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Metal hydrides, generally formed by high pressure
combined with high-temperature conditions, have
attracted substantial interest due to their promising
high-energy density and high-temperature super-
conductivity. Although the synthesis and properties
of these hydrides have been extensively studied,
an important challenge is the lack of an efficient
method to retain high-pressure phases. Herein, we
have successfully quenched a high-pressure phase
to ambient conditions with the precise control of
different compression pathways. A new (-CeHs
phase (space group Pm3n) isostructural to B-UHs3
phase was synthesized by the reaction of Ce and H,
above 33.0 GPain a laser-heated diamond anvil cell.
The p-CeHs phase has a cage-like framework struc-
ture that can be retained at ambient conditions. The
electrical resistance as a function of temperature
determines its metallic properties, but no supercon-
ductivity is observed in the current temperature
range. Thermodynamic and dynamic calculations
further prove the stability of p-CeHz at ambient

Introduction

Novel hydrides are currently the subject of great interest
because some possess unique properties analogous to
atomic metal hydrogen,”®> and show promise as
high-temperature superconductors and high-energy
density materials. Remarkably, two main types of
hydrides with intriguing high-temperature superconduc-
tivity have been uncovered by theoretical calculations
and experimental methods, including covalent network
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pressure. This work demonstrates that different
synthesized paths will drive the formation of differ-
ent products.
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HzS and clathrate structure LaH0.°™ HzS has a
body-centered cubic (bcc) lattice of S with
H atoms located halfway between the S atoms, exhibiting
covalent metallic characteristics. As the current record
binary superconductor, LaH;p has a clathrate-like struc-
ture of H with La atoms filling the clathrate cavities and
has been described as an extended metallic hydrogen
host structure stabilized by La atoms. These two discov-
eries open the door to achieving room-temperature
superconductivity in  compressed hydrogen-rich
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materials and bring new interest in the manipulation of
novel hydrogen-rich materials.

By tailoring intrinsic parameters, such as chemical
composition, dimensionality engineering, and geometric
size of the sample features, new materials can be
obtained during synthesis and processing. Another pos-
sibility is to induce changes in the material through
external parameters, such as temperature, pressure, epi-
taxial strain, or electric and magnetic fields. In particular,
pressure can provide a different route for the synthesis of
new materials and manipulation of novel physical prop-
erties. High pressure promotes the formation of novel
hydrides with unusually high hydrogen-to-metal ratios.
Upon compression, the chemical potential of hydrogen
steeply increases and then hydrogen reacts with metals
to form metal hydrides. Until recently, a series of results
combining theory with experiment show that unconven-
tional superhydrides with high hydrogen content can
be formed at high pressures. In these superhydrides,
one category is metallic hydrides formed by heavier
elements, such as LaHio,” CeHg, PrHg,”™ NdHo,"® ThHo,
ThHio,” UHg, and UHo,® and the others are molecular
hydrides formed by lighter elements, such as LiHg"° and
NaH-.2° Unfortunately, all of these superhydrides are sta-
ble only under high pressures and none of them can be
guenched down to ambient conditions. Moreover, since
most of the superhydrides have been synthesized at
megabar pressures, such harsh conditions bring great
difficulties to the experimental synthesis and largely

limit deeper research and further application of those
novel hydrides.

Particularly, in these hydrides, LaH,p with the record
superconducting T. in binary hydrides is benefited by its
clathrate structure with a large number of hydrogen
ligands in the unit cell and larger strength of the
electron-phonon interaction. Therefore, how to synthe-
size new hydrides with a clathrate structure under rela-
tively mild conditions or stabilize them to nearly
atmospheric conditions is urgently needed in this field of
work. Following our recently published work on the Ce-H
system, we are going to pursue new cerium hydrides by
different compression pathways. In this work, we have
successfully discovered the emergence of a new cage-like
phase p-UHs-CeHs (referred to as p-CeHsz), which is stable
to at least 67 GPa upon compression, moreover, p-CeHs
could be retained at ambient conditions.

