Synthesis of defect perovskites (He2«[1x)(CaZr)Fg by inserting
helium into the negative thermal expansion material CaZrFe
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ABSTRACT: Defect perovskites (He,.[1,)(CaZr)Fs can be prepared by inserting helium into CaZrFs at high pressure. They can be recov-
ered to ambient pressure at low temperature. There are no prior examples of perovskites with noble gases on the A-sites. The insertion of

helium gas into CaZrFs both elastically stiffens the material and reduces the magnitude of its negative thermal expansion. It also suppresses

the onset of structural disorder, which is seen on compression in other media. Measurements of the gas released on warming to room temper-

ature and Rietveld analyses of neutron diffraction data at low temperature indicate that exposure to helium gas at 500 MPa leads to a stoichi-

ometry close to (He:[d,)(CaZr)F¢, Helium has a much higher solubility in CaZrFs than silica glass or crystobalite. An analogue with composi-

tion (H2)2(CaZr)Fs would have a volumetric hydrogen storage capacity greater than current US DOE targets. We anticipate that other hy-

brid perovskites with small neutral molecules on the A-site can also be prepared and that they will display a rich structural chemistry.

Materials with a perovskite derived crystal structure are of great
technological and mineralogical significance. This is in part because
the parent cubic perovskite structure, with formula ABX;, can ac-
commodate a very wide range of substitutions and structural distor-
tions. Common distortions include cooperative tilting of the corner
sharing BX, octahedra'? and offcenter displacement of B and/or A-
site cations.” Compositions where X is oxide, nitride and halide, or
mixtures of them are common place. Metals from almost any region
of the periodic table can be found on the B-sites for compositions
with appropriately chosen species on the A and X site. Even perov-
skites with the noble gas Xe on the B-site have been reported.® The
A-site is also amenable to many substitutions including the incor-
poration of small organic cations, which is attracting much atten-
tion due to their utility in preparing halide-based perovskites with
good photovoltaic properties,” and also, intriguingly, diatomic ni-
trogen.” The inclusion of small neutral species, such as dinitrogen,
onto the A-site of defect perovskites has been suggested as a means
of controlling the band gap in semiconductors such as WO;.” How-
ever, the reported syntheses for dinitrogen containing defect perov-
skites rely upon the adventitious trapping of dinitrogen on the A-
site as a nitrogen rich precursor is thermally decomposed. In this
paper we report the direct and well-controlled synthesis of defect
perovskites (Hexx[d.)(CaZr)Fs by inserting helium gas into the
initially vacant A-sites of the negative thermal expansion (NTE)
material CaZrFs.'® These materials can be recovered to ambient
pressure at low temperature. There have been no prior experi-
mental reports of perovskites containing significant amounts of
helium, although there have been computational studies of noble
gases included in WO;."

Metal fluorides with cubic ReOs-type structures, such as ScFs,'
CaZrFs" and other BB'F¢'*'* are attracting attention due to their
unusual thermal expansion characteristics. As NTE framework
materials typically display rich behavior at modest pressures, and

potential applications can expose them to significant stress from
thermal expansion mismatch, it is important to understand their
response to pressure. ReOs-type materials such as ScFs and CaZrFs
are not typically viewed as porous, as the crystallographically de-
termined F-F distances defining the “aperture” between the empty
A-sites in this structure are only 4.01 and 4.23 A respectively at
room temperature. However, high pressure neutron diffraction
studies of CaZrFs using gas media reveal very different behavior on
compression in nitrogen and helium (Fig. 1a), indicating that the
material is porous to helium at room temperature. In nitrogen, at
300 K the unit cell volume decreases linearly on compression and
the bulk modulus estimated from these data (Ko = 36.7(2) GPa) is
similar to that previously reported for compression in silicone oil
using a Diamond Anvil Cell (Ko = 36.5(5) GPa) or large volume
cell equipped with a BRIM" (Ko = 37.6(6) GPa).”® In line with the
disordering seen at > 400 MPa in silicone oil at room temperature,
compression in nitrogen at 160 K led to amorphization at ~500
MPa (see Fig. S1).
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Figure 1. A) Unit cell volume of CaZrFs with increasing pressure in
helium at 300 K (blue) and nitrogen at 290 K (red) gas. B) Change in
unit cell volume for CaZrFs in helium at 300 K on compression (or-
ange), decompression (green), and recompression (purple), cooled at
pressure to 70 K, decompressed at 70 K (blue), compressed at 130 K
(red), compressed at 190 K (dark green), compressed at 250 K
(black), and returned to ambient pressure at 300 K (cyan). Error bars
are smaller than the symbols.

