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ABSTRACT: Sodium-filled silicon clathrates have a host of interesting properties for
thermoelectric, photovoltaic, and battery applications. However, the metastability of the
clathrates has made it difficult to synthesize them with the desired morphology and
crystallite size. Herein, we demonstrate an electrochemical method whereby Na,Si,
dissolved in a Sn-based flux is converted to the NagSiy type-l clathrate using
galvanostatic (constant current) oxidation. The temperature has a large influence on the
products, with the reactions at 485 °C resulting in clathrates with small particle sizes
(1—2 pum), while larger single crystals are obtained at 538 °C. The difference in
microstructure is attributed to the solid vs liquid state of the Na—Sn phase at the
reaction temperature, which is supported by the observed voltage profiles. The demonstrated method is promising for the tunable
growth of Si clathrates and could be applicable to a broad range of intermetallic compounds.
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1. INTRODUCTION electroly’ce.m’23 In those studies, the Zintl phase precursors
were prepared as pellets and pressed against the solid
electrolyte. Due to the nature of the solid-state conversion
reaction, the resulting clathrate products are polycrystalline
and made of particles typically on the order of a few microns or
smaller in size.

Recently, flux-based methods have been reported for the
growth of large crystals (1-5 mm in size) of Na—Si
clathrates'®'®** and other ternary”® and quaternery’’
clathrates. For example, Morito et al. showed that subjecting
a Na—Si—Sn solution (6:2:1 molar ratio) to a thermal gradient
for 48 h at 500 °C resulted in evaporation of approximately
42% of the starting Na, leading to supersaturation conditions
and growth of NagSi 4 single crystals with sizes in the range of
1-2 mm.'"® When the heating time was increased to 72 h,
about 53% of the Na had evaporated and the resulting product
comprised large crystals (5 mm) of type-I and type-1I Na—Si
clathrates. In these flux-based methods, the growth of the Na—
Si clathrates is driven by the removal of Na from the Na—Si—
Sn mixture, while the Na—Sn liquid phase facilitates the
diffusion of Si to enable large single-crystal growth.

To further apply the use of electrochemical methods to the
controlled growth of Na—Si clathrates, the work described
herein investigates the use of Na removal, via electrochemical

Sodium-filled silicon clathrates (Na—Si clathrates) are host—
guest structures comprising a Si framework with Na guest
atoms and have been investigated as thermoelectric,' photo-
voltaic,”™® and Li-ion battery materials’™'" with interesting
properties. The metastable nature of the structures, however,
requires reaction pathways that start with a high-energy
precursor. The majority of reported syntheses for the type-I
(NagSisg) and type-IT (Na,Sijs3 0 < x < 24) Na—Si clathrates
involve removal of Na from the Zintl phase Na,Si,.”'°~"? The
process by which this occurs has been studied before, with
most successful results achieved through various oxidation
methods, including thermal evaporation under vac-
uum™' ' 7¥17%% or use of chemical oxidants.'”*' Recently, it
was demonstrated that electrochemical oxidation of Zintl
phase precursors can be utilized to form clathrates through
desodiation processes that are analogous to the reactions that
rely on Na evaporation.'”**** Electrochemical methods have
the advantage of more control over the reaction kinetics (i.e.,
through modulation of the current) and the ability to observe
the electrode potential in situ, which can be helpful for
understanding the reaction mechanisms. For instance, while
the Na evaporation rate from Na,Si, in the conventional
synthesis method is closely tied to the temperature of the
reaction, an electrochemical cell decouples these variables,
which can result in a wider range of possible reaction
conditions. Our team has used such electrochemical
techniques to demonstrate the synthesis of type-I silicon
clathrates and type-II germanium and alloyed silicon/
germanium clathrates from the respective Zintl phase
precursors in cells containing Na f”-alumina as a solid
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Figure 1. (a) Schematic of the two-electrode cell used for flux-mediated electrochemical synthesis of NagSiss. A Na f”-alumina solid electrolyte
separates molten sodium (serving as counter/reference electrode) and Na—Si—Sn flux (connected to the working electrode). (b) Schematic of the
electrochemically active interfaces showing the movement of Na ions and electrons.

