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ABSTRACT: Type |l germanium clathrates have recently been investigated for
potential applications as anodes in batteries due to their cage-like structures that
can accommodate electrochemical insertion of guest ions. To synthesize type Il Ge
clathrates (Ge,,, ), several experimental routes use thermal or electrochemical
desodiation of the Zintl phase compound Na,Ge,. However, the mechanism by
which Na atoms are removed from the precursor to form clathrates is not well
understood. Herein, we use first-principles density functional theory and nudged
elastic band calculations to understand the reaction mechanism and formation
energies of the products typically observed in the synthesis, namely, Na Ge
6 < 24) type |l clathrates and hexagonal phase Na,_ Ge,,..
the energetic feasibility of Na vacancy formation in Na,Ge, and find that the
barrier for Na vacancy migration is only 0.37 eV. This relatively low energy barrier is
consistent with the ease with which Na e ,can be desodiated to form the
products. We also discuss the energetics, sodium migration pathways, and

= 0.10 4
E
9 2 9 . .
S T A,
% oo D0 ST P (7)Y
= e f/ .
3 000 ey =
&  — a-Ge
o Hexagonal Na, ,Ge;,,
.5 -0.05 4 Type Il clathrate
©
e 136 (0 < E 1
Specifically, we confirm o -0.10 1
Precursor
0.15

Phase

potential electrochemical performance of Ge

as anode material for Na-ion batteries. Overall, this study highlights how first-

principles calculations can be used to understand the synthesis mechanism and desodiation processes in clathrate materials and will
help guide researchers in the design and evaluation of new open framework compounds as viable materials for energy storage

applications.

1. INTRODUCTION

Tetrel clathrates are a class of host—guest crystalline structures
that exhibit interesting characteristics such as superconductiv-
ity," magnetism," hydrogen storage,>’ tunable optical
properties,®° and thermoelectricity."*™** The origin of such
properties is the unique interactions between the host
framework and guest atoms, as well as the defects associated
with this structural type. For example, consider the type Il
clathrate with the general formula M Jt |, where M are alkali or
alkaline earth metals (e.g., Na, K, Ba) and Tt are Tetrel
elements (e.g., Si, Ge, Sn). Deviation from this stoichiometry
can take place in the form of guest atom vacancies or
framework substitutions, which can result in a wide structural
landscape with great potential for controlling and tuning the
material properties of the clathrates.*34

Recently, there has been much interest in the electro-
chemical properties of clathrates and their potential for
applications in batteries.”””"*>'® Our group has extensively
investigated the possibility of using Si, Ge, and Sn clathrates as
potential anodes for Li and Na-ion batteries.'”"?3 In addition
to the experimental studies, we also carried out ab initio density
functional theory (DFT) studies to understand the preferred Li
(Na) sites in the structures as well as the Li (Na) migration
mechanisms,?>#?> with certain clathrate structures displaying
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energy barriers for Li migration on the order of 0.4 eV or
lower,?®> making them promising materials for Li-ion battery
applications. The DFT studies have also provided new insights
into battery material selection by elucidating the formation
energy, electronic structure, open circuit voltage, and the guest
atom diffusion paths in the lithiated (sodiated) phases.?6~%°
Understanding the mobility of guest atoms within clathrate
structures is important not only for battery applications but
also because the synthesis of some clathrates relies on the
removal of these metals via thermal evaporation®°3? or
oxidative deintercalation.®*3** Our research group’s recently
reported method®® for synthesizing type Il germanium
clathrate (Na,, ,Ge , ) via solid-state electrochemical oxida-
tion of the Zintl phase compound Na,Ge, showed that the
products were temperature dependent, with the type Il Ge
clathrate forming at a relatively low temperature (300 °C),
hexagonal Na,_,Ge,,, at intermediate temperature (350 °C),
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Figure 1. (a) Crystal structure of the Zintl phase precursor Na Ge, (Na,Ge,) viewed along the b-axis with the nonequivalent 1a, 1b, 2a, and 2b
Na sites. (b, c) Additional views of the 3-dimenstional crystal structure of the Zintl phase precursor. (d) Calculated formation energies for Na ;Ge .
with the vacancy at each of the four different Na sites. (e) Formation energy versus Na content in Na, .  Ge, ., where a represents the number of
Na atoms removed from the unit cell. The reported formation energy for a = 1 is the average of the calculated values for the Na vacancy at each of
the four different sites calculated configurations. Similarly, the average formation energies are shown for & = 2 or 4 (two configurations each, see

text for more details).