Results

We have chosen elemental Ce and excess hydrogen
as the reactants to guarantee the formation of novel
cerium hydrides, which is similar to our previous work."
After hydrogen loading into a diamond anvil cell (DAC) at
3.5 GPa, the synthesized hydride is identified as the
known Fmgn-CeHz (Figures 1a and 1b). Refinement of
Fm3n-CeHs gives a lattice constant of @ = 5.5093(5) A,
which is consistent with our previous experimental
results. Upon further compression to 33 GPa, moderate
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Figure 1| (a) Unrolled recorded XRD image and (b) results of Rietveld refinement for Fm3m-CeHs before laser heating
at 33 GPa. (c) Unrolled recorded XRD image and (d) results of Rietveld refinement for p-CeHs after laser heating at
34 GPa. Insets of (b and d) show the sample chamber before and after laser heating, respectively.
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laser heating was performed in DAC and the maximum
heating temperature was about 1500 K. After laser heat-
ing, results reveal significant expansion in sample
volumes and dramatic changes in X-ray diffraction (XRD)
patterns, as shown in Figures 1c and 1d. Obvious new XRD
peaks indicate the formation of a new cerium hydride
after high-temperature annealing. All new peaks for this
phase can be unambiguously indexed to a cubic lattice
using Materials Studio software.”’ The subsequent Riet-
veld refinement of the XRD pattern yields the symmetry
Pm3n with a = 6.2895(3) A and Ce sublattice with Wyck-
off positions 2a (0O, O, O) and 6¢ (0.25, O, 0.5) (Figure 1d).
This new phase is referred to as p-CeHs. We have per-
formed five experimental runs of DACs (Supporting
Information Table S1). Upon further compression (Run
1), XRD peaks broaden and weaken normally and the -
CeHz phase remains stable up to 69.4 GPa (Supporting
Information Figure S1). Upon decompression to ambient
pressure (Run 2), the synthesized p-CeHs is stable at
ambient conditions (Figures 2a and 2b). To investigate
the stability of p-CeHsz against air, we have conducted
experimental Run 3, where the detailed experimental
setup can be found in the Supporting Information. The
synthesized sample is exposed to the air and XRD
patterns were collected for a specified duration, as is

Figure S2. These data show that p-CeHs has good stabili-
ty in air.

To give further evidence and determine the hydrogen
content, we have also explored the equation of state (EOS)
of the p-CeHs phase during compression and decompres-
sion routes. Figure 3a plots the pressure-volume (P-V)
data collected from refinement results in both routes and
Supporting Information Figure S3 plots P-V data with error
bars. The P-V data are fitted by third-order Birch-
Murnaghan (BM) EOS,% yielding the ambient pressure
volume Vg = 42.7 (0.5) A3, bulk modulus Ko = 62 (4) GPa,
and its pressure derivative Ko’ = 4 (fixed). The volume
expansion is crucial to estimate the hydrogen content of
this cubic phase, as reported in previous work."* At 34 GPa,
V(CeH,) = 311 A3/formula, V(Ce) = 18.6 A3/formula
and V(Hy) = 7.22 A3/formula?* Volume expansion is
V(CeH,) — V(Ce) =12.5 A3, thus the H content x is estimated
to be about ~3. Besides considering that the volume of the
high-pressure phase is also close to Fm3n-CeHs of 31.5 A%/
formula, B-CeHz phase matches a H:Ce ratio of 3. However,
this is not a final confirmation, the determination of stoi-
chiometry is the result of the combination of theory and
experiment, rather than only one aspect. First, XRD data
give the possible symmetry and match the proposed struc-
ture, and then theoretical calculation help us to finally

displayed in Figure 2c and Supporting Information determine the crystal structure and stoichiometry through
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Figure 2 | (a) Selected typical XRD patterns upon decompression. (b) The Rietveld refinement results of p-CeHs at
ambient conditions. (c) The XRD patterns of B-CeHsz exposed to the air at different time durations.

DOI: 10.31635/ccschem.021.202100799
Corrected Citation: CCS Chem. 2022, 4, 825-831
Previous Citation: CCS Chem. 2021, 3, 1011-1017

Link to VoR: https://doi.org/10.31635/ccschem.021.202100799 a


https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://doi.org/10.31635/ccschem.021.202100799
https://doi.org/10.31635/ccschem.021.202100799

@CCS

Chemistry

COMMUNICATION

(a) 45

40

B, =62.0+4.1 GPa
B,=4
V,=427+05A3

(b)

<70}
S8l

S 66}

Q641
8
= 6.2+

=

—6.0L

<« Decompression
» Compression

»<
>
>
S
>
>

Volume/Ce atom (A%)

0 10 20 30 40 50 60 70
Pressure (GPa)

¥ —

35F
30+ » Compression Run 1
<4 Decompression Run 2
— BM equation fitting
---- DFT calculation )
25
1 . I . I . 1 . 1 . . I .
0 10 20 30 40 60 70

Pressure (GPa)

P63/mmc-CeHgq

Figure 3 | (a) Volume per formula unit as a function of pressure for B-CeHs. Red and blue triangle points indicate the
compression and decompression processes, respectively. The solid line shows the fitted results by BM equation, where
the dashed line represents calculated EOS of p-CeHs. (b) Crystal structure with H;, cages of p-CeHs by contrast with
H>g cage in P63/mmc-CeHg. Large gray and small blue spheres represent Ce and H atoms, respectively. DFT, density

functional theory.

calculated P-V relationships and thermodynamic and dy-
namic stabilities. Therefore, subsequent first-principle cal-
culations are urgently required to determine the
stoichiometry of this new hydride.