oxidation rather than thermal evaporation, from a starting
mixture of Na—Si—Sn (6:2:1) to perform reactions analogous
to the flux reactions described by Morito et al.'® In this proof-
of-concept study, the two-electrode cell was modified from our
previous design'’ and a cup-shaped Na f”-alumina solid
electrolyte was used to separate two reservoirs of molten
components, one containing molten Na metal (negative
electrode, serves as both the counter and reference electrodes)
and the other a Na—Si—Sn flux (positive electrode, held inside
the cup and made in contact with the stainless steel current
collector). A schematic of the cell configuration is presented in
Figure la. Such a design is analogous to that in a high-
temperature sodium—sulfur (Na—S) battery, wherein Na f"-
alumina separates reservoirs of molten Na (negative electrode)
and S (positive electrode).””

The proposed reactions for the electrochemical synthesis of
NagSiyg type-1 clathrate are written as follows:

Working electrode (oxidation)

23 _
(T)Na4514 — 38 Na" + 38 e + NagSiy,
Counter electrode (reduction):

Nat 4+ e” — Na

Overall reaction:
23 . .
(Y]Na4814 — 38 Na + NagSiy

We find that this new, flux-mediated electrochemical approach
is effective for the preparation of NagSiss clathrates with
different microstructures depending on the reaction con-
ditions, with the temperature and ability of mass transport of Si
through the Na—Sn phase playing an important role on the
clathrate particle size.

2. EXPERIMENTAL SECTION

The preparation of the Na,Si, Zintl phase precursor was conducted as
reported previously”'® (see the Supporting Information) and the
phase was confirmed using powder X-ray diffraction (PXRD) (Figure
S1). The flux synthesis was carried out in a custom-made reactor
shown schematically in Figure la with photographs and additional
description in Figure S2 and the Supporting Information. The reactor
was sealed and heated in a muffle furnace inside an Ar-filled glovebox.
When the furnace was set to 500 and 550 °C, the temperature
measured inside was 485 and 538 °C, respectively (see the Supporting
Information). After the reactor reached the desired temperature, an
anodic constant current was applied to the working electrode, causing
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the movement of Na* ions from the Na—Si—Sn mixture through the
Na f”-alumina electrolyte into the reservoir of molten Na metal
(Figure 1b). The electrochemical reactions were carried out using the
galvanostatic intermittent titration technique (GITT), which involves
current pulses followed by rest periods at open circuit.”® Details of the
current and relaxation times can be found in the voltage profile
captions. The reaction was performed with different flux composi-
tions, current densities, and reaction temperatures to elucidate the
product formation mechanisms. After the synthesis, the products were
washed with alcohol to remove Na and hydrochloric acid to remove
Sn following previously reported procedures.”>*® The recovered
powders were characterized with powder X-ray diffraction (PXRD),
scanning electron microscopy (SEM) with energy-dispersive X-ray
spectroscopy (EDS), and single-crystal X-ray diffraction (SCXRD).

3. RESULTS AND DISCUSSION

The GITT method was used to carry out the electrochemical
synthesis of NagSiys to allow for observation of the quasi-
equilibrium potential of the cell without contributions from
kinetic effects or internal cell resistances.”® As Na is removed
from the reservoir containing the Na—Si—Sn flux, the potential
increases and the voltage profile will exhibit plateaus and
sloped regions that coincide with different processes in the
reaction. However, the voltage measured while current is
applied can be affected by internal resistances and polar-
izations, making it larger than the voltage measured after
relaxation. In the subsequent discussion of the results, we
hence consider the reaction mechanisms by referring to the
open-circuit potential (OCP) measured at the end of each
relaxation step.