and diamond cubic a-Ge at higher temperature (400 °C).
However, to the best of our knowledge, none of the previous
studies focused on understanding the mechanism of the
precursor oxidation, and little attention has been paid to
understanding how Na atoms are removed from the precursor
that is used to synthesize the clathrates.

Herein, for the first time, we use DFT and nudged elastic
band (NEB) calculations to understand the energetics and
resulting mechanism of Na vacancy diffusion through the Zintl
phase precursor and the products that are synthesized from it.
Specifically, we confirm the energetic feasibility of Na vacancy
formation in the precursor and find that the barrier for Na
vacancy migration in Na;Ge, is only 0.37 eV. This relatively
low barrier is consistent with the ease with which the
compound can be desodiated to form the products. We also
carried out a computational investigation of the three different
products observed experimentally®® in the electrochemical
oxidation of the precursor, and we assess the potential
electrochemical performance of the type Il Ge clathrate as
anode material for Na-ion batteries. To this end, the voltage
and volume changes upon sodium intercalation (deintercala-
tion) were calculated and the sodium mobility within the
open-cage network of Geiss was investigated. The insights
from this study will help guide researchers in the design and
experimentation of novel synthetic methods for these open
framework materials.

2. COMPUTATIONAL METHODS

First-principles DFT calculations were performed using a
similar manner as in our previous works.>>?* The calculations
were carried out using the VASP code,**** the PBE
functional,** and projector augmented wave (PAW) potentials
with a plane wave basis set.** In the PAW potentials, the Ge
3d, 4s, 4p, and Na 3s, 2p electrons were treated as valence
electrons. The kinetic energy cutoff for the plane wave basis set
was chosen to be 400 eV, and the reciprocal space was sampled
with the Monkhorst-Pack meshes 3 x 3 x 3 centered at I'. The
convergence criteria for the electronic and ionic relaxations
were set to be 0.01 and 0.1 meV, respectively.

The formation energies for all structures were obtained
using the equations described in our previous work.?>?* The
generalized formula can be written as shown in eq 1:

E(Na,Ge,) — PE(Na) — yE(Ge)
B+y (1)

where E(Na,Ge ) refers to the total energy of the structure
Na,Ge, obtained from the DFT calculations, E(Na) and
E(Ge) are the elemental energies for body-centered cubic Na
and diamond cubic Ge (-1.311 and -4.621 eV/atom,
respectively), and E,__ is the formation energy of the structure
per atom (eV/atom). Eq 2 shows example calculations for the
formation energy of Na-filled type Il clathrate, Na,,Ge;3¢.

form —

E(Na,,Ge,5) — 24E(Na) — 136E(Ge)
Eform = 160 (2)
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The Gibbs free energy change of reaction (AG ) and the
average voltage for Na removal from the Na-filled type Il
clathrate structure for Na compositions between &, and 6,
(with &; > 6,) were calculated using eqgs 3 and 4, respectively:

AG, = E(Na;Ge5¢) + (6, — 5,)E(Na) — E(Nas Geys)

(3)

G,
6 — 6, (4)

with the Na removal reactions being of the form shown in eq
5:

Nas Gej36 — Najs,Gejgg + (6 — 5,)Na (5)

In the standard ground-state DFT calculations at zero
temperature, the Gibbs free energy change AG, (= AE, +
PAV, - TAS)) can be approximated to be the change in
internal energy (AE ) at O K, since the terms PAV and TAS
are order of magnitude less than AE *°

The climbing image NEB method was used to find the
minimum energy paths between known reactants and
products.’® All NEB calculations used a band with 5 or 7
intermediate images between the initial and final images. The
constrained optimization of the NEB calculations was
performed by adding spring forces with a spring constant 5.0
eV/A? along the band between images, and the images were
converged until the force on each image was below 0.03 eV/A
in the directions perpendicular to the band.