In contrast to the behavior in nitrogen, when compressed in helium
at 300 K the unit cell volume for CaZrFs initially decreases, but
above ~350 MPa it increases on further compression. This surpris-
ing result can be attributed to the insertion of helium into CaZrFs.
This behavior is reproducible on decompression and recompres-
sion at 300 K (Fig. 1b). It is worth noting that expansion on com-
pression in fluid media, due to the insertion of water, has also been
seen in zeolites'® and that an ammonium metal formate has recently
been shown to take up neon at high pressure, but not argon."” In
silicone oil at 300 K, and nitrogen at low temperature (Fig. S1),
compression to ~500 MPa leads to a loss of order in the crystal
structure,'® which does not reverse on decompression. However,
the insertion of helium stabilizes the structure against this process;
a comparison of diffraction data at 0.075 MPa (Fig. S2) and 500
MPa (Fig. S3) at 300 K in helium reveal no loss of crystallinity, and
the sample did not lose crystallinity, as judged by the absence of
any significant change in peak to background ratio, throughout the
reported neutron diffraction measurements in helium (Fig. S4).
The stabilization of porous silicates against disordering, or amor-
phization, on compression by the insertion of guest species has
previously been reported for a number of materials, for example,
silicalite.'®

After cooling from 300 to 70 K under a pressure of ~475 MPa, the
decrease of the unit cell volume on decompression is linear and

implies a bulk modulus of 55.5(2) GPa, which is much higher than
that observed at 300 K in nitrogen. This behavior, and that revealed
by diffraction measurements as the sample was com-
pressed/decompressed at successively higher temperatures (Fig. 1b
and Fig. SS) is consistent with the helium being trapped, on the
time scale of the experiment (~40 minutes for data collection and a
pressure increase of 50 MPa), in the CaZrFs framework at 130 K
and below. The inclusion of helium not only stiffens the material
(Kyox = 55.5(2) GPa, Kisox = 53.0(1) GPa), it modifies the thermal
expansion. Prior ambient pressure neutron diffraction measure-
ments indicate that CaZrFs has an expansion coefficient, o, of -
52(2) ppm K' at 100 K. However, the current data show that a
sample prepared by inserting helium into CaZrFs at ~475 MPa and
then cooling under pressure, has an expansion coefficient, a., of -
31(1) ppm K' at 100 K. The reduction in the magnitude of the
expansion is not surprising, as the insertion of any species into the
A-site cavities will impeded the transverse vibrational motion of the
fluoride that is responsible for the NTE. It is notable that the delib-
erate insertion of lithium into redox active ReOs-type fluorides has
recently been demonstrated as a strategy for controlling the ther-
mal expansion of such materials.”
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Figure 2. Helium release versus time and temperature for a sample of
(Hez[,)(CaZr)Fs that had been cooled down to 100K under a heli-
um pressure of ~500 MPa.

The amount of helium inserted into CaZrFs was quantified by
warming gas-loaded samples to room temperature and monitoring
the pressure in the sample head space (see supplementary materi-
al). The major source of uncertainty in these measurements is likely
to be the determination of the sample head space volume, which
could be in error by up to 10%. Fig. 2 shows the amount of helium
released as a function of time and temperature for a sample loaded
with helium at ~500 MPa. These data indicate that the CaZrFs had
54(5)% of its A-sites filled, corresponding to a defect perovskite
with composition (He1.0slo92)(CaZr)Fe. On the time scale of the
measurements, there is no helium release at 150 K and the gas can
be considered to be trapped. On warming, the rate of helium re-
lease increases quite dramatically, but even at close to room tem-
perature the time scale for helium release is minutes not seconds.