First, control experiments were performed where the flux
was prepared without Na,Si, (i.e, containing no precursor for
the clathrate) to evaluate the cell voltage vs flux composition in
the absence of clathrate formation. On the basis that Morito et
al. showed clathrate synthesis was possible in a Na—Si—Sn flux
at 500 °C," we chose a similar reaction temperature for our
reactions. Figure 2a shows the GITT voltage profiles obtained
at a reaction temperature of 485 °C with a flux starting
composition of Na,Sn. The initial OCP was around 25 mV vs
Na/Na®, which is very close to the voltages of 22—24 mV
measured for a liquid Na—Sn alloy containing 80 atom % Na
over a temperature range of 435—625 °C.”” Upon applying a
constant current density of 1.91 mA/cm? the voltage
continuously increased as the amount of Na in the flux
decreased. When the OCP reached 40 mV, the voltage
remained constant as Na was removed until the flux reached a
composition of around Na,Sn. Further desodiation of the flux
resulted in an increase in the potential until a larger plateau at
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Figure 2. Galvanostatic intermittent titration technique (GITT)
voltage profile at 485 °C (2 h pulses at 1.91 mA/cm? separated by 10
min of relaxation at OCP) for desodiation of (a) Na,Sn and (b)
NagSi,.

96 mV was observed. The reaction was stopped once the flux
composition was approximately Nay,Sn (calculated from the
amount of charge passed through the electrochemical cell
during the GITT).

Next, a second control experiment was performed where Sn
was not included in the flux. The voltage profile for Na
removal from a flux with starting composition Na,Si, is shown
in Figure 2b. The initial drop in potential is from the cell not
being at equilibrium (i.e., not fully relaxed) when the current
pulse started, after which the OCP was close to 0 V vs Na/Na®,
consistent with the high Na content in the flux. Oxidation
resulted in a slightly sloped voltage profile at around S mV vs

Na/Na* until the flux composition was around Na, ;Si,, after
which the potential increased and a plateau at 58 mV was
observed.

To understand the origins of the voltage profile features, the
Na—Si and Na—Sn binary phase diagrams must be considered
(Figure 3). According to the Gibbs phase rule, all intensive
properties in a binary system, including the voltage, should
vary continuously with composition within a single-phase
region or remain invariant in a two-phase region.3oFigure 3a
shows a portion of the Na—Sn phase diagram (adapted from
ref 31) along with the OCP values from Figure 2a reproduced
underneath at the appropriate compositions with connecting
lines to guide the eye.

According to the Na—Sn binary phase diagram, the flux
should remain molten at 485 °C until reaching a composition
of ~43 atom % Sn. Therefore, a varying potential is expected
when Na is removed from the flux in this region (i.e., single-
phase process), as indicated by the gray line in the voltage
profile in Figure 3a. At compositions between 43 and 50 atom
% Sn, the phase diagram shows a two-phase region containing
p-NaSn (melting point of 578 °C) and liquid phase (L); the
voltage should remain constant in this composition region
because all intensive properties are fully defined and there are
no degrees of freedom remaining.’® The experimental data in
the lower part of Figure 3a show that the voltage vs
composition behavior does not match those expected at this
temperature. The most likely explanation is that the actual flux
temperature is lower than expected. As seen in the Na—Sn
phase diagram, the reaction temperature of 485 °C is just
slightly higher than the melting temperature of NagSn, and a
number of two-phase regions containing solid and liquid
phases. If there were poor thermal transport into the interior of
the reactor, then it is possible that the actual flux temperature
was lower than anticipated or measured with the thermo-
couple. For instance, the voltage plateau at ~40 mV seen when
the flux composition is between ~25 and 40 atom % Sn
suggests that the temperature may have been closer to 460 °C,
which would put the reaction pathway within the two-phase
region containing L + solid NagSn,. The 96 mV plateau is
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Figure 3. (a) Na—Sn phase diagram and OCP data observed from the measured GITT data shown in Figure 2a conducted at 485 °C from starting
flux composition of Na,Sn. (b) Na—Si phase diagram and OCP data measured from the GITT shown in Figure 2b conducted at 485 °C from
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Figure 4. Galvanostatic intermittent titration technique (GITT) voltage profile at 485 °C (2 h current pulses at 1.91 mA/cm? separated by 10 min
of relaxation at OCP) reaching a final OCP of (a) 95 mV, (b) 70 mV, and (c) SO mV. (d) PXRD patterns of the products after the alcohol and acid
wash. SEM micrographs of the washed products reaching a final relaxed voltage of (e) 95 mV and (f) 70 mV.

likely associated with the formation of a Na—Sn solid phase(s),
but no attempts were made to isolate these and identify them.