A slab model of the type Il Ge clathrate with a (001) surface
was built to simulate Na migration from within the Ge,, cage
to outside of the clathrate structure (section 3.6.3). The slab
was created with a thickness of 155 A in the c-axis, and
periodic boundary conditions were applied to the other two
directions (a,b). The bottom half atom positions in the slab
were fixed, and the top half positions were allowed to relax to
mimic a surface configuration. A vacuum space beyond 18 A
was added to the simulation cell to minimize the interactions
between the slab and its periodic images resulted from periodic
boundary conditions.

All crystal structure figures were created with Vesta®’ and

Diamond,*® and movies with Jmol.*®

3. RESULTS AND DISCUSSION

3.1. Stability of the Zintl Phase Precursor Na,Ge,.
Since the Ge clathrate and other byproducts are formed by
sodium removal from the Na,Ge, precursor, we carried out
DFT calculations to investigate the likely sites for creating Na
vacancies as well as the formation energies of the sodium
deficient compounds. The monoclinic Zintl phase compound
Na,Ge, contains isolated homo-tetrahedranide clusters of
[Ge4]4‘, each surrounded by four sodium atoms that belong
to nonequivalent Na 1a, 1b, 2a, and 2b sites (Figure 1a).>°
Because there are 4 formula units per unit cell (Z = 4), making a
total of 16 sodium atoms per unit cell, we refer to the
stoichiometric, vacancy-free compound as Na,Ge,, in the
following discussion. Our calculated lattice parameters for this
compound are in good agreement with those reported
experimentally, and a comparison between the two is provided
in Table S1.

The formation energy for creating a vacancy at all possible
Na sites was calculated to identify the site(s) most likely to be
desodiated during thermal or electrochemical oxidation of

Na,Ge,, The calculated formation energies in Figure 1d were
negative for a single vacancy at each site, indicating that it is
energetically favorable to form Na,Ge, or the Zintl phase
precursor with 6.25% Na vacancy density (1 out of 16). The
lowest formation energy was observed for the Na vacancy at
the 2a site; thus, the sites for creating Na vacancies were
chosen by following the formation energies in Figure 1d
(energy of site 2a < 2b < 1b < 1a).

Next, to consider the precursor with two Na vacancies (i.e.,
Na,,Ge, or the precursor with 12.5% Na vacancy density), we
investigated two geometrical configurations. In the first case,
both vacancies were created at the 2a sites (note that there are
four equivalent 2a sites in the unit cell) because of its lowest
formation energy. In the second case, one Na was removed
from the 2a site and the other Na atom from the 2b site.
Likewise, we also considered two configurations for the
precursor with four Na vacancies (i.e., Na,Ge,, or the
precursor with 25% Na vacancy density). The first one is the
structure with all four vacancies at the 2a sites, in the second
case, two Na vacancies at the 2a sites and the remaining two at
the 2b sites. The detailed site combinations and formation
energy for each configuration are shown in Table S2, while
Figure le reports the average formation energies for a = 1, 2,
or 4 Na vacancies in Na _ Ge . The negative formation
energies observed for o = 1 and 2 suggest that the slightly Na-
deficient compound is still stable. The experimental voltage
profile in our experimental study®® showed that the initial
stages of Na Ge,  electrochemical oxidation were accom-
panied by a varying voltage corresponding to a single-phase
process. We previously attributed this feature to the removal of
excess Na from the precursor (i.e., from NalemGels); however,
considering the above formation energies, it is also possible
that this feature originates from the removal of Na from
Na Ge, . Figure le shows that the formation energy increases
as more Na vacancies are formed, implying that it is
unfavorable for a large amount of Na to be removed from
the precursor. Once the Na has been removed to reach a
compositio.n of N_auGe ¢ the compound is no longer _stable,
and there is a driving force to form other phases. This also
supports our experimental findings*® that, as Na is extracted
from the Zintl phase precursor via controlled oxidation, it
reaches a point when it becomes unfavorable to retain the
structure and it hence transforms into the products (i.e., type Il
clathrate at 300 °C, Na, Ge,,  at350 °C, and a-Ge crystal at
400 °C) via a two-phase reaction mechanism. The calculation
results for these product phases will be discussed in the next
sections.

