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ABSTRACT: The clathrate-I phase Bag ,Siys (space group
Pm3n) was synthesized by oxidation of Ba,Li,Sis with gaseous
HCI. Microcrystalline powders of the clathrate phase were
obtained within a few minutes. The reaction temperature and
the pressure of HCl were optimized to achieve good-quality
crystalline products with a composition range of 1.3 < x < 1.9.
The new preparation route presented here provides an alter-
native to the high-pressure synthesis applied so far.

Bag ,Siss

1. INTRODUCTION

At the time when endofullerenes of silicon had been considered
as promising candidates for new su}laerconductors, silicon clath-
rates attracted considerable interest. > This group of clathrates
features polyhedral cages within a covalently bonded silicon
network that can be fully, or partially, filled by metal atoms. In
the clathrate-I crystal structure of Bag_,Siy, face-sharing dodeca-
hedra Siyo [5'*] and tetrakaidecahedra Si,, [5'°6%] form a space-
filling framework. Hitherto, the preparation of superconducting
Bag_,Sis only succeeded under high-pressure conditions starting
from BaSi, and 0.-Si.* Calculations of the specific volume® and the
ground-state energy”® may explain why Bag _,Siss favorably forms
under high pressure, but its thermodynamic stability with respect
to p, T, and « is still under discussion: a comparison of the ground-
state energies for BaSi,, a-Si, and BagSiss indicated that the
clathrate with fully occupied barium sites is stable only at high
pressure.® Interestingly, when the high-pressure product Ba;7¢Sis
was further annealed at 527 °C, a clathrate with lower Ba content,
Bag63Siss, was formed.* This result might indicate that the
clathrate phase is stable with this composition at ambient
pressure. If Bag_,Siss would form, e.g., from BaSi, and -Si in
a peritectoid reaction, the formation rate at ambient pressure and
temperatures of 2500 °C would be very low. In a similar case,
BaGe, and a-Ge also do not react to the equilibrium phase
BaGes, which is stable up to 2550 °C. Hence, to obtain such
phases at low temperatures, preparation routes other than
annealing are required. A promising alternative method, the
oxidation of precursor compounds, was introduced with the
preparation of the allotrope Ge(cF136) in an ionic liquid."
Ammonium halides were suggested as oxidizing agents, when
clathrate-I Nag_,Siss was found as a crystalline byproduct in the
reaction of a mixture of NH,Br and Na,Si, to amorphous
silicon."" Clathrate-I phases with enclosed H, molecules were
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later reported to form in reactions between precursor com-
pounds and NH,Br at 300 °C under dynamic vacuum.'>"* Using
gas—solid reactions, the oxidation method has been further devel-
oped and successfully applied for the syntheses of the clathrate-I
phases Nag,Siss, K;Siys and Na,BagSiyg. 4" Specifically, the
preparation of Na,BasSiys led to the question of whether Bag_,Siyg
can also be prepared by this method. However, our first attempts to
oxidize the precursor BasSi, by gaseous hydrochloric acid (HCI) to
a clathrate phase at temperatures between 350 and 600 °C yielded
only BaCl, and an amorphous product containing mainly silicon.'
In the present study, we show that clathrate-I Bag ,Siys can be
obtained by oxidation of the precursor phases Ba,Li,Sis and Ba;Siy.
Furthermore, we present an improved procedure for their con-
trolled reaction with gaseous oxidizing agents.