On the other hand, the control experiment performed on
NagSi, is consistent with the electrochemical characteristics
expected for the Na—Si binary system (from ref 32). Two
phases are initially present, Na and Na,Si, (i.e, NasSi, can be
considered as 4 Na + 2 NaSi, where Na,Si, is also written as
NaSi). Figure 3b shows that at 485 °C, the initial flux
composition falls in the middle of the L + Na,Si, region on the
Na—Si phase diagram. Hence, the voltage is expected to
remain constant during electrochemical oxidation because the
amount of liquid phase will decrease until only Na,Si, remains
(i.e., two-phase process). This corresponds to the region from
0 < x < 3 in Nag_,Si, in Figure 2b. After this point, the flux
composition moves beyond 50 atom % Si into another two-
phase region. According to Morito et al., this two-phase region
contains Na,Si, and diamond cubic Si (a-Si),** while others
proposed that this region is divided into a two-phase region
containing Na,Si, and NagSiy (often referred to as Na,Si,;)
and then another one with NagSi,s and a-Si.”> The
stoichiometry equivalent to NagSiyg is indicated in the phase
diagram in Figure 3b with a dotted blue line, showing that the
synthesis removed enough Na from the flux to reach this
composition. In our previous work, we found that Na,Si, could
be oxidized through a solid-state conversion reaction to form
the type-I NagSiyg clathrate at a voltage of 56 mV vs Na/Na*
(at 550 °C),"” which is close to the voltage plateau observed
here of 58 mV. PXRD analysis (Figure S3) of the products
resulting from the electrochemical oxidation of Na4Si,
confirmed the formation of the type-I clathrate along with
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some other phases, including Na,Si,, suggesting that the
precursor was not fully converted, which is reasonable
considering the solid-state process.

Next, GITT of the flux containing Na:Si:Sn at a molar ratio
of approximately 6:2:1 was performed. Figure 4a—c shows the
voltage profiles obtained using a current density of 1.91 mA/
cm’ at a temperature of 485 °C for different reaction times
corresponding to final OCPs of 50, 70, and 95 mV vs Na/Na'.
An example of the GITT profile as a function of time is
presented in Figure S4. The final composition was calculated
on the basis of the charge passed during the electrochemical
reaction only (Supporting Information) and does not consider
self-discharge from Na vapor reactions, which were described
in our previous work'® and will be discussed in more detail
below. Briefly, the reaction of Na vapor (which is present in
the reactor due to the high vapor pressure of sodium at these
temperatures) with the products can result in re-formation of
the Na,Si, precursor. Therefore, the reported final composition
is a lower bound and could possibly be higher if reaction of Na
vapor with the product had occurred.

At the start of the reactions shown in Figure 4a—c, the
voltage is around 24 mV Na/Na*, which is consistent with the
presence of a liquid phase where Sn is dissolved in Na at the
working electrode. Once the current is applied, there is a
continuous increase in the potential as desodiation proceeds
until reaching a plateau at 44—47 mV. The potential increases
with further desodiation, and plateaus are observed at 64 mV
and 91 mV. Notably, the voltage profile resembles the one for
the control flux containing only Na and Sn (Figure 3a), but
with the addition of the voltage plateau at 64 mV in between
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Figure 5. (a) Galvanostatic intermittent titration technique (GITT) voltage profile at 485 °C (1.2 h current pulses at 3.18 mA/cm?* with 10 min of
relaxation at OCP). (b) PXRD patterns of the products of the reaction after the alcohol and acid wash. (c¢) SEM micrographs of the reaction

products obtained with a current of 3.18 mA/ cm?.

the plateaus at 47 and 91 mV (similar to those at 40 and 96
mV in the control flux); this implies that this feature at 64 mV
is related to the nucleation and growth of the silicon clathrate
phase.

