
elements and covalent elements. Only the most hydrogen-rich species or those with the highest Tc (measured Tc values are 
preferred to the estimated ones) are listed, with theoretical predictions given a blue background and experimental results 
given an orange background. The related data were collected from Table 1 , the Inorganic Crystal Structure Database [46 ] and 
other excellent reviews [47 –49 ]. 
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espectively. As a result, hydrogen electrons are con-
ned in H− states at deep energy levels far away from
he Fermi level (Fig. 3 ). 
Recently, a ternary N-doped lutetium hydride

50 ] was claimed to exhibit a remarkably high Tc of
94 K (21 ◦C) at a near-ambient pressure of 1 GPa.
owever, a number of subsequent experiments [51 –
3 ] that were able to reproduce the as-synthetic
ernary product of N-doped lutetium hydride found
o superconductivity at all for such a sample. From
he current results achieved, it is suggested that such
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a claimed high superconductivity in an N-doped 
lutetium hydride is unlikely to be true. 

CLATHRATE METAL SUPERHYDRIDE 

SUPERCONDUCTORS AT HIGH 

PRESSURES 

Pressure as a thermodynamical variable can pro- 
foundly modify electronic orbitals and bonding pat- 
terns of hydrogen and metal atoms. It is thus a
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Figure 3. Crystal structures (inset) and partial electron 
density of states (PDOS) of face-centered-cubic -structured 
(a) PdH, (b) ScH2 and (c) ScH3 at ambient pressure. The blue, 
purple and pink spheres represent Pd, Sc and H atoms, re- 
spectively. Most H atoms occupy the interstitial octahedral 
( O ) or tetrahedral ( T ) sites of the metal lattice. Solid black 
and red lines represent PDOS of metal and H, respectively. 
Blue dotted lines represent Fermi levels. 
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H atomic orbitals
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Destructive combination
leads to an antibonding H2
molecular orbital. 

Constructive combination
leads to a bonding H2
molecular orbital. 
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E
ne
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y
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Electron density
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between nuclei. 

Figure 4. The formation of H2 molecular orbitals from two H atomic orbitals based on 
molecular orbital theory, where the lower- (higher-)energy molecular orbital σ 1 s ( σ ∗

1 s ) 
corresponds to the bonding (antibonding) behavior with electron density concentrated 
between (behind) the H nuclei. 
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owerful tool for the creation of exotic metal super-
ydrides (Fig. 2 ) that are not accessible at ambient
onditions. As can be seen from Fig. 2 , many new
inary superhydrides appear with extremely high H
ontent under high-pressure conditions. This opens
 research avenue for finding high-temperature su-
erconductors in these newly formed superhydrides.
A large number of superhydrides have been ex-

erimentally synthesized, some of which have been
onfirmed to be high- Tc superconductors, as listed
n Table 1 . Among various superhydrides, clathrate
etal superhydrides take center stage since they
xhibit the highest- Tc values (up to 250–260 K)
nown thus far. 
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CaH6 : the first clathrate superhydride 

At ambient pressure, the only thermodynamically 
stable compound in the Ca–H system has a sto- 
ichiometry of CaH2 that adopts a cotunnite-type 
structure and is not a superconductor (we refer the 
reader to our discussion on ambient-pressure hy- 
drides). In 2012, through a structure search study on 
a mixture of Ca + H2 using the CALYPSO method 
[34 ,35 ], we theoretically explored other calcium hy- 
drides with higher hydrogen contents that can be sta- 
bilized under high-pressure conditions [24 ]. It was 
predicted that, besides CaH2 , three new stoichio- 
metric calcium hydrides appear (Fig. 5 (b)), CaH4 , 
CaH6 and CaH12 , that are thermodynamically stable 
at the megabar pressure regime. 

CaH4 is not a superconductor and has a tetrago- 
nal I 4/ mmm structure (Fig. 5 (b)) where Ca adopts
a body-centered arrangement and H takes a mixed 
chemical form of monoatomic H and molecular H2 
[24 ]. Following our prediction, this proposed CaH4 
has been subsequently synthesized by two indepen- 
dent experimental works [55 ,56 ]. CaH12 has a rhom- 
bohedral structure consisting entirely of molecular 
H2 units (Fig. 5 (b)) that is not a good candidate for
high- Tc superconductors [24 ]. 