2. EXPERIMENTAL SECTION

Synthesis. The precursor phase Ba,Li,Sis was obtained by apply-
ing the preparation methods given in the literature.'” NH,CI (Merck,
p.a.) was dried at room temperature under vacuum (p < 5 x 10>
mbar) and handled further under argon. To carry out reactions in a
single-zone furnace (Figure 1, left), 0.05 mmol of Ba,Li,Sis and 0.85
mmol of NH,Cl were placed spatially separated in a glass ampule (V~
10 mL). Duran ampules were used for reaction temperatures up to
500 °C and quartz ampules for higher temperatures. The ampules were
sealed under flowing argon and placed in a preheated furnace. The
reaction products were washed with HCI (2 M) and demineralized water
to remove the remaining precursor material and metal chlorides. Those
products in which the precursor had been completely reacted (according
to powder X-ray diffraction, PXRD) did not form gas bubbles while
washing. The resulting dark-gray powders were dried under vacuum at
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Figure 1. Setup for oxidation of intermetallic compounds by HCl:
(left) the precursor and NH,Cl are placed spatially separated at the
same temperature T in a Duran ampule; (right) using a two-zone
furnace, the precursor is placed in an open Duran glass in the high-
temperature zone (T5), while NH,Cl is placed in the low-temperature
zone of the ampule (T)).

room temperature. For reactions that were conducted in two tempera-
ture zones, a tube furnace with an additional heating element was used
(Reetz). A total of 0.5 mmol of NH,Cl was placed at the bottom of an
ampule with V &~ 55 mL (low-temperature zone), and 0.06 mmol of
Ba,Li,Sis was deposited in an open Duran glass crucible at the upper part
(high-temperature zone; Figure 1, right).

PXRD. The measurements were performed by means of a Guinier
Huber G670 camera (image plate, Cu Ko, radiation, A = 1.540 56 A,
graphite monochromator, $° < 26 < 100°, A26 = 0.005°). Air-
and moisture-sensitive samples were fixed between two polyimide foils
(7.5 um, Kapton, Chemplex) on the sample holder. The reflection
positions were determined by profile deconvolution of the PXRD pattern
and corrected with a LaBg standard (a =4.156 83 A). Unit cell parameters
were calculated from least-squares refinement. Diffraction data for
Rietveld refinement were collected with a STOE STADI MP diffract-
ometer [Bragg—Brentano setup, Ge(111) monochromator, Cu Ko,
radiation, 1 = 1.54056 A, zero-background holder, $° < 260 < 119°,
A26 = 0.02°]. All crystallographic calculations were performed with the
WinCSD program package.18

Microstructure Analysis. Samples sputtered with gold were
investigated with a Philips XL 30 scanning electron microscope (LaBg
cathode). Energy-dispersive X-ray spectroscopy (EDXS) was performed
using an EDAX Si(Li) detector.

Elemental Analysis. For elemental analysis before washing, the
samples were heated under vacuum at 200 °C to remove possible
residues of NH,4Cl. For analysis after washing, the samples were dried
under vacuum at room temperature. In order to measure the barium,
lithium, and silicon contents, the samples were dissolved in an
aqueous solution of HNO3/HF. The concentration of the respective
element was determined using inductively coupled plasma optical
emission spectrometry (Varian VISTA spectrometer). Simultaneous
determination of hydrogen, oxygen, and nitrogen was performed
using a Leco TCH 600 analyzer. Here, approx. 5 mg of the vacuum-
dried sample was put under argon in a tin capsule and transferred in air
to the graphite die of the analyzer.

High-Resolution Transmission Electron Microscopy (HRTEM).
HRTEM investigations were performed by means of a FEI Tecnai F 20 with
Cs correction operated at 200 kV. Finely ground powders were dispersed in
ethanol and put on a carbon-hole film.

Magnetic Susceptibility. Magnetization was measured in exter-
nal fields of 0.002—7 T and in a temperature range from 1.8 to 400 Kin a
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Figure 2. PXRD patterns of the clathrate-I products obtained by
oxidation of Ba,Li,Sig at 500 °C for different reaction times in a
single-zone furnace. For comparison, simulated diffraction patterns of
the clathrate-I Bag,Siys and Q-Si are given.

SQUID magnetometer (MPMS XL-7, Quantum Design) on micro-
crystalline samples (m ~ 4—8 mg).

Raman Spectroscopy. Raman spectra were obtained at ambient
conditions with a Jobin-Yvon (Horiba) LabRam spectrometer equipped
with an Olympus optical microscope using a magnification of S0x. For
excitation, the blue line of an argon ion laser was used (4 = 488 nm,
E = 2.546 V). The spectral resolution at this wavelength is approxi-
mately 4 cm™; the size of the laser spot is about 10 zm.