The PXRD patterns of the products recovered after washing
away the flux are shown in Figure 4d. For the sample that
underwent the most desodiation (Figure 4a), the PXRD
pattern shows reflections matching the type-I NagSiy4 clathrate
phase along with minor impurities of @-Si and other
unidentified phases. For the intermediate reaction (Figure
4b), the major product was also NagSizs with minor a-Si
impurities. The PXRD pattern for the reaction reaching a final
OCP of 50 mV, which stops before the voltage plateau at 64
mV is observed (Figure 4c), shows that the products are
amorphous with a minor presence of a-Si. These results
confirm that Na—Si clathrates can be synthesized by starting
with a mixture of Na—Si—Sn flux and then driving the Na
removal via electrochemical oxidation. Considering that the
synthesized products are amorphous at low degrees of
desodiation (i.e., before the observed voltage plateau at 64
mV), this also lends support to the process at 64 mV being
related to the formation of the NagSi,q clathrate phase.

SEM micrographs (Figure 4e,f) of the clathrate-containing
products show that the resulting powder is composed of
micron-sized particles with ligament-like morphology. The
particle size appears to be larger for the reaction with a final
OCP of 95 mV compared to 70 mV, possibly because of the
longer time spent at the reaction temperature. Notably, this
result is different from the previous reports preparing Na—Si
clathrates from thermal evaporation out of a Na—Sn flux,
where large single-crystal growth at temperatures from 450 to
550 °C was observed.'® The small particle sizes of our
products obtained at 485 °C suggest the nucleation of many
smaller Na—Si clathrate particles in this particular condition,
precluding the growth of larger single crystals. The ligament-
like morphology of the products is similar to our results from a
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previous work,'® where silicon clathrates were prepared
electrochemically using solid-state oxidation, suggesting that
the reactions might be going through a similar solid-state
mechanism.

An important feature of using the electrochemical cell to
mediate the synthetic process is the ability to directly control
the current (and hence, reaction rate) independently of the
temperature of the system. This is not possible for thermal
evaporation approaches, as demonstrated by the work by
Morito et al., which showed a clear dependence between the
reaction rate and temperature.'® To investigate the effect of the
current density on the synthesis, the reaction with the Na—Si—
Sn flux was performed at a higher current density of 3.18 mA/
cm?, Figure S shows the GITT voltage profile along with the
PXRD patterns and SEM micrograph of the obtained products
after washing. The PXRD results show that the reaction with
higher current density also resulted in the synthesis of NagSiyg
with minor @-Si impurities. From the SEM micrographs, the
average particle size of the products synthesized at the higher
current density is smaller than the product synthesized at 1.91
mA/cm?”. This is expected as a higher reaction rate reduces the
time for coarsening of nuclei. Overall, these results show that
by changing the current density of the reaction while keeping
the temperature constant, different morphologies of clathrate
particles can be grown. Such synthetic tunability can create
more opportunities for understanding how the crystallite size
of clathrates affects their properties.

The GITT profile carried out at 3.18 mA/ cm? resembles the
one at the lower current density (Figure 4a), with slight
differences in the OCPs for the three voltage profiles. There
are two notable differences. First, the voltage profile with the
higher current density shows higher polarization (i.e., differ-
ence between the voltage under applied current and at OCP),
which is consistent with the larger ohmic drop as more current
is applied to the system. The higher overpotential required to
achieve the higher current density should also increase the
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Figure 6. (a) Galvanostatic intermittent titration technique (GITT) voltage profile at 538 °C (2 h pulses at 1.91 mA/cm?® with 10 min of relaxation
at OCP). (b) PXRD patterns of the products after the alcohol and acid wash. SEM micrographs of the products obtained at 538 °C showing (c)
smaller particles that were decanted during the washing procedure and (d) a NagSi,g single crystal.