Of particular interest is the prediction of a 
peculiar clathrate-structured CaH6 that adopts a 
body-centered cubic structure (space group Im3̄ m ; 
Figs 5 (b) and 6 (a)) where 24 H atoms form a per-
fect cage (eight hexagons plus six squares) with Ca 
at the center of the cage [24 ]. Within the H cage,
there is clear charge localization (Fig. 6 (b)) between 
nearest-neighboring H atoms and analysis of the 
electron localization function indicates that there is a 
weak covalent interaction between H atoms. It is in- 
teresting to note that all the nearest H–H distances 
are equal to 1.24 Å at 150 GPa. From the calculated 
partial electron density of states (Fig. 6 (c)), we see 
that H electrons dominate the density of states at the 
Fermi level in this structure. As we have discussed in 
the above context, the dominant contribution of H 

electrons to the Fermi level is the most significant sig- 
nature for the H-based superconductor. Here, CaH6 
must be the one that we really want in the hunt of
a H-based high- Tc superconductor. Indeed, a realis- 
tic electron-phonon coupling calculation on CaH6 
gave a predicted exceptionally high Tc of 220 K at 
150 GPa [24 ]. As expected, the H cage is found to be
crucial to the superconductivity since it contributes 
most (84%) to the electron-phonon coupling param- 
eter (Fig. 6 (d)). 

Although CaH6 is the first-ever clathrate-type su- 
perhydride superconductor proposed in the field, 
its experimental synthesis has been regarded as one 
of the most challenging tasks. Previous attempts 
[55 ,56 ] on the synthesis use a mixture of Ca + H2 or
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Table 1. Measured superconducting transition temperature values ( Tc in kelvins) of ex- 
perimentally confirmed hydrides under ambient pressure and high-pressure conditions 
(P in gigapascals). 

Class Compound P (GPa) Tc (K) Ref. 

Hydride at 1 atm. Th4 H15 0 8.35 [40 ] 
PdH 0 9 [41 ] 

Pd0.55 Cu0.45 H0.7 0 16.6 [44 ] 
Hf V2 H 0 4.8 [43 ] 
NbH0.69 0 9.4 [42 ] 

Covalent hydride SiH4 ? 96 17 [72 ] 
H2 S 130 55 [23 ] 
H3 S 155 203 [23 ,73 ] 
H3 P? 207 103 [74 ] 

Ionic hydride BaReH9 91 7 [75 ] 
Li5 MoH11 160 6.5 [76 ] 

PtH 30 6.7 [77 ] 
ScH3 131 18.5 [78 ] 
ZrH3 9 11.6 [79 ,80 ] 
LuH3 122 12.4 [78 ] 
TaH3 197 30 [81 ] 
Zr4 H15 40 4 [79 ] 
Hf4 H15 23 4.5 [80 ] 

Quasi-H2 -contained hydride YH4 155 88 [30 ,82 ] 
SnH4 180 72 [83 ] 

(La,Y)H4 111 92 [84 ] 
ZrH6 220 71 [85 ] 
YH7 162 29 [30 ] 
CeH9 88 57 [86 ] 
SnH12 200 70 [87 ] 
BaH12 140 20 [88 ] 
HfH14 243 83 [89 ] 

CaH6 -type clathrate CaH6 172 215 [25 ,26 ] 
YH6 166 224 [28 –30 ] 
EuH6 152 – [66 ] 

(La,Y)H6 176 237 [71 ] 

YH9 -type clathrate YH9 201 243 [28 ,30 ,31 ] 
CeH9 130 100 [86 ] 
PrH9 126 < 9 [90 ] 
NdH9 110 4.5 [91 ] 
EuH9 170 – [66 ] 
ThH9 170 146 [92 ] 

(Y,Ce)H9 114 131 [93 ] 
(La,Ce)H9 100 176 [94 ] 

LaH10 -type clathrate LaH10 188 260 [19 ,20 ] 
CeH10 95 115 [86 ] 
ThH10 174 161 [92 ] 

(La,Y)H10 183 253 [71 ] 
(La,Ce)H10 155 175 [95 ] 
(La,Nd)H10 180 148 [96 ] 

Ba8 Si46 -type clathrate Ba8 H46 27 – [97 ] 
Eu8 H46 86 – [98 ] 
La4 H23 96 – [99 ] 
Lu4 H23 ? 218 71 [100 ] 