3. RESULTS

Reactions in a Single-Zone Furnace. The precursors Ba,Li,_
Sig and NH,CI were heated spatially separated within a sealed
Duran ampule (Figure 1, left). At elevated temperatures, NH,Cl
decomposes to gaseous NH; and HCL. The PXRD pattern of the
product obtained after 15 min of reaction at 500 °C revealed BaCl,
and LiCl, indicating oxidation of the precursor by HCL. After the
product was washed, the dark-gray powder showed exclusively
reflections of the clathrate-I phase (Figure 2). The crystallinity of
the product decreased for longer reaction times at 500 °C. After
reaction for 3 days, the clathrate phase had been mostly transformed
to an X-ray amorphous product. HRTEM of this product revealed
the presence of amorphous material with crystalline nanodomains
of o-Si (Figure 3a). At higher reaction temperatures, increasing
amounts of 0-Si were detected (Figure 4). At 600 °C, the clathrate-I
phase was still the main crystalline product after 15 min, but broad
reflections of 0.-Si were also detected. At 700 °C, the PXRD pattern
showed mainly broad reflections of 0.-Si, and the HRTEM images
revealed a large fraction of crystalline @t-Si domains (Figure 3b). For
lower reaction temperatures, the reaction rate strongly decreased.
For example, after 30 min at 400 °C, the precursor was still the main
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Figure 3. HRTEM images of (a) an amorphous matrix and crystalline
nanodomains of Q-Si after Ba,Li,Sis was reacted with HCl for 3 days at
500 °C, (b) crystalline domains of 0.-Si after 1S min at 700 °C, and
(c) the clathrate-I phase with composition Bag31(1)Siss obtained by
reaction in a two-zone furnace (T; = 210 °C, T, = 400 °C, 3 days),
viewed along the [111] direction.

phase in the reaction product. After 1 day at 400 °C, the precursor
had been oxidized completely, and after washing, broad reflections
of a clathrate-I phase were detected in PXRD. At 300 °C, the
precursor was still the main phase after 1 day of reaction.
Reactions in a Two-Zone Furnace. In this arrangement, the
precursor Ba,Li,Sis was heated in the hot zone to the reaction
temperature T, while NH,CI was kept at a lower temperature,
T, (Figure 1, right). In this way, it was possible to investigate the
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Figure 4. PXRD patterns of the products obtained by oxidation of
Ba,Li,Si at different reaction temperatures in a single-zone furnace. For
comparison, simulated diffraction patterns of the clathrate-I Bag,Siss
and «-Si are given.

oxidation reaction at a given reaction temperature for different
partial pressures of HCI. The reaction temperature was adjusted
within the range 300 °C = T, =< 500 °C, while the low-
temperature zone was kept at 210 °C = T; =< 240 °C
corresponding to a starting HCI partial pressure of around
7 mbar < p(HCI) < 22 mbar (Table 1). Because NH,Cl was
always found to recrystallize in the low-temperature zone of the
ampule, a reservoir of solid NH,Cl was present during the
whole reaction. Hence, the partial pressure of HCI had been
determined by the decomposition equilibrium of NH,CI'® at
the lower temperature T.

After 5 days at Ty = 210 °C and T, = 300 °C, the precursor
remained widely unreacted according to PXRD. Also, after wash-
ing, a crystalline clathrate phase was not observed. When the
reaction temperature was raised to 350 °C < T, =< 450 °C, only
the metal chlorides could be detected by PXRD in the non-washed
products after 3 days, while the washed products showed sharp
reflections of the clathrate-I phase only (Figure Sa). HRTEM
investigations of a typical product Bag3;(1)Siss (Ty = 210 °C;
T, = 400 °C) revealed particles with large crystalline domains of
the clathrate-I phase (Figure 3c). Most of the crystallites examined
exhibited [110], [111], or [210] orientation, while an orientation
along [100] was rarely found. Scanning electron microscopy
(SEM) images of this sample indicated clathrate particles of
~230 um in size (Figure 6) with composition Bas sSiss according
to EDXS. In addition, particles containing only silicon and oxygen
were detected. This result is in agreement with elemental analysis,
which detected 17 mass % of oxygen, 0.6 mass % of hydrogen, and
S mass % of nitrogen in the washed product. The high oxygen
content is attributed to the washing process, leading to the
formation of X-ray amorphous oxides. Before washing, the
sample contained only 0.5 mass % of oxygen, 0.2 mass % of
hydrogen, and 5 mass % of nitrogen. Because of the presence of
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Table 1. Lattice Parameter of Bag_,Si;s Obtained by Oxida-
tion of Ba,Li,Si¢ in a Two-Zone Furnace”

