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ABSTRACT: We report on a new method for the synthesis of single-crystal inter-
metallic clathrates. Alkali-metal is slowly removed from an alkali-silicide precursor by
reaction of the vapor phase with spatially separated graphite, in a closed volume
under uniaxial pressure, to form single-crystals of the binary intermetallic clathrates
NagSiys and Nay,Si;36. Single-crystal structure refinement for NagSiy is reported for
the first time. For both NagSiys and Na,4Si;36, full occupation of all Si framework
sites as well as full Na occupancy in both polyhedra was observed. In addition to
comprising a simple method for selective, phase-pure crystal growth of clathrates
such as NagSiss or Na,4Sijz¢ which was previously challenging to achieve, this or
similar approaches are applicable in the preparation of new compositions from

different alkali-metal precursors.
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I. INTRODUCTION

The recent development of novel and unconventional syn-
thetic routes for preparing intermetallic clathrates is motivated by the
exceptional structure—property relationships these materials display*
and potential for solid state energy conversion applications.” Chemi-
cal oxidation,” spark plasma treatment,” high-temperature/high-
pressure,” and other approaches® utilizing appropriate crystalline
precursors have emerged as effective synthetic tools for preparing
new stable and metastable compositions otherwise inaccessible by
more conventional solid state synthesis or crystal growth methods.
Whereas single crystals are readily grown using established tech-
niques” or flux synthesis® for some representatives, crystal growth of
many intermetallic clathrate compositions can be challenging;’ in
such cases the identification of effective and easily implemented
methods for crystal growth is prerequisite to gaining a better under-
standing of their intriguing structural and physical properties.

The relative chemical simplicity of the prototypical'® clathrate-I
AgEy46 and clathrate-IT A,4E, 36 (A = alkali-metal, E = Si or Ge) is ideal
for understanding fundamental structure—property relationships in
intermetallic clathrates."' However, synthesis in these binary systems
has historically been complicated by the simultaneous formation of
two different clathrate structure types (clathrate-I and clathrate-IT),
which are characterized by nearly identical compositions. Typically
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prepared only in microcrystalline form by thermal decomposition of
A4E, under vacuum or argon atmosphere,''>”'* achieving a homo-
geneous product of either phase remains nontrivial."> Moreover, a
rational, generally applicable, and accessible method for selective,
phase pure crystal growth of these materials has not yet been
proposed. Very recently, Nay,Si; 36 single crystals were prepared for
the first time by an unconventional approach using spark plasma
treatment of Na,Si,.* Herein we demonstrate that selective, phase
pure, single-crystal growth of either NagSiss or Na,,Sijze can be
achieved by simply maintaining sufficient alkali-metal partial pres-
sures during slow, controlled deprivation of alkali-metal from the
respective tetrelide precursor. The approach appears promising for
accessing regions of the equilibrium diagram that can be otherwise
difficult to reach in such systems due to the divergent properties of the
constituent elements.

Il. EXPERIMENTAL SECTION

Na metal (99.95%) and Si lump (99.9999%) were used as purchased
from Alfa Aesar. Surface contamination of the Na metal was removed
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with a scalpel in a dry, purified N, glovebox. Si was also ground under N,
to promote reaction. Crystalline Na,Si, was prepared by direct reaction
of elemental Na and Si in the Na:Si mass ratio 1.1:1 under N, in sealed
stainless steel vessels at 650 °C for 36 h. Before use for clathrate crystal
growth, NaCl powder (99.99%) and graphite flake (99.9%) were dried
by heating in high vacuum at 300 °C. After reaction, the crystals are
recovered from the unreacted NaySiy precursor matrix by controlled
dissolution of the remaining Na,Si, in ethanol and distilled water under
nitrogen atmosphere. Extreme caution should be used since Na,Si, can
react explosively with moisture in air.