3.2. Properties of Type Il Ge Clathrate with Different
Na Content. In our previous work,>*® when electrochemical
oxidation of Na, Ge,, was performed at 300 °C, the product
predominantly comprised type |l Ge clathrates, with Rietveld
analysis showing 50 wt % of nearly guest-free clathrate (refined
composition of Na,, ., Ge ), @28 wt % Na-filled clathrate
(NaZO‘Q(Z)Gem), with the balance being the impurity phase,
hexagonal Na,_ Ge,, . A two-phase reaction mechanism was
observed, with the Ge clathrate forming at the expense of the
Zintl phase precursor. This is consistent with the driving force
for the precursor to transform to another phase once the
desodiation has destabilized the structure as discussed in the
previous section.

The type Il clathrate is described by the Fd-3m space group.
Each unit cell contains 8 Tt,, cages (hexakaidecahedra) and 16
smaller Tt,q cages (dodecahedra) shown in orange and green,
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Figure 2. (a) Polyhedral model of the type Il clathrate Na Ge ,{b) Schematic of the two types of polyhedra in the type Il clathrate structure with
Na as a guest atom in the cage centers: dodecahedra (Ge , gregp) and hexakaidecahedra (Ge , orange). (c) Formation energy versus Na content
(6) in Na Ge s 136 Where each point is identified by indices (a, b); a = number of Na atoms in the Ge ,gage centers, b = number of Na atoms in
the Off hex position within the Ge ,gages, and b* = number of Na atoms in the Ge ,, cage center. (d) Gibbs free energy change and
corresponding potentials for the Na removal reaction for the most stable Na Ge .. structures. The percentage volume change (%v) upon Na
removal as a function of the Na-filled clathrate i.e., Nay,Ge3s.

respectively, in Figure 2a,b. The Tt atoms reside at the vertices (16,0) in Figure 2c. In the (16,0) configuration with all 16 Na
of the polyhedra (hexagonal or pentagonal faces in the Tt atoms located at the Ge, cage centers, the formation energy
cages, pentagonal faces in the Tt,, cages), whereas the guest was found to increase compared to Na 4Gem_, implying that
atoms occupy the centers of the cages.*® the completely guest-filled clathrate is more stable than the
To better understand why both (nearly) guest-free and Na- clathrate with empty cages. This suggests that the presence of
filled Ge clathrates were observed in the synthesis, DFT Na atoms in the cages helps to stabilize the structure. In the
calculations were performed for the Ge clathrate with varying second Na Ge . configuration of (8,8) (i.e., half of the Ge,
amounts of Na content, i.e,, § in Na,Ge,,. Our previous DFT cage centers fiIIedsby Na and all 8 of the Ge  cages filled by Na
studies®™3® on type Il clathrates showed that guest atoms can in Off hex positions), the formation energy is slightly higher
adopt positions in the Tt,; and Tt,, cage centers. Additionally, than the (16,0) configuration, indicating it is energetically
due to the large Tt,, cage volume, it is energetic feasible for more favorable for Na to occupy the small Ge , cage over the
guest atoms to be positioned off-centered, i.e., close to a larger Ge2 cage. This suggests that Na removal from the type
hexagonal face (“Off hex”) or a pentagonal face (“Off pent”), Il Ge clathrate would preferentially take place from the Ge28
with guest atoms in the Off hex positions of the Tt . cages cages, whereas Na removal from the small cages is energetically
showing the lowest energies.”*® A schematic showing Na unfavorable. This observation is consistent with Na diffusion in
atoms occupying the center and two off-centered positions type Il Si clathrates as well.>* The preference of Na to occupy
inside a Ge,, cage is shown in Figure S1. The formation the smaller Ge,, cage may be due to its smaller cage volume
energies for the various clathrate structures are shown in and more symmetric cage geometry (since the Ge,; cage is
Figure 2c; the indices next to each data point indicate the made solely of pentagonal faces as opposed to the Ge,, cage,
number of Na atoms in the Ge, cage centers (corresponding which comprises both hexagonal and pentagonal faces) for
to the first number) and in the Off hex positions of the Ge better accommodation of Na. This result is similar to the
cage (corresponding to the second number). The config- findings in our previous calculations involving guest-free type
uration of Na,,Ge_ .. with 8 Na atoms within Off hex positions 125 and type |1 silicon clathrates,?* wherein it was observed that