composition a/A reaction conditions”

Bag_,Siys” ~10.24 T, =210 °C (puci = 6.67 mbar),
T, = 500 °C, 3 days

Bag .Sz 10.2520(6) T, =210 °C (pycy = 6.67 mbar),
T, = 450 °C, 3 days

Bag 15(1)Siss 10.2568(5) T, =240 °C (ppic) = 22.08 mbar),
T, =400 °C, 3 days

Bag 20(1)Siss 10.2606(3) T, = 220 °C (pycy = 10.12 mbear),
T, = 400 °C, 3 days

Bag 31(1)Siss 10.2701(6) T, =210 °C (pgcy = 6.67 mbar),
T, = 400 °C, 3 days

Bag 62(2)Siss 10.2816(6) T, =210 °C (ppc) = 6.67 mbar),
T, =350 °C, § days

Bag 63Sis6 10.2652(8) annealing of Ba; 76Siss"

Bay 6Siys 10.331(2) high pressure5

Ba; 7Siss 10.3141(7) high pressure4

BagSise 10.328(2) high pressure®

“ Literature data are provided for comparison. " The pressure of HCl in
mbar was calculated according to the equation: log(pycy) = 9.724 —
4300/ T, where T is the absolute temperature. The equation was derived
from the one given by Smits and de Lange for the total equilibrium
pressure of NH,CI" and transformed to mbar units.  @.-Si (90%) as the
main product.

byproduct, the barium and silicon contents of the clathrate phase
could not be determined from elemental analysis. However, it
was proven that the washed product did not contain lithium
(detection limit A 0.1 mass%). Hence, oxidation of Ba,Li,Sis by
gaseous HCl (formed by decomposition of NH,CI) to the
clathrate phase can be described by the following equations:

NH,Cl(s) — HCl(g) + NH;(g)

23BayLis Sig(s) 4 (182 + 6x)HCl(g) — 3Bag..Siss(s)
+ (68 + 3x)BaCl,(s) + 46LiCl(s) + (91 + 3x)H,(g)

The yield of the clathrate product is not straightforward to
evaluate. Elemental analysis of a washed product containing
Bag31(1)Siss resulted in a barium content of 14.4 mass%.
Assuming that barium is present only in the clathrate phase,
the content of Bag 31(1)Siss in the final product may be ~36 mass %.
As it was mentioned above, the remaining coproducts are
amorphous. At higher reaction temperatures (T, > 450 °C),
0.-Si was formed as a byproduct, the amounts of which increased
with temperature. After 3 days at 500 °C, the product consisted
mainly of O-Si, while only weak reflections of the clathrate-I
phase were detected by PXRD.

The conditions that were favorable for oxidation of Ba,Li,Sig
to form a crystalline clathrate phase (T, = 210 °C; T, = 400 °C)
were also applied for oxidation of Ba;Sis. In contrast to the
reactions in a single-zone furnace,'® a clathrate-I phase was
formed albeit with low crystallinity (Figure Sb).

The composition and lattice parameter of Bag_,Siys obtained
from Ba,Li,Sis were determined from PXRD data. The composi-
tion ranges from Bag 15(1)Siss [a = 10.2568(5) A] to Bag 63(2)Siss
[a = 10.2816(6) A]. Clathrate products with smaller lattice
parameters were observed as well, but the clathrate content in
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Figure 5. PXRD patterns of the clathrate products obtained by oxida-
tion in a two-zone furnace under the same conditions (T} =210 °C, T, =
400 °C, 3 days): (a) using BayLi,Si, as the precursor; (b) using Ba;Siy as
the precursor. For comparison, the simulated diffraction pattern of
Bag ,Sisg is given.