LaBH8 -type hydride LaBeH8 80 110 [101 ] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 7 of 14
CaH2 + H2 as precursors. Unfortunately, this syn- 
thetic route leads to the easy formation of low-H 

content CaH4 at a low-pressure region and further 
formation of high-H CaH6 at the higher-pressure 
regime is kinetically hindered. Thanks to the con- 
cept of using ammonia borane [57 –59 ] as the hydro-
gen source where it decomposes into boron monon- 
itride and hydrogen at high-temperature conditions, 
one can control the hydride synthesis at a desir- 
able pressure condition. Very recently, after 10 years 
of continuous effort, two independent experimen- 
tal works [25 ,26 ] reported the successf ul sy ntheses
of as-predicted clathrate-structured CaH6 by using 
a mixture of Ca and ammonia borane as precursors. 
Experimentally measured Tc values for CaH6 are 
215 K at 172 GPa [25 ] and 210 K at 160 GPa [26 ],
respectively. 

Since we have various calcium hydrides at hand, 
it is possible to derive a general picture of the evolu-
tion of the chemical bonding of hydrogen to under- 
stand the formation mechanism of various calcium 

hydrides under pressure, as depicted in Fig. 5 (b). 
Ca was introduced into solid molecular hydrogen 
as a dopant to achieve metallic hydrogen. As a re-
sult, there wi l l be inevitable charge transfer from Ca
into H2 molecules. The accepted electrons by each 
H2 molecule wi l l occupy the antibonding σ ∗

1 s or- 
bital (Fig. 4 ) since each H2 molecule already has a
fil led σ 1 s bond. The occupancy of this σ ∗

1 s orbital 
wi l l lead to a weakening of the H–H bond, which
in turn lengthens the H–H bond length and ulti- 
mately results in the complete dissociation of the 
H2 molecule. The existence of monatomic H and 
H2 units in the structures is contingent on the num- 
ber of electrons each H2 molecule accepts. If we as- 
sume that the two valence electrons of each Ca atom
are fully ‘ionized’ and taken up by H2 molecules, 
then the accepted electrons per H2 for CaH12 , CaH6 , 
CaH4 and CaH2 are 1 3 e , 

2 
3 e , 1 e and 2 e , respectively. 

As for CaH12 , each H2 molecule accepts 1 3 e with- 
out severing the bond, but rather results in a bond
elongation from 0.74 to 0.8–1.0 Å. In CaH6 , accep- 
tance of 2 3 e per H2 molecule leads to the formation 
of the clathrate structure [24 ], where the H–H dis-
tance is in the range 1.0–1.3 Å and H–H is weakly
covalently bonded. In CaH4 , there are two H2 for- 
mulas in each unit cell and each H2 molecule ac- 
cepts 1 e . Given that two H2 molecules are preserved,
the remaining two H2 molecules accommodate four 
‘excess’ electrons into their σ ∗

1 s orbital. This process 
disrupts the molecules into monatomic hydrogen, 
with the H–H distances in the range 1.3–1.6 Å. In
CaH2 , each H2 molecule accepts 2 e . As a result, H2 
molecules dissociate fully into monatomic H. 

We point out that H–H bonding features in 
calcium hydrides discovered under high-pressure 
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onditions show excellent agreement with those in
etal-inclusion H2 complexes (LnM-H2 ) at ambi-
nt pressure [54 ] (Fig. 5 (a)) that have been well
stablished by nuclear magnetic resonance experi-
ents, as depicted in Fig. 5 (a). This analogue for
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H–H bonding behaviors between calcium superhy- 
drides stabilized under high-pressure conditions and 
H2 complexes at ambient pressure is not accidental, 
but it rather reflects the true physics of hydrogen. 
We further emphasize that the current analysis of 
hydrogen bonding is also applied to the understand- 
ing of chemical bonding in other superhydrides and 
it is thus not necessary to discuss again in the context 
below to avoid any repetition. 