Single-crystal X-ray diffraction intensity data for both NagSiss and
Na,,Si; 3¢ were collected at 200(2) K on a three-circle diffractometer
system equipped with Bruker Smart Apex IT CCD area detector using a
graphite monochromator and a MoKa fine-focus sealed tube (1 =
0.71073 A). Structure refinement for NagSiss: Ry = 0.0110 for I > 20(I)
and wR, = 0.0254 for all data; GOF = 1.000; largest peak 0.215 e /A3 largest
hole —0.120 e_/A3; calculated density 2.312 g/ cm®. Structure refinement
for Nay,Sijse: Ry = 0.011S for I > 20(I) and wR, = 0.0290 for all data;
GOF = 1.000; largest peak 0203 e /A, largest hole —0.122 e /A3,
calculated density 2.280 g/ cm°. Refinement data and results are tabulated
in Tables S1—S6 in the Supporting Information (SI).

Powder X-ray diffraction patterns were collected with a Bruker D8
Focus diffractometer in Bragg—Brentano geometry using Cu Ka. radiation
and a graphite monochromator. NIST Si 640c internal standard was used for
determination of lattice parameters. Scanning electron micrographs (SEM)
were collected using a JEOL JSM-6390LV, and energy dispersive X-ray
spectroscopic (EDS) data were collected using an Oxford INCA X-Sight
7582M. From EDS analysis, stoichiometries of Nay(;)Siss and Na,3(1)Siiz6
were calculated for clathrate-T and clathrate-II crystals, respectively, consistent
with single-crystal structure refinements.

lll. RESULTS AND DISCUSSION

By example of the Na—Si system which has historically received
the most attention,” we have taken certain factors into consideration
in order to guide our approach: (i) Linked to the relatively high vapor
pressure of Na over the compound, thermal decomposition of the
precursor Na,Siy under dynamic vacuum or inert atmosphere in
open vessels occurs at relatively low temperatures (350—450 °C,
depending on vessel and environment), resulting in microcrystalline
products."* " (i) NaySiy is stable (with respect to decomposition)
under sufficient Na partial pressure in closed (i.e,, sealed) vessels and
melts congruently at 800 °C."° (iii) Since the clathrate products are
deficient in Na relative to Na,Si, (which is a line compound),
nucleation and growth for both NagSiys and Na,4Sijz will likely
require a controlled and continuous shift toward the Si-rich composi-
tion and mass transport must take place. In light of these considera-
tions, if a relatively high partial pressure of Na could be maintained
and adequate mass transport facilitated upon crystal nucleation as the
composition of the precursor is continuously changed, growth of
single crystals might be achieved.

In our approach, alkali-metal is slowly removed from Na,Si,
precursor by reaction of the vapor phase with spatially separated
graphite, in an effectively closed volume under uniaxial pressure. A
customized reaction vessel comprising a simple punch and die design
was constructed such that uniaxial pressure was applied to the
specimen while heated in a tube furnace. The Na,Siy precursor is
coarsely ground under dry nitrogen atmosphere and loaded into a
stainless steel die assembly, along with high purity graphite flake
loaded above and below the Na,Si, precursor. (Caution! Na,Si, can
react explosively with moisture and air. Use appropriate precautions.) To
prevent the adhesion between graphite and clathrate crystals, which
occurred on first attempts, a 1 mm thick layer of dry NaCl powder is

Figure 1. Scanning secondary electron micrographs of NagSiss single
crystals (aand b) grown at 585 °C and Na,,Si 3¢ single crystals (c and d)
grown at 665 °C. The reaction time for both phases was 8 h.

introduced between the NaySiy precursor and graphite. The NaCl
layer serves as an effective passive physical barrier to direct reaction
between graphite and Na,Siy but allows diffusive exchange of Na via
the vapor phase. This C—NaCl—Na,Si;—NaCl—C “sandwich” is
encapsulated on all sides by graphite foil to impede the escape of
Na vapor, then compressed and clamped under uniaxial pressure of
115 MPa at room temperature. The entire assembly is introduced
into a fused silica ampule, coupled to a vacuum system, evacuated to
10"° Torr, and heated at the desired reaction temperature under
dynamic vacuum.