Figure 6. SEM image of an gold-sputtered agglomerate of Bag 31(1)Siss
obtained by oxidation of Ba,Li,Sis in a two-zone furnace (T = 210 °C,
T, = 400 °C, 3 days).

these samples was too low to allow for a structure refinement
(Table 1 and Figure S1 and Tables S1 and S2 in the Supporting
Information). The results demonstrate that the barium content of
the clathrate phase decreased with an increase in the reaction
temperature T, and with an increase in the HCl pressure py;ci(T).

The barium deficiency in Bag ,Siss (space group Pm3n) is
caused by a reduced barium occupancy of site 24 in the Si, cages,
while the 6d site in the Si,4 cages was found to be fully occupied
by barium. Only for lower barium contents (x = 1.8) does the
refinement point to a small barium deficiency in the Si,, cages,
which was not considered significant with respect to the esti-
mated experimental errors of a Rietveld refinement. Refinement
of the site occupancies and the distances d(Si—Si) (Table S3 in
the Supporting Information) indicate the absence of defects in
the Siyg framework, which are observed in the related germanium
compound BagGe,3[5.>°
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Superconductivity. From magnetic susceptibility measure-
ments, the reaction products were found to contain super-
conducting phases with transition temperatures between T ,, =
4.8 K for the Baggy(2)Sise sample and T, = 3.6 K for the
Bag 15(1)Si4s sample (Figure S2 in the Supporting Information).
For the Bag 65(2)Siss sample, the Meissner effect (field cooling)
is only 0.6 X 10> emu g ', while the shielding attains 5.8 x
102 emu g~ ' (zero-field cooling). Assuming a density for the
clathrate phase of approx. 3.3 g cm ™ from our crystal structure
refinements, the volume content of the superconducting phase
in the product is less than 25%. At high temperatures and fields,
all samples were found to be diamagnetic. For products from
high-pressure synthesis, a bulk superconductivity with transition
temperatures between T, = 9 K for Ba; 7Siss and T, = 5 K for
Bag 3Si4¢ was reported.4

4. DISCUSSION

The formation of the clathrate-I phase Bag_,Siys at low pres-
sure and low reaction temperature is a surprising result because
this phase has so far only been prepared using high-pressure, high-
temperature synthesis. It is evident that the clathrates obtained by
oxidation have a lower barium content than the high-pressure
products. Considering that a clathrate with lowered barium content
was also obtained by annealing the high-pressure product under
vacuum,” our results point to the thermodynamic stability of
Bag_,Siss at ambient pressure for x > 1, at least below 700 °C.

The product formation in oxidation reactions is strongly
influenced by the kinetics of the involved reaction steps.
Furthermore, under similar reaction conditions, different pre-
cursors led to different reaction products: While Ba,Li,Sis was
oxidized to the crystalline clathrate-I phase at 500 °C in a single-
zone furnace within a reaction time of only 15 min, Ba;Si, was
converted under the same conditions to an amorphous product
containing mainly silicon.'® However, it was possible to obtain
the clathrate phase from Ba;Si, with optimized reaction condi-
tions in a two-zone furnace, which proves that the presence of
lithium is not essential for the formation of the clathrate phase.
We attribute the better suitability of Ba,Li,Sis compared with
Ba;Siy for the preparation of the clathrate-I phase with high
crystallinity to different reaction paths. In the crystal structure
of Ba,Siy, the silicon atoms form cluster anions Si,®~, while
in Ba,Li,Sig, planar Sig'®~ rings are linked by lithium atoms
to 2[Li,Sig]®™ layers separated by barium atoms (Figure 7).
Considering the fact that the reaction with HCl proceeds at the
surface of the precursor particles, the diffusion rates are crucial for
the structural rearrangement involved. The mobility of lithium
atoms is much higher than that of barium atoms, allowing for a
fast transport of lithium to the particle surface to form chloride.
Removal of lithium atoms from the precursor induces the
formation of Si—Si bonds, which leads to the further encapsula-
tion of barium atoms and hinders their reaction to BaCl,. To
form a crystalline clathrate phase, the reaction temperature has to
be high enough to allow for structural rearrangements, but the
oxidation rate has to be sufficiently low to prevent barium atoms
to be removed from the substrate, which can be achieved by alow
partial pressure of HCl. However, in the case of NH,Cl as the
HCl source, both parameters could be varied independently only
in a two-zone furnace, in which the partial pressure of HCI
was controlled by the temperature T; of the NH4Cl source
(Figure 1, right). For higher reaction temperatures (ie., higher
reaction rates) and for higher HCI partial pressures, the barium