Other CaH6 -type clathrate superhydrides 
As a follow up to the theoretical proposal of 
clathrate CaH6 as a high-temperature supercon- 
ductor [24 ], other CaH6 -type clathrate super- 
hydrides have also been predicted under high- 
pressure conditions, including, e.g. MgH6 [60 ], 
YH6 [17 ,27 ], ScH6 [17 ,61 ,62 ], PuH6 [63 ], 
TbH6 [64 ], EuH6 [65 ,66 ] and (Yb/Lu)H6 [67 ,68 ]. 
Among these, YH6 [17 ,27 ] has been experimentally 
synthesized under high-pressure conditions[28 –30 ] 
with measured Tc values of up to 224 K at 166 GPa.
These experimental works directly confirmed the 
theoretical prediction [17 ,27 ] of the clathrate struc- 
ture and the high superconductivity above 200 K 

of YH6 . A strongly correlated system of clathrate 
EuH6 has also been synthesized [66 ]; however, its 
superconductivity is absent due to the existence of 
magnetic properties in the system. 

Several CaH6 -type alloyed clathrate superhy- 
drides in ternary systems have been proposed by us- 
ing the idea of partial substitution of Ca in CaH6 or Y
in YH6 with alternative metal elements, e.g. CaYH12 
[69 ] and YMgH12 superhydrides [70 ]. It is worth 
noting that a ternary clathrate alloyed (La,Y)H6 su- 
perconductor has been experimentally synthesized 
with a measured Tc of 237 K at a pressure of 176 GPa
[71 ]. 

YH9 -type clathrate superhydrides 
In 2017, Peng et al. [17 ] theoretically proposed 
that clathrate structures are commonly formed in 
rare-earth superhydrides with stoichiometries be- 
sides CaH6 , with even higher hydrogen contents 
(e.g. YH9 and LaH10 ). The structure of YH9 [17 ] in 
space group P 63 / mmc can be regarded as a variant 
of CaH6 , although the number of hydrogen atoms 
in the hydrogen cage has been enlarged from 24 
atoms in CaH6 to 29 atoms in YH9 . In this H29 
cage (Fig. 7 (b)) where one Y atom sits at the cen-
ter of the cage, there are six quadrilaterals, six pen- 
tagons and six regular hexagons [17 ]. YH9 was com- 
puted to exhibit superconductiv ity w ith Tc reaching 
room temperature at 269 K at a pressure of 150 GPa.
Soon after this theoretical prediction, two inde- 
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Figure 7. Crystal structures of several typical clathrate superhydrides and their H-motifs. (a) Im3̄ m–CaH6 , which is composed 
of Ca-centered H24 cages. (b) P 63 / mmc –YH9 , which is composed of Y-centered H29 cages and distorted H8 cubes. (c) Fm ̄3 m–
LaH10 , which is composed of La-centered H32 cages and H8 cubes. (d) Ba8 Si46 -type P m3̄ n–Ba8 H46 , which is composed of 
Ba-centered H24 and Ba-centered H20 cages. (e) Fddd – and Fmmm –CeH18 , which are composed of Ce-centered H36 cages. (f) 
F d 3̄ m–Li2 YH17 , which is composed of Y-centered H28 and Li-centered H20 cages. The small and large spheres represent H 
and metal atoms, respectively. 
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endent experiments successf ully sy nthesized the
lathrate-structured YH9 and reported measured Tc 
alues of 262 K at 182 GPa[31 ] and 243 K at
01 GPa[28 ]. 
Subsequent experimental effor ts fur ther suc-

essf ully sy nthesized other YH9 -type rare-earth
lathrate superhydrides in CeH9 [86 ], PrH9 [90 ],
dH9 [91 ] and EuH9 [66 ] with the measured highest
c reaching 100 K for CeH9 [86 ]. These experimen-
al results gave direct confirmation of theoretical
redictions by Peng et al. [17 ]. A YH9 -type clathrate
uperhydride has also been reported in ThH9 among
ctinide hydrides with the measured Tc reaching
46 K at a pressure of 170 GPa[92 ]. 
Recently, two YH9 -type ternary alloyed super-

ydrides of (La,Ce)H9 [94 ] and (Y,Ce)H9 [93 ] have
een synthesized via random substitution of half Ce
y La and Y, respectively. These two works demon-
trated that substitutional alloying could act as an
ffective tool for substantially enhancing supercon-
uctivity since giant Tc enhancements are eviden-
ial. Superconductivity of 100 K in parent CeH9 has
een enhanced to 178 and 131 K in resultant child
La,Ce)H9 and (Y,Ce)H9 , respectively, after substi-
utional alloying. 
It is worth noting that the notably low synthesis

ressures of 100–130 GPa for CeH9 , (La,Ce)H9 and
Y,Ce)H9 are believed to result from the particularly
trong chemical pressure exerted by the delocalized
 f electrons of Ce. This suggests that other rare-earth
ydrides with a similar delocalized f character may
lso be stable at relatively low pressures[102 ]. 