As shown in Figure 1, by reaction at appropriate temperature,
selective single crystal growth of both NagSiss and Na,,Si; 3 is
achieved. The clathrate product of the reaction can be readily
separated from the remaining unreacted Na,Siy precursor by careful,
controlled dissolution under inert atmosphere in ethanol and then
distilled water ( Caution! Na,Si, can react explosively with moisture and
air. Use appropriate precautions.) EDS detected only Na and Si to be
present in the crystals. NagSiys crystals are repeatedly observed to
form as truncated cubes, whereas Na,,Si;34 formed with pyramidal
habit. Twinned crystals as shown in Figure lc are observed for
Nay,4Si;36 but rarely for NagSiys. These observations are consistent
with high resolution transmission electron microscopy studies'” on
microcrystalline Na,Sij36 (x < 24) and NagSiss specimens obtained
from thermal decomposition of Na,Siy. In spite of the propensity for
twining in this crystal system, relatively large single crystals of
Na,,Si; 36 are nevertheless obtained.

The effects of temperature and time on the reaction products
were studied and it was established that the selectivity in growth
of NagSiss or Nay,Sij36 is accomplished by merely changing the
reaction temperature. For reactions run at 500 °C for 8 h, the
formation of either clathrate phase was not observed. Between
580 and 590 °C, clathrate-I NagSiys was found to exclusively
form, whereas between 660 and 670 °C crystal growth of clathrate-II
Na,,Si; 36 occurred instead. Elucidated by the powder X-ray diffrac-
tion (XRD) patterns shown in Figure 2, phase pure Nay4Si; 36 (cubic
lattice parameter a = 14.7167(8) A) and NagSiys (a = 10.1962(9) A)
specimens are synthesized by reacting for 8 h at 665 and 585 °C,
respectively. The typical yield for relatively large crystals was 8.5% and
6% for NagSiss and Nay,Si;se respectively, relative to the starting
mass of the precursor, and can be increased by increasing the reaction
time. Simulated powder XRD patterns, based on the respective
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Figure 2. Measured and simulated powder X-ray diffraction patterns for
(a) NagSiys and (b) Na,,Si36 prepared at 585 and 665 °C, respectively,
collected from crushed single crystal specimens. No impurity phases are
detected.

refined crystal structures obtained from single crystal XRD (vide
infra), are also shown for reference.

Preliminary magic angle spinning **Na nuclear magnetic
resonance data (not shown) corroborates the phase purity of
the products by the absence of chemical shifts in the spectra
originating from the other corresponding clathrate phase. The
ease with which high quality, phase pure specimens are obtained
illustrates the effectiveness of the method for selective synthesis
of the desired clathrate-I or clathrate-II phase, respectively, which
has traditionally been highly challenging using the known
synthetic routes. Moreover, this identifies the first method for
selective crystal growth of Na—Si clathrate-I and clathrate-II,
respectively.

The crystal structures of NagSiys and Na,,Sij36 were accu-
rately refined by single crystal X-ray diffraction studies, which
further confirmed the identity and phase purity of the single
crystals. The resulting refined crystal structures are depicted in
Figure 3. In both structures, the silicon framework is character-
ized by three crystallographically independent Si atoms, which
form two different coordination cages for the Na guests: Sio and
Sip4 in NagSiys and Siy and Siyg in Nay,Sij36. The single-crystal
structure refinement for NagSiys is reported here for the first
time. In both phases, full occupation of all Si framework sites was
observed, and both cages in the two clathrate structures were
found to be fully occupied by the Na guests confirming stoichio-
metric compositions. Substantial disorder is observed for the
guest Na@Siyg in Na,4Si; 36, in agreement with a rattling phonon

mode and off-centring associated with this guest.4’11b’18’19 Similar
disorder for Na@Si,g in Na,4Si; 36 and Na@Si, and Na@Si,,4 in
NagSiys was not observed, and can be understood in terms of the
relative sizes of the guest and cage (cf. SI).