in the Ge,, cages, corresponding to (16,8), had a formation Li atoms preferred to occupy the centers of the small cages.
energy of —0.0336 eV/atom. This is slightly lower than the When further reducing the Na content to a composition of
formation energy of Na, Ge .. with Na at the centers of all NagGe,,., two configurations were considered, denoted as
Ge,, and Ge,, cages, corresponding to (16,8*%), which was (8,0) and (0,8) in Figure 2c. The formation energy of (8,0)
found to be —0.0305 eV/atom. These results again indicate was lower than that of (0,8), which again shows that Na prefers
that Na atoms inside the larger Ge,, cages prefer the Off hex to occupy the small Ge,, cage rather than Ge,,. For the (0,8)
position instead of the cage center, consistent with our Na,Ge,,, structure, the formation energy was found to depend
previous findings.>>*® on the Na location inside the large Ge,, cages, following the
In reducing the Na content to a composition of Na, Ge,,, trend: Off hex < Off pent < center (i.e., 0.0072, 0.0077, and
two configurations were considered, denoted as (8,8) and 0.0096 eV/atom, respectively). This is also consistent with our
D https://doi.org/10.1021/acs.jpcc.3c02343
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previous findings for NalGe136.36 Finally, the formation energy
for the guest-free clathrate (Ge.,.) was found to be 0.0295 eV/
atom.

From these results, we can see that the size and geometry/
shape of the cage are important for the energetics of the Na
insertion sites. It is energetically favorable to form Ge type Il
clathrates with high Na-content, which is in agreement with
our previous study on Na-filled type Il silicon clathrates,*’
wherein we noted that Na,,Si, ., is more stable compared to
guest-free Si... According to the results in Figure 2c, the
formation energies for nearly guest-free clathrates (or low-Na
content clathrates) are presumed to fall in the range of 0.01-
0.03 eV/atom. The fairly low formation energies, although
positive, indicate the possibility that these clathrates can be
synthesized, particularly if the Na adopts the positions inside
the Ge, cages. The completely guest-free clathrate (Ge ,.) has
the highest formation energy and therefore should be harder to
synthesize than the Na-filled clathrates. Indeed, to our
knowledge, most previous attempts at synthesizing guest-free
type Il germanium clathrates have resulted in the formation of
Na-filled clathrates®®**>? or low-Na/K content clathrates>%>’
as one of the major products along with other by-products.
Special techniques such as the application of an electric field in
an Ar environment,®' and chemical oxidation,>® or thermal
decomposition® in ionic liquid media were needed to obtain
nearly guest-free type Il Ge clathrates (6 @ 0 in Na Ge ,,).