Figure 7. Crystal structures of (a) Ba;Si,, (b) Ba,Li,Sig, and (c) clathrate-I
Bag_,Siye. Silicon atoms are drawn in red (medium size), barium atoms
in gray (large), and lithium atoms in blue (small).

content in the clathrate phase was reduced (Table 1). With an
increase in the reaction time, the clathrate phase was found to be
further oxidized by HCI to nanocrystalline 0.-Si or amorphous
phases. In order to achieve a high yield of the clathrate phase,
the reaction time has to be optimized with respect to the
reaction conditions applied.

Because hydrogen was found in the reaction product by
elemental analysis, a possible encapsulation of hydrogen in the
clathrate framework was investigated. Distinct amounts of mo-
lecular hydrogen had been also reported for a silicon clathrate
with composition Nas s(H,),15Siss.'> From PXRD data, the
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silicon positions in the framework and the barium positions within
the large Si,4 cages were refined with full occupancy. Because of the
large scattering contrast of hydrogen to the other elements, the
presence of hydrogen atoms or molecules at this site can be ruled
out. However, the smaller Siy cages are found to be only partially
occupied by barium, so that the presence of hydrogen atoms or
molecules at this site cannot be excluded by X-ray diffraction.
Because hydrogen is more electronegative than silicon, an isolated
atom in the Siyy cage should be a hydride anion. Mixed occupancy
of clathrate cage sites by cations and anions (and this has to be
assumed for Ba>* and H™) is highly unlikely and has so far not
been reported. To check for the presence of hydrogen molecules in
the sample, Raman measurements were performed. As a result,
neither the stretching vibrations of molecular hydrogen around
4156 cm™ ' nor the vibrations of Si—H bonds at around
2100 cm™ ' were detected (Figure S3 in the Supporting In-
formation). Thus, taking into account also the results of elemental
analysis, we attribute the presence of hydrogen in the reaction
product to hydroxyl and amide groups on the particle surface or
within the X-ray amorphous byproduct. The presence of nitrogen
in the clathrate structure is unlikely as well because a substitution of
silicon atoms by nitrogen atoms within the framework would
further increase the occupancy of antibonding states. Substantial
amounts of nitrogen should be detected in the structure refine-
ment. Furthermore, if nitrogen would be a part of the clathrate
structure, its relative amount should increase upon washing of the
sample. This is clearly not the case.

5. CONCLUSION

The preparation of the clathrate-I phase Bag_,Sis by oxida-
tion of BayLi,Sis provides an alternative route to the high-
pressure synthesis used so far. Because high-pressure prep-
arations are complex and limited to small amounts of reaction
products, an alternative route is of general interest. The yield and
crystallinity of the clathrate phase obtained by the oxidation
reaction were optimized by tuning reaction temperature and
pressure of HCl independently. With NH,CI as the HCI source,
the reaction conditions could be conveniently controlled using a
two-zone furnace. Complex rearrangements of the silicon atoms
during the oxidation reactions can proceed within a short time at
comparatively low temperatures. The formation of Bag_,Siys at
low pressure would be in agreement with a thermodynamic
existence field of the phase at ambient pressure.
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