number of nuclei that initially form, which leads to a larger
number of small particles from which to grow.’® Another
difference is that the amount of capacity for each plateau or
sloped region is lower at the higher current density. For
instance, the highest voltage plateau of 99 mV (which is
presumed to be the same process seen at 91 mV in Figure 4a)
is reached upon removal of less Na from the flux than in the
reaction carried out at a lower current density. This suggests
that there was “less” Na,Si, precursor present in the reaction
compared to the one with a lower current density. However,
both experiments had the same starting flux composition. This
discrepancy can be readily explained by the aforementioned Na
vapor self-discharge reaction, which drives the overall reaction
backward to re-form Na,Si,, which can subsequently react
again to form more of the clathrate product. The reaction
carried out at higher current densities reaches completion
faster due to the faster reaction rate. The system therefore
spends less time at the elevated reaction temperature, meaning
there is less time for the formed products to react with Na
vapor and re-form Na,Si, compared to the reaction at a lower
current density. Future experiments will be required to
quantify the Na self-discharge as its exact contributions are
currently unknown. It is also possible to use a non-Na-metal
electrode (e.g, Sn) to mitigate the Na vapor pressure as
demonstrated earlier in our previous work,'’ but this
complicates the interpretation of the cell voltage because the
potential of the Sn electrode would also change over the course
of the reaction as its composition changes.

In addition to changing the reaction rate, the temperature
can be changed while keeping the current density constant to
isolate the effects of temperature on the reaction. To
demonstrate this, a reaction was conducted at 538 °C to
evaluate the effect of temperature while using the same current
density of 1.91 mA/cm?® The GITT voltage profile of the
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experiment (Figure 6a) shows that the higher temperature
resulted in a large difference in the electrochemical behavior.
At 538 °C, there is a continuously sloped region from the start
of the reaction until reaching a voltage plateau at 57 mV. The
continuous increase of potential suggests that the Na—Sn
components are fully molten over this composition range,
which is consistent with the phase diagram (Figure 3a).”> At
57 mV, a plateau is observed, which is attributed to the
formation of the NagSiy clathrate phase on the basis of the
similar voltage (S6 mV) seen in our previous work using
electrochemical solid-state desodiation of Na,Si, at 550 °C to
form NagSiys. Notably absent is the voltage plateau at ~44 mV,
which is attributed to the nucleation of solid Na—Sn phases at
485 °C (corresponding to the plateau at ~40 mV in Figure
2a).

As discussed previously, the products obtained at 485 °C
consisted of small particles of the NagSiys clathrate phase
(Figure 4f). In contrast, the products observed after the
reaction at 538 °C were single crystals along with an
amorphous phase composed of small particles. During the
postsynthesis washing, the large crystals and smaller particles
were separated by decanting the suspended particles, leaving
behind the large single crystals. The PXRD pattern of a small
amount of crushed single crystals (Figure 6b) shows different
intensities of the reflections that do not match the PXRD
pattern, suggesting that there are not enough crystallites to
achieve the averaged PXRD intensity, which supports the
single crystalline nature of the products. The suspended
particles were mostly amorphous with small amounts of a-Si
and NagSiss. We speculate that the amorphous component is
unreacted Na,Si,, suggesting that the conversion reaction to
NagSiy4 did not go to completion. Figure 6¢,d shows the SEM
images of the smaller products and an ~600 um sized faceted
crystal, respectively. EDS of the single crystal showed that the
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Figure 7. Scheme illustrating the different reaction mechanisms for electrochemical synthesis of NagSi,s clathrate from Na,Si,. (a) When the
reaction temperature is sufficiently high to melt Na—Sn, the Na—Sn phase enables mass transfer of Na* and Si atoms in the flux, which allows for
the coarsening and growth of large single crystals of clathrate. (b) When the temperature is below the melting point of Na—Sn, the Na—Sn is solid
and only mediates the mass transfer of Na* jons to the solid electrolyte, which results in the formation of small particles of the type-I clathrate
phase. (c) In the absence of Na—Sn mediator completely, Na* removal from Na,Si, results in the formation of the clathrate phase at the interface
with the solid electrolyte; the formed NagSi,s products then mediate the Na* transport as the two-phase boundary moves further away from the

electrolyte.