Figure 2d presents the Gibbs free energy change of the
reaction (AG ) computed from eq 3 and corresponding voltage
as a function of Na content computed using eq 4 for Na Ge .
(6 =16,8,2,1,and 0). The positive AG  values (and negative
voltages) indicate that desodiation of Na,Ge, .. requires
external biasing, while the reverse reaction (i.e., sodiation of
empty Ge, ., to form Na,Ge ,.) would be spontaneous. The
absolute value of the calculated voltages ranges from 0.21 to
1.55 V vs Na/Na*; this is consistent with our experimental
studies in our previous work,® where the equilibrium voltage
for the conversion of Na,Ge, to Ge clathrate was observed at
around 400 mV vs Na/Na* at 300 °C (note that the DFT
calculations assume a temperature of 0 K). The volume change
of the clathrate during desodiation was also determined. As
shown in Figure 2d, the decrease in volume between Na, Ge ..
and Ge, 4 after full desodiation is only 5.45%, which is much
smaller compared to the other materials such as a-NaSi (%v =
230%),>* a-Na,Sb (%v = 293-390%),°>°° Nap (%v
330%),°” and Na,,Sn (%v = 420%)°° investigated as Na
reservoirs in Na-ion batteries. This small volume change
between Na,,Ge,,. and Ge,,, could lead to good cycling
stability. Overall, these calculations support the feasibility of
desodiation of Na-filled Ge . clathrate to structures with
variable Na content using electrochemical methods.

3.3. Stability of the Hexagonal Na,_,Ge;,, Phase. The
hexagonal Na,_, Ge,,, phase, which we observed as an impurity
to type Il clathrates when the electrochemical oxidation
reaction of Na,Ge, was performed at 300 °C, was the major
product when the reaction was done at 350 °C.3® Rietveld
refinement for this phase matched the structure reported in ref
59 (P6/m, no. 175), which can be described as an unusual
zeolite-like framework consisting of covalently bonded Ge
atoms that form large and small Na-filled channels (Figure
3a,b). Four of the Ge framework sites (denoted by Gel, Ge2,
Ge3, and Ge4) and one Na site (denoted as Na5) are fully
occupied and make up the small channels. However, the Na6
and Ge7 sites in the large channels only have a partial
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Figure 3. (a) Schematic of a 2 x 2 x 1 super cell for Na,_ Ge,, when
viewed along the c-axis with unit cell indicated with the diamond; (b)
the unit cell of Na,_ Ge,,, viewed along the [120] axis. Na and Ge
atoms are shown in yellow and purple, respectively. Partially filled
yellow/purple atoms indicate the Na6/Ge7 sites with partial
occupancy. (c) Formation energies for different compositions of
Na,_ Ge,, as calculated from the 1 x 1 x 3 supercell structures of
Na,Ge . (all sites fully occupied), Na Gg (INa6 site fully occupied, the
Ge7 site with occupancy of 2/3), Na Ge,, (bﬁth Na6 and Ge7 sites
with occupancy of 2/3), and Na Ge s 75 (the Na6 site with
occupancy of 2/3, the Ge7 site fully occupied). For Na Gg apd Na
Ge,,, several different configurations were considered for each
composition and the formation energy in panel c is the average among
them (see text, Tables S3 and S4 and Figures S2 and S3 for more
details).

occupancy of 0.617, making the compound nonstoichiometric
and described generally as Na,_, Ge, .. It was observed that the
occupancy of both Na6 and Ge7 sites can vary depending on
the synthesis conditions.® In particular, repeated grinding
under a nitrogen atmosphere and then degassing (i.e., further
heating the specimen under vacuum at 350 °C) were found to
reduce the Na content.

To model the partial occupancies of the Na6 and Ge7 sites,
a supercell model (1 x 1 x 3) was used and the occupancy of
0.617 was treated to be approximately 0.667 (2/3). The
supercell with each site fully occupied corresponds to a
chemical composition of Na,,Ge,, which has a calculated
formation energy of —-0.0254 eV/atom. To model the partial
occupancy of the Ge7 site, one Ge atom out of the three
equivalent positions in the supercell was removed, giving three
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phases above the hull are denoted using open symbols.