It is noteworthy that direct synthesis and crystal growth of
these phases from the elements is unsuccessful and the available
Na—Si equilibrium diagram describes only a eutectic between
Na,Si, and Si and the absence of the clathrate phases.'® In spite
of these considerations, the present approach enables the growth
of relatively large single crystals of both NagSiss and Nay,Si; 6.
We propose (cf. Figure 4) that Na vapor, released from the
Na,Siy precursor, reacts with the spatially separated graphite,
forming intercalation compounds Na,C. Powder X-ray diffrac-
tion of the graphite flake recovered after the reaction confirms
the presence of a mixture of stages of Na intercalated graphite (SI
Figure S2). Presumably, the vapor pressure of Na over the
intercalated graphite is less than that over Na,Siy, such that the
intercalation of the graphite results in further release of Na from
the precursor in order to locally maintain the Na vapor pressure
over the precursor (le Chatelier’s principle). Continued reaction
to form Na,C continuously drives the composition in the
precursor Si-rich. Nucleation of the respective clathrate phase
ensues as the Na content of the sintered body is reduced, and
the continuously applied uniaxial pressure facilitates mass
transport between precursor and growing crystal. The rates of
these dynamic processes are expected to be limited by mass
exchange through the vapor phase, as well as diffusion of Na out
of the precursor and the reaction kinetics of Na,C formation.
Precursor approaches such as this may prove useful to access
regions of equilibrium diagrams that are otherwise difficult to
reach due to the difficultly in controlling composition during
nucleation and growth.

The approach can also be employed for the crystal growth of
other intermetallic clathrates. We have therefore applied our
approach to other alkali-metal tetrelide precursors, using similar
conditions to those described above. Selective crystal growth of
clathrate-I KgSiys (Figure S, a = 10.272(4) A) and clathrate-II
Ky4—»Sits6 (a=14.723(1) A) was also successfully achieved from
the precursor K,;Siy. Structural and physical properties of these
crystals will be reported in detail elsewhere.

To our knowledge, the K,;—,Sij36 clathrate is synthesized
unequivocally'® for the first time, reflecting substantial promise
of this approach to obtain novel clathrate-II compositions, of
which only a handful are presently known.” Single crystals of the
ternary clathrate-II NalGngGeBézo of significantly larger size
than those typically obtained from direct reaction of a stoichio-
metric mixture of the elements are also prepared from the ternary
precursor NaCsGe,. We expect the method to be generally
applicable to a variety of precursors; further investigation of
the mechanisms behind the growth process and the application
to other material systems are currently underway by the authors.

IV. SUMMARY AND CONCLUSIONS

We have described here a straightforward method for the
selective single crystal growth of the intermetallic clathrates
AgSiss and A,,4Si; 36 (A = Na, K) by controlled alkali deprivation
from bulk crystalline A4Siy precursors. While we have not yet
pursued such possibilities, we speculate that other techniques
(e.g., mechanical control of the alkali partial pressure, as opposed
to chemical) should also be effective, assuming that mass trans-
port is achieved in the precursor to allow growth of the target
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Figure 3. Crystal structures of (a) cubic NagSiys viewed down [100] and (b) cubic Na,,Si; 3¢ viewed down [110], determined from single crystal X-ray
diffraction refinements. Silicon atoms are shown in blue, Na@Si,, in yellow, and Na@Siy4 (a) and Na@Si,s (b), in red. Na in the Si,g cage in Na,4Si; 36
was refined as off-center at the 48f site. Ellipsoids are shown for 99% probability.
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Figure 4. Simple schematic illustrating the presumed NagSi,s and Na,4Si; 36 crystal growth processes. (a) Initial precursor configuration, under uniaxial
pressure in the stainless steel punch and die. (b) Local composition change and nucleation of the clathrate phase. (c) Formation of intercalated graphite

and clathrate crystal growth.
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Figure 5. X-ray powder diffraction pattern collected from crushed
KgSige single crystals. (inset) SEM image of a KSiyg single crystal.

phase. The application of this or similar approaches to explore
the possibilities of preparing intriguing elemental structures that
have very recently been obtained”' from precursors such as
Na,Siy may also be of interest.
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