composition is consistent with that of a Na-filled Si clathrate
with the composition of ca. Na;¢Siys, (Figure SS). SCXRD of
the products confirmed that the large crystals are the type-I
phase with a lattice parameter of 10.1852(18) A and a refined
composition of NagSi,s (Table S1-S2). The morphology of the
single crystals is similar to that reported by Morito et al. for the
type-I clathrate phase made by conventional flux methods," "
suggesting that a similar growth mechanism is achieved via the
electrochemical desodiation of the Na—Si—Sn flux.

On the basis of these results, the role of the Sn component
in the flux during the electrochemical reaction becomes clear.
If Sn is absent from the reaction (i.e., as in the control reaction
in Figures 2b and 3b), the liquid Na metal is removed from the
working electrode compartment prior to the nucleation of the
type-I NagSiys phase. This is because the oxidation potential of
the Na metal (0 V vs Na/Na*) is lower than the potential at
which the clathrate begins to form (around 62—64 mV vs Na/
Na* at 485 °C or 56 mV vs Na/Na* at 538 °C). Once all of the
Na is removed, there is no more liquid phase to promote Si
mass transport, resulting in a solid-state conversion reaction
between Na,Si, and NagSis. When Sn is present in the flux,
the Na remains dissolved in the Na—Sn solution over a wider
range of potentials (from 25 to ~90 mV vs Na/Na*) except for
when Na,Sn, solid forms at around 44—47 mV. Notably, the
potential corresponding to the formation of NagSiyg falls in
between the two voltage plateaus associated with the formation
of solid Na—Sn phases (at 47 and 91 mV, Figure 4a), meaning
that Na—Sn is still present during the nucleation of NagSiy.
This is important as the Na—Sn component can thus act as a
mass transport mediator during the nucleation and growth
process of the NagSiy4 clathrate.

The observation that single-crystal growth was achieved at
538 °C and not 485 °C is good evidence that the Na—Sn
component was not fully molten over the full composition
range in the latter case. This point is illustrated in Figure 7,
which shows a schematic of the proposed reaction mecha-
nisms. Initially, the Na,Si, precursor is surrounded by the Na—
Sn phase, which will remain solid or become molten depending
on the reaction temperature. If the temperature is higher than
the melting point (T;) of the Na—Sn phase, it is possible for
Na,Si, to dissolve in the flux and contribute to coarsening of
the clathrate nuclei to form large single crystals, as was
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observed at 538 °C (Figure 7a). On the other hand, if the
temperature is lower than T, and solid Na—Sn is present, it
will be more difficult for solid-state Si diffusion and likely only
Na" jons can be transported via the Na—Sn phase to the solid
electrolyte (Figure 7b). This results in a local conversion of the
Na,Si, precursor to the clathrate phase near the interface with
the solid electrolyte, which restricts particle growth and thus
results in the small particles seen in all reactions performed at
485 °C. In the absence of the Na—Sn mediating phase, all of
the Na* removal from the Na,Si, precursor must first take
place via solid-state diffusion through a planar interface with
the Na f#”-alumina solid electrolyte (Figure 7c). After product
formation, continued desodiation of Na,Si, must rely on Na*
transport through the formed clathrate phase. The high Na*
migration barriers*® and porous nature of the formed clathrate
products could explain why this process was associated with
high polarization as seen in our previous work describing the
solid-state electrochemical conversion of Zintl phase pre-
cursors to clathrates without a Na—Sn mediator.'>**

The observation that the morphology and size of the
clathrate crystals depend on whether Si mass transfer in the
Na—Sn phase is possible at a given reaction temperature is
consistent with results in conventional clathrate syntheses as
well. For example, oxidation of Na,Si, under vacuum results in
polycrystalline powders while oxidation under applied
pressure' *'* or in a Na—Sn flux results in single crystals.'®"®
Due to the volume contraction between Na,Si, and Na—Si
clathrates, a mechanism enabling Si mass transport is required
to form large single crystals or else the resulting structure is
porous and polycrystalline. This is evident from the SEM and
transmission electron microscopy (TEM) analysis of the Si
clathrates synthesized via the thermal decomposition and
electrochemical oxidation of Na,Si, described in our previous
work.”"?