Helium uptake measurements were also performed for loadings at
300 MPa and 150 MPa. As expected, at lower pressures a smaller
fraction of the available A-sites were filled (21(2)% and 0.8(1)%
respectively). However when the same sample of CaZrFs was sub-
sequently loaded with helium at 400 MPa, the gas uptake was much
lower than anticipated (only 3.9(4)% of A-sites filled). As the data
in Fig 2 indicate that the time scale for helium insertion at room



temperature is of the order of minutes, and CaZrFs is known to
disorder on compression to 400-500 MPa when there is nothing on
the A-sites, the reduction in uptake during the final loading with
helium at 400 MPa is almost certainly due to sample degradation.
When the helium pressure is increased rapidly an irreversible disor-
dering occurs before enough helium is inserted to stabilize the
ReO:s-type structure. This interpretation suggests that the A-site
occupancies shown in Fig. $6 for 500, 300, and 150 MPa represent
alower limit of what should be achievable with a pristine sample.

In order to both locate and confirm the quantity of helium in (He..
:0:)(CaZr)Fs, Rietveld analyses of the neutron diffraction data
were performed. Fig. 3A shows a fit to 70 K, 500 MPa data with an
Fm-3m model for CaZrFs and no helium on the A-sites. The resid-
ual plot shows significant features well above the noise level of the
data. Fig. 3B shows a fit where helium was placed on the A-site of
the perovskite with an occupancy of 0.54 and its isotropic thermal
parameter refined (Uso = 0.045(3) A?). The inclusion of helium in
the model significantly improved the fit quality. Refinements were
carried out for all of the neutron diffraction data acquired in heli-
um. The A-site occupancies (Fig. S8) clearly show that at both 250
and 300 K helium goes into the structure as the pressure is in-
creased, but at 70, 130 and 190 K there is little change in occupancy
as the pressure varied.
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Figure 3. Rietveld fits to powder neutron diffraction data recorded on
SNAP using a Fm-3m model for CaZrFs A) containing no helium,
detector bank 2 (20 ~48°), Re2= 27.4%, and B) using (Hes
«x)(CaZr)Fs with x = 1.08 detector bank 2, Rr2=18.0 %.

The penetration of helium into materials that are not typically
viewed as porous is quite well known and can hinder the use of
helium as a truly inert hydrostatic medium for high pressure exper-
iments. For example, molecular solids such as Cg™ and
arsenolite’’”” take up significant amounts of helium. The silica
clathrate melanophlogite,” which has a type-I gas hydrate related

225 and cristobalite,®® which are

structure, and both silica glass
denser than the clathrate framework, behave differently when
compressed in helium versus media containing much larger mole-
cules. In helium, they display higher bulk moduli, due to the inser-
tion of helium, and it has been estimated that for silica glass the
lower limit for helium solubility at 10 GPa is 1 mole of helium per
mole of SiO2**The penetration of hydrogen at 250 °C and high
pressures into silica glass”’ and cristobalite®® has also been reported.

Helium is much more soluble in CaZrF than silica glass at low (< 1
GPa) pressure, with approximately 1 mole of helium per mole of
CaZrFs being taken up at ~500 MPa. This helium can be retained
in the structure by cooling and then subsequently released on
warming to room temperature, suggesting applications in gas stor-
age. Temperature regulated uptake and release of gases in zeolitic

materials is quiet well known,***

particularly in materials showing a
trapdoor like effect involving the thermally activated motion of
extra-framework cations, and it has previously been proposed as a
method for hydrogen storage.*® It is notable that if a perovskite with
one hydrogen per A-site could be prepared, (H.)(CaZr)Fy, it
would have a volumetric storage capacity of 0.044 kg H,/L, which
exceeds the US DOE 2025 technical target for hydrogen storage in

fuel cell vehicles (0.04 kg Ha/L).*

The preparation of (Hex«[1v) (CaZr)Fs is a significant extension of
perovskite chemistry to include the controlled synthesis of materi-
als with small gas molecules on the A-site. Modification of compo-
sition, to tune the effective pore size of the ReO;-type framework,
and the temperature at which gases are inserted into the parent
material, should allow other gases to be incorporated into perov-
skites and their uptake and release pressures to be controlled. We
anticipate that this new family of hybrid perovskites will display a
rich crystal chemistry as composition, temperature and pressure are
varied.
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