different geometrical configurations (Figure S2) with a
composition of Na,,Ge,,. The formation energies of all three
configurations are negative with negligible differences (Table
S3), indicating they are energetically favorable. Since the
configuration with Ge atoms removed from the third unit cell
(configuration 3) had the lowest formation energy, this
configuration was considered as the starting point to model
the partial occupancy of the Na6 site. Because there are six
equivalent positions for the Na6 site in the unit cell, the 1 x 1
x 3 supercell contains 18 of these sites. To model the partial
occupancy of 2/3, 6 Na atoms need to be removed from the 18
equivalent Nab sites to give a composition of Na,,Ge,,. There
are many possible ways to remove those 6 Na atoms, and their
geometrical configurations and formation energies are given in
Figure S3 and Table S4. The average formation energy of all
these possible configurations was calculated to be -0.012 eV/
atom. For the sake of completeness, we also modeled
Na,_ Ge,  with the Na6 site partially occupied but Ge7 site
fully occupied (i.e, Na,Ge, ) and obtained a formation
energy of 0.044 eV/atom.

The results from the four Na,_,Ge,,, compositions studied
(Figure 3c) show that the N3, Gg, and Na, Ge,, structures in
which the Na6 site is fully occupied are both favorable;
however, the structure with partial occupancy of the Ge7 site is
the more favorable of the two due to its more negative
formation energy. This observation is consistent with the
composition of Na,Ge,,. reported in materials synthesized
from ref 59. Our results also show that the impurity phase with
partial occupancy on both Na6 and Ge7 sites is feasible
(Na,,Ge,,), which is again consistent with the compositions of
Na,,,Ge, s and Na,,,Ge, ,, obtained from earlier studies.>***
Based on purely entropic considerations, we postulate that
Na,,Ge,, could preferably form over Na,,Ge,. and Na,,Ge,,
because the partial occupation on both Na6 and Ge7 sites
would give rise to higher configurational entropy. To our
knowledge, there have been no reports of the Na,  Ge,,,
phase with only the Nab6 site partially occupied and the Ge7
site fully occupied (Na Ge,). This can be explained by its
positive formation energy of 0.044 eV/atom (Figure 3c). Thus,
our approach of using a supercell model (1 x 1 x 3) to
simulate the Na,_ Ge,  phase is consistent and in good
agreement with experimental results. Overall, these calculations
demonstrate the different ways in which the Na;_,Ges,, phase

can be modeled and highlight its preference for disorder in the
structure.

3.4. Summary of Products Resulting from Electro-
chemical Oxidation of the Zintl Phase Precursor. Figure
4a highlights the different products obtained from the
electrochemical oxidation of the Na e (Na (Ge ) precursor at
different temperatures, while Figure 4b shows the formation
energies for the precursors and all the various product
compositions studied herein. The tie-line (black line) shows
the convex hull obtained by joining together the globally stable
structures. Solid symbols represent phases on the tie-line, while
those above the convex hull are denoted using open symbols.
We see that Na, Ge,, Na,Ge, (Na _ Ge, ~with Na sites
fully occupied and Ge7 site with 2/3 occupancy), and Na
Ge,. . (clathrate with Na atoms in the Ge,  cage centers)
are found on the convex hull. Some of the compounds that are
experimentally observed (Na-filled and nearly Na-free type II
Ge clathrate) and Na, Ge, (with both Na7 and Ge6 sites
with 2/3 occupancy) are only slightly above the hull, indicating
that they are metastable compounds. This is evidenced by the
fact that they decompose when heated to a certain temperature
and do not reform when they cool down (420 °C for Gem53
and 400 °C for Na,_ Ge,, °°). This suggests that there could
be some entropic contributions in these structures so that they
become energetically favorable at high temperatures. Since the
DFT-computed formation energies and convex hull diagram
are performed at 0 K, the effects of entropy are not included.