The ability to “switch” Si mass transport on and off via the
melting temperature of the flux has interesting implications for
the synthesis of clathrates for different applications. For
instance, in Li-ion battery applications, generally small particles
(micron-sized) are used to create composite electrodes with
high surface area. In this view, the solid Na—Sn phase that
blocks Si mass transport is an interesting synthetic pathway
because it enables formation of smaller particles. In the case of
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electronic and photovoltaic applications, large single-crystal
substrates are often used, which means that the molten Na—Sn
mediator with the ability to transport Si is of more interest.

Compared to the electrochemical synthesis method
described in our previous work,'”** which used a solid-state
conversion reaction between the Zintl phase precursor and
clathrate (depicted in Figure 7c), the approach using the Na—
Sn mass transport mediator has several advantages. First, the
reactions using the mediator displayed constant polarization
that remained low over the whole course of the reactions. In
our previous work, the polarizations increased dramatically
over the course of the reaction.'””® Low polarizations are
favorable because of the ability to access high current densities
(ie, reaction rates), which could accelerate the synthesis
process and result in different product morphologies. The low
polarization observed (26 mV at 1.91 mA/cm?) even when the
Na—Sn mediator was solid is attributed to the fast solid-state
Na* diffusion in Na—Sn phases, which is evidenced by the
ability of Sn to be used as room-temperature electrode for Na-
ion batteries.”’ Second, the method demonstrated herein is
easier to scale than the solid-state method because there are
fewer mass transport limitations as Na diffusion does not have
to occur through the interface between a pellet of the Zintl
phase precursor and the solid electrolyte (Figure 7c), but
rather through a Na-ion conducting medium in which the Zintl
phase is well dispersed.

Overall, the electrochemical approach with assistance from a
Na—Sn mass transport mediator shows promise as a flexible
synthetic method for Si clathrates. The elucidation of the
reaction mechanisms can be easily transferred to other reactive
Zintl phase precursors and other mass transport mediators.
The work presented here also demonstrates how the flux-based
electrochemical method can be used to develop a better
understanding of the chemistry occurring during the reaction
as information is being collected in situ via the voltage profile
characteristics. This could lead to a more rational design of
mass transport mediators (e.g. fluxes) and reaction conditions.

4. CONCLUSIONS

A flux-based electrochemical synthetic approach using a two-
electrode cell with a geometry analogous to that of a Na—S§
battery was demonstrated for preparing type-I NagSiy4 clathrate
crystals. The working electrode comprised a mixture of Na—
Si—Sn in a 6:2:1 molar ratio, and the counter/reference
electrode was Na metal. Anodic current was applied to the
working electrode to drive the formation of NagSiy. The
voltage profile of the desodiation reaction was analyzed, and a
voltage plateau at 64 mV at 485 °C was confirmed to
correspond to the nucleation and growth of the NagSi,4 phase.
The effect of current density (reaction rate) and temperature
on the reaction products was investigated. Using a temperature
of 538 °C resulted in the growth of large single crystals (~600
pum) of NagSiyg in contrast to the smaller particles grown at 485
°C. This difference is attributed to the fully liquid nature of the
Na—Sn component at 538 °C during the reaction, which is
important for single-crystal growth by mediating the diffusion
of Si. Overall, the electrochemical method is a promising
method of growing Si clathrates or other intermetallic
structures and provides in situ information about the potential
of the system, which can be useful for developing a deeper
understanding of the chemistry that is taking place.
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