aH10 -type clathrate superhydrides 
n the same work for the proposal of YH9 -type super-
ydrides, Peng et al. [17 ] also theoretically proposed
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a class of clathrate rare-earth superhydrides in a stoi- 
chiometry of LaH10 with predicted Tc values as high 
as 288 K for LaH10 at 200 GPa and 303 K for YH10 
at 400 GPa. The structure of LaH10 in space group 
F m3̄ m can also be regarded as a variant of the CaH6 -
type structure, where the number of hydrogen atoms 
in the hydrogen cage has been enlarged from 24 
atoms in CaH6 to 32 atoms in LaH10 . The H32 cage 
(Fig. 7 (c)) is composed of six squares and 12 regu-
lar hexagons [17 ]. Meanwhile, Liu et al. also inde-
pendently predicted the clathrate-structured LaH10 
and YH10 by a systematic exploration of the struc- 
tures and superconductivities of La–H and Y–H sys- 
tems under high-pressure conditions [18 ]. The as- 
predicted LaH10 has been successf ully sy nthesized 
in two independent experiments [19 ,20 ] with mea- 
sured Tc values of 250–260 K at pressures of 170–
185 GPa. 

The successf ul sy nthesis of LaH10 at pressures 
< 200 GPa corroborated recent theoretical calcula- 
tions by taking quantum effects into account [103 ] 
where the classical ab initio calculations [17 ,18 ] pre-
dicted structural distortions in the LaH10 below 

∼230 GPa. The inclusion of zero-point energy has 
a clear effect on the stabilization of the F m3̄ m phase
at a pressure regime as low as 129 GPa [103 ]. 

It is worth mentioning that the synthesis of 
LaH10 created a Tc record of 250–260 K (Fig. 1 ) 
approaching room temperature and ignited the hope 
of finding of room-temperature superconductivity in 
clathrate superhydrides. Subsequently, LaH10 -type 
clathrate superhydrides including CeH10 [86 ] and 
ThH10 [92 ] have also been experimentally synthe- 
sized with measured Tc values of 115 and 161 K, 
respectively. Substitutional ly al loyed ternary LaH10 - 
type clathrate superhydrides in (La,Y)H10 [71 ], 
(La,Ce)H10 [95 ] and (La,Nd)H10 [96 ] have also 
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een experimentally synthesized with measured Tc 
alues of 253, 175 and 148 K, respectively. 

a8 Si46 -type clathrate superhydrides 
t is known that clathrate structures often appear
n a variety of silicon/germanium-based materials.
a8 Si46 is one such good example, in the structure
Fig. 7 (d)), and it is the first clathrate superconduc-
or found in a bulk phase [104 ] with a measured Tc 
f 8 K at ambient pressure. 
Several Ba8 Si46 -type clathrate superhydrides in-

luding Ba8 H46 [97 ], Eu8 H46 [98 ], La4 H23 [99 ] and
u4 H23 [100 ] have been experimentally synthesized,
mong which Lu4 H23 has an observed Tc value up
o 71 K at 218 GPa. No superconducting properties
ere experimentally studied for La4 H23 and Ba8 H46 ,
lthough they are expected to be high- Tc super-
onductors. Eu8 H46 is not a superconductor since
t was predicted to exhibit a ferromagnetic prop-
rty caused by the local unpaired f electrons of the
u atom. 
The theoretical proposal for thermodynamically

table Ca8 H46 and Sr8 H46 [105 ] is interesting; their
redicted Tc at 200 GPa are 214 and 203 K, re-
pectively. In addition, by performing a combina-
ion of high throughput screening and structural
earch, An et al. [106 ] predicted a thermodynami-
ally stable Ba8 Si46 -type superhydride of LiNa3 H23 
hat exhibits an extraordinarily high Tc of 310 K at
50 GPa. 