We have checked the five structures proposed in
previous work,?” but none could match the new cubic
phase. Nevertheless, we found that the new XRD pattern
of the high-pressure phase matches the preceding
structure of B-UH3,%* and then we built the structure of
the p-CeHz phase through atom substitution. The crystal
structure is schematically shown in Figure 3b. Theoreti-
cal calculations were also carried out to check the ther-
modynamic and dynamic stability of p-CeHs, which is
shown to be thermodynamically stable through enthalpy
calculations at ambient pressure (Figure 4a), while
Fm3n-CeHs is metastable relative to B-CeHs. In our previ-
ous work, Fm3n-CeHz would form Pm3n-CeHs above
33 GPa without laser heating. The high-energy barrier
prevents the formation of p-CeHs from Fm3n-CeHs, but
laser heating treatment provides the extra energy to over-
come the barrier for the transformation from me’;n—CeHg
into p-CeHs. The phonon dispersion curves show no imag-
inary frequency in the Brillouin zone, indicating the dy-
namic stability of p-CeHs at ambient pressure (Figure 4b
and Supporting Information Figure S4).

In the p-CeHs structure, H atoms occupy the Wyckoff
positions 24k (0, 0.1544, 0.6956), as determined through
geometry optimization. Each Ce atom is linked with 12 H
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atoms with Ce-H distance of 2.108-2.671 A, forming two
kinds of H;» cage framework (Figure 3b). The shortest
H-H distance is 2.108 A in the hydrogen sublattice of
B-CeHs. Based on the low hydrogen content and large
distance between hydrogen atoms, there are no covalent
interactions between hydrogen atoms in p-CeHs. The
calculated EOS is also in good agreement with experi-
mental data, further proving the stoichiometric ratio and
crystal structure of p-CeHs. We also calculated the elec-
tronic properties for p-CeHs at O GPa (Figures 4c-4f).
The band structure illustrates that p-CeHs exhibits appar-
ently metallic character with a dense band around the
Fermi level. Partial electronic densities of state (DOS)
displays that Ce 4f and 5d states dominate the DOS and
the contribution of the H s state is almost negligible at the
Fermi level. Evidently, the electron localization function
(ELF) map confirms the existence of isolated H atoms
and differential charge density indicates the transfer of
electrons from Ce to H atoms in p-CeHs. Bader charges
for H and Ce are —0.5435 and 1.6304, respectively.

We compared the crystal structure of -CeHs with that
of Fm3n-CeHsz and Pm3n-CeHs (Supporting Information
Table S2). Fm3n-CeHs has a face-centered cubic (fcc) Ce
lattice with four formula units and has similar volumes
and trends of compression curves with Pm3n-CeHs
(Supporting Information Figure S5). We notice that
p-CeHz and Pm3n-CeHs have the same space group
Pm3n, but there are differences between them on the
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Figure 4 | (a) The calculated enthalpies as a function of pressure for Fm3m-CeHs, Pm3n-CeHs, and B-CeHs phases. The
calculated (b) phonon dispersion, (¢) band structure, (d) partial DOS, (e) ELF, and (f) differential charge density for
B-CeHs at ambient pressure. GGA, generalized gradient approximation.

crystal structure and enthalpy. Pm3n-CeHs has a bcc Ce
lattice with two formula units, while eight formula units in
B-CeHs. The calculated results present that f-CeHs has a
lower enthalpy and is more stable than ngn—CeH3 at
ambient pressure. It is also the reason why p-CeHz forms
under high-pressure and -temperature conditions and
could be retained to ambient conditions.