eH18 -type clathrate superhydrides 
ery recently, a new class of extremely hydrogen-
ich CeH18 -type clathrate superhydrides with a sto-
chiometry of CeH18 were theoretically proposed
n rare-earth/actinide superhydrides [107 ]. These
eculiar superhydrides are composed of H36 cages
Fig. 7 (e)), the largest cage for a known clathrate
uperhydride structure. This CeH18 -type clathrate
uperhydride forms a crystal structure with either
he Fddd or Fmmm space group. In this structure,
36 cages are interconnected by a 6H6 ribbon-ring
tructure. Two undulating H6 hexagons are posi-
ioned above and below this structure, with bridge
onds linking the H6 hexagons to the 6H6 ribbon
ing (as shown in Fig. 7 (e)). First-principles calcula-
ions [107 ] for different CeH18 -type clathrate super-
ydrides predict diverse Tc values among the same
toichiometry. Among these extreme superhydrides,
eH18 and ThH18 are par ticularly notewor thy. They
isplay superconductivity above room temperature,
ith Tc values peaking at 330 K at 350 GPa and 321 K
t 600 GPa, respectively. These represent the high-
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est predicted Tc values among all known thermody- 
namically stable superhydrides. Future experiments 
are highly desirable for the synthesis of this class 
of CeH18 -type clathrate superhydrides to search for 
room-temperature superconductors. 

Ternary clathrate superhydrides 
Binary superhydrides have been exhaustively inves- 
tigated both theoretically and experimentally [47 ]. 
The quest for high- Tc superconductors among su- 
perhydrides has recently evolved, moving beyond 
the realm of binary compounds and shifting focus to- 
wards ternary ones, which offer a vast array of mate- 
rial types and configurations. Ternary superhydrides 
can enjoy advantageous properties through tuning 
of two non-hydrogen elements in structures, lead- 
ing to superior superconducting properties beyond 
those of binary hydrides. Earlier theoretical works 
[108 ,109 ] have revealed promising ternary superhy- 
drides that superconduct at or above room temper- 
ature. However, the challenge remains to attain stoi- 
chiometric ternary compounds with a well-resolved 
crystal structure that can host high-temperature su- 
perconductivity above 100 K. Although several ex- 
amples of ternary substitutional ly al loyed clathrate 
superhydrides (e.g. (La,Ce)H9 and (Y,Ce)H9 ) have 
been discussed in the aforementioned text where 
the primary focus is placed on enhancing supercon- 
ductivity through elemental substitution on known 
binary clathrate hydride superconductors, these ac- 
tivities have not offered any new prototype ternary 
structure for high-temperature superconductivity. 

On the way to finding room-temperature su- 
perconductors among ternary superhydrides, a 
significant research question in this field is how to 
stabilize a superhydride that incorporates as many 
hydrogen atoms as possible, without forming any 
H2 molecules within the lattice, in order to achieve a 
hydrogen-dominated electron density of states at the 
Fermi surface [17 ,38 ]. A useful strategy is to intro-
duce extra electrons via metal doping into H2 -rich 
binary superhydrides [110 ], as has been demon- 
strated in the design of clathrate-structured ternary 
Li2 MgH16 [110 ] and Li2 Y/LaH17 [111 ]. Li2 MgH16 
has been predicted to exhibit ‘hot’ superconductiv- 
ity with a Tc value of up to 473 K at 250 GPa, which
is the highest predicted Tc among all known super- 
hydride superconductors [110 ]. The Li2 Y/LaH17 
clathrate structure comprises Li-centered H20 cages 
and Y/La-centered H28 cages, where each H20 or 
H28 cage consists of 12 pentagons or 12 pentagons 
and four hexagons (Fig. 7 (f)). It is worth noting that 
the estimated Tc values of Li2 YH17 and Li2 LaH17 
are relatively low with maximum values of 108 K at 
200 GPa and 156 K at 160 GPa, respectively [111 ]. 
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Figure 8. Comparison of the H sublattice in clathrate LaH10 and the AST-type zeolite framework in an AlPO4 -16 material. 
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The challenge of achieving room-temperature su-
erconductivity at significantly lower pressures is
 recognized issue. A strategy to address this chal-
enge is to use small-radius elements (e.g. B or
e) and hydrogen to achieve ternary superhydride
uperconductors with alloy backbones [112 ]. By
mploying this approach, a range of LaBH8 -type
ernary superhydrides with a ‘fluorite-type’ back-
one have been proposed [112 –114 ], among which
aBeH8 [112 ] is anticipated to be a thermodynami-
ally stable phase above 98 GPa and dynamically sta-
le down to 20 GPa with a high Tc of 185 K. Very
ecently, LaBeH8 has been successfully synthesized
ith a measured Tc of up to 110 K at 80 GPa [101 ].
aBeH8 is the first experimental realization of an
rchetype ternary prototype with exact stoichiome-
ry, well-resolved structure and Tc beyond 100 K. 