To investigate the electronic properties of f-CeHs, we
performed high-pressure variable-temperature electrical
resistance measurements on the target sample (Run 4).
The scheme of the apparatus for four-probe electrical
resistance measurement is shown in methods part.
Supporting Information Figure S6 shows the measured
electrical resistance of the sample as a function of tem-
perature at 45 GPa. Characteristic metal behaviors, that
DOI: 10.31635/ccschem.021.202100799
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is, low resistance at low temperatures and nearly linear
increase of resistivity with the temperature above 10 K,
are observed at 45 GPa, but no obvious superconducting
transition is found, so we did not perform further super-
conductivity calculations.

In a previous work,” a series of new cerium polyhy-
drides were synthesized and presented the phase
transformation sequence of Fm3n-CeHs — Pm3n-
CeHz(CeHsz 4 ) = 14/mmm-CeH, — CeHg_s - P63/mmc-
CeHg through cold-compression engineering. However,
this work reveals a transition: Fm3n-CeHs — p-CeHs
through high-temperature annealing (Figure 5 and
Supporting Information Figure S7). Combining our
reported results, this work further demonstrates the
laser-heated sample is in favor of p-CeHs, rather

Link to VoR: https://doi.org/10.31635/ccschem.021.202100799 @


https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100799
https://doi.org/10.31635/ccschem.021.202100799
https://doi.org/10.31635/ccschem.021.202100799

@CCS

COMMUNICATION

Chemistry

Fm3m-CeH, S-CeH; P63/mmc -CeH,
7.
e 4t - -
fdod oD g0 o c
(o] Laser e
0'*;'00" Lase.r & & heating
&o heating ps @ 'S o H
| Laser heating route o _1
2.9 GPa 34.0 GPa 67.9 GPa 90 GPa
Fm3m-CeH, Pm3n-CeH, 14/mmm-CeH,

9%

g

| Cold-compression route

@@ 6
%o 0%

3 GPa 33 GPa

62 GPa

80 GPa 103 GPa 159 GPa

Figure 5 | Pressure stability ranges of different cerium hydrides between laser heating route (this work) and

cold-compression route.™
represent Ce and H atoms, respectively.

than Pm3n-CeHs or /4/mmm-CeH,. With subsequent
pressure increases to 69.5 GPa, p-CeHz does not trans-
form into other low-energy structures again because
of the high-energy barrier. Laser heating treatment is
performed on pB-CeHsz at higher pressure, more hydrogen
atoms are absorbed into hydrogen framework, and
p-CeHz could absorb hydrogen and become P6z/mmc-
CeHg'" (Run 5, Supporting Information Figure S8). p-CeHsz
and /4/mmm-CeH, have Hq, and H;g cage-like framework,
respectively, which are the precursors of P6z/mmc-CeHo,.
This kind of cage-like framework is conducive to the
formation of clathrate structure at high pressure. With
increasing hydrogen content, the doping of Ce atoms
stabilizes the hydrogen framework lattice, forming hy-
drogen cages in cerium hydrides.

In recent years, a large number of metal hydrides
have been proposed through theoretical prediction
methods under high pressure, but few hydrides have
been synthesized in experiments. To obtain those metal
hydrides, high pressure is an indispensable reaction
condition and suitable temperature is provided to over-
come the energy barrier. However, those high-pressure
phases of hydrides can hardly be retained to ambient
conditions. As described earlier, B-CeHs is the first sam-
ple to show that a synthesized preclathrate hydride
become stable at ambient pressure, breaking through
the classical understanding that those exciting hydrides
cannot participate in future practical application. Fur-
ther analysis shows that different compression routes
point toward the various hydrides, which will consider
an efficient strategy to control the products as well as
the synthetic conditions. Besides, the joint high pres-
sure and high temperature is a feasible alternate
scheme to acquire hydrogen-rich compounds, which
are stable at ambient conditions.
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The different routes affect the formation of products. Large gray and small blue spheres

Conclusions

In this work, we have successfully synthesized a new
hydride p-CeHs requiring a laser heating technique at
33 GPa. p-CeHs is considered as the precursor of clath-
rate P6z/mmc-CeHg with Hq, cage-like framework at
lower pressure. p-CeHz could be quenched down to am-
bient conditions and experimentally determined as a
typical metal. The theoretical calculation results show
that this phase is both thermodynamically and dynami-
cally stable at ambient pressure. The combination of high
pressure and high temperature is demonstrated to be a
means of acquiring a hydrogen-rich compound not
achievable by conventional processing techniques. This
work offers the possibility to stabilize the promising new
hydrides to ambient conditions through controlled com-
pression routes.

Supporting Information

Supporting Information is available and includes the de-
tailed experimental procedures, Figures S1-S8, and
Tables S1 and S2.
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