lathrate frameworks at ambient 
ressure 

ydrogen clathrate structures in superhydrides sta-
ilized under high-pressure conditions are a class
f peculiar structures quipped for hydrogen-based
uperconductors. As we have discussed above, the
lathrate structure is the key to create the observed
igh superconductivity in superhydrides that holds
he record high- Tc values among superconductors
nown thus far. However, these hydrogen clathrate
tructures can only be stabilized at megabar pres-
ures and are not capturable at ambient pressure
pon the release of pressure. For any practical appli-
ation, it is essential to discover superconductors at
mbient pressure. 
From a structure point of view, we find two

inds of analogous materials at ambient pressure:
i) CaH6 -, Ba8 H46 - and Li2 YH17 -type superhydrides
re structurally equivalent to the t ype-VII, t ype-I
nd type-II silicon-based clathrate structures, respec-
ively; (ii) hydrogen sublattices in CaH6 -, LaH10 -,
a8 Si46 - and Li2 YH17 -type superhydrides share the
tructure similarity to the known SOD-, AST-, MEP-
nd MTN-type zeolite frameworks, respectively. 
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To understand how clathrate structures in su- 
perhydrides are related to zeolite frameworks, we 
take LaH10 [17 ,18 ] as an example for the i l lustra-
tion (Fig. 8 ) whose hydrogen sublattice shares the 
structure similarity w ith the A ST-type zeolite frame- 
work in an aluminum phosphate AlPO4 -16 mate- 
rial [115 ]. It is noted that, when all non-framework
cations are removed, AlPO4 -16 turns out to be an 
open three-dimensional framework structure com- 
posed of corner-sharing TO4 (T = Al and P) tetra- 
hedra (Fig. 8 ). The network of T atoms is identical
to the hydrogen sublattice in LaH10 . 

The structure similarity between clathrate su- 
perhydrides and silicon-based clathrate or zeolite 
materials may give a hint on future design of high- Tc 
superconductors at ambient pressure. Encour- 
agingly, there exists a large number of clathrate 
materials at ambient pressure that might be useful 
as templates for such a design. For example, over 
200 zeolite framework types of material have been 
documented [116 ]. 

CONCLUSION AND OUTLOOK 

In this review, we provide an up-to-date perspective 
on the research field of superconducting clathrate 
superhydrides under high-pressure conditions. 
Clathrate superhydrides have emerged as the most 
promising candidates for hunting high-temperature 
superconductors. Finding room-temperature super- 
conductors along this direction might become true 
in a near future. 

Multi-element superhydrides are the immediate 
targets for the discovery of high-temperature su- 
perconductors. As the number of elements increase 
in hydrides, the number of conceivable structures 
and potential superconducting compounds grows 
rapidly [108 ,117 ], suggesting that there are more
open rooms for clathrate superhydrides in ternary 
and quaternary systems than those in binary ones. 
However, the exponential growth of chemical space 
with increasing element species makes the search a 
great challenge both theoretically and experimen- 
tally. Therefore, it might be useful to summarize 
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everal strategies to accelerate the design of high-
emperature superconducting superhydrides based
n successful experiences: (i) doping/substituting
etal elements into known clathrate superhydrides;
ii) introducing extra electrons via metal doping into
nown superhydrides that contain abundant quasi-
2 molecular units [110 ]; (iii) using small-radius el-
ments to stabilize ternary hydrogen-based super-
onductors with alloy backbones [112 ]; (iv) atomic
ubstitution of known clathrate materials at ambient
ressure. 
Given the rapid development of this field, we

nticipate that certain aspects of this review might
hortly become outdated. However, we trust that the
ethodological framework and the amalgamation of
nowledge from both experiments and theories out-
ined here wi l l provide a useful reference for future
esearch and inspire exciting future discoveries. 
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