3.5. Na Migration in the Zintl Phase Precursor. Since
removal of Na from the Na,Ge, precursor is required to form
the various products shown in Figure 4, NEB calculations were
performed to identify the mechanism for Na vacancy diffusion
in the precursor structure. The NEB calculations were
performed on the precursor structure with one Na vacancy

(i.e., Na Gg Bthe composition with the lowest formation
energy among the investigated Na-deficient structures). In a
unit cell of Na sGe) the Na vacancy density is fairly high at
6.25% (i.e., 1/16), so a 2 x 2 x 1 supercell with one Na
vacancy (Na63Ge6) was modeled, which corresponds to a
vacancy density o? 1.56% (i.e., 1/64). On the basis that Na
vacancies at the 2a and 2b sites in Na,_Ge__ have the lowest
formation energies (Figure 1d), vacancy diffusion in these sites
was considered. Two migration pathways were studied: Path 1
involving Na vacancy migration from the 2a site to another 2a
site, and Path 2 involving Na vacancy migration from a 2a site
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to a 2b site. Figure 5a presents the calculated NEB energy
barriers for both migration paths. The inserted schematics

a)
1.6
—8—2ato2a
1.44 —e—2ato2b
1.24 1.07 eV
—~ 1.0 4%\ N0 o000 o’
5 RNV
~— 0.8 d \ o (&)
> / \
= 0.6
g ’ >
/
W 044 s 931 ev
» o Y
0.2 A %
i“” . e
0.0 - o7 o> g
-0.2 T T T T T
0 2 4 6 8
Reaction Coordinate
b)
8 6
— B~ Distance between the migrating Na at
7 2a site and the Na at 1a site
—m— Displacement of Na at 1a site B
6 —
=3 e
T 5 5
o Ly &
S 4- S
] [ N g —g
a h [} ..
3 e }/l/ \l\ r g g
s . ,=\. L1
o = ¢ ]
14 = N . Lo

Reaction Coordinate

Figure 5. (a) NEB-calculated minimum energy paths for Na vacancy
(white colored atom) migration from the 2a site to the 2a site (red)
and from the 2a site to the 2b site (black), respectively, in N3, Ge,.
Inset schematics show one-eighth of the supercell to illustrate the
migration paths. (b) Inset structure snapshot shows the path for Na
vacancy migration from the 2a site to the 2a site and the
corresponding distance-displacement variation of the vacancy and
the Na atom at the 1a site.

show only one-eighth of the supercell for clarity purposes. The
energy barriers were found to be 1.07 eV for Path 1 and 0.37
eV for Path 2. Animations of these two migration paths can be
found in Movies S1 and S2, respectively.

The reason for the large difference in the energy barrier
between these two pathways can be understood upon
inspection of Path 1 (Figure 5a inset, Movie S1), which
reveals that the Na atom in the 1a site is positioned in the
migration path and must be displaced to allow for the Na
vacancy migration. From the inset snapshot in Figure 5b, it is
clear that the Na atom at the 1a site blocks the migration path
and experiences a large displacement when the migrating Na
vacancy approaches. Initially, the distance between the
migrating Na at the 2a site and the Na at the 1a site (shown
by the black trace in Figure 5b) is 3.62 A. This distance
decreases and reaches a minimum of 0.98 A at reaction
coordinate 4. At this point, the Na atom at the la site
experiences a large displacement of 1.89 A from its initial
position (shown in the blue trace in Figure 5b), which results
in a high energy barrier for Path 1. On the other hand, for Path
2, there is no atom blocking the migrating pathway, which
makes the energy barrier lower. These calculations suggest that
Na vacancy (or atom) diffusion in the precursor prefers to
follow Path 2 (i.e., 2a site to 2b site) rather than Path 1 (2a site
to 2a site). The fairly low migration barrier 0.37 eV for Path 2

could explain why Na,Ge, can be easily desodiated and serve
as the precursor for the Na,  Ge,,, and Ge clathrate phases.

3.6. Na Migration in the Clathrate. 3.6.1. Na Migration
through the Hexagonal Face in Na Ge .. and Na,Ge ..
Our experimental study*® showed that the type Il Ge clathrate
synthesized from electrochemical oxidation of Na, Ge, can
display variable Na content. To investigate the potential for
type Il Ge clathrates to be used as anodes for Na-ion batteries,
the Na migration pathways within the structure should be
considered. NEB calculations were reported for Li migration
within type Il Si clathrates'®?? and in our preliminary study,®
which found that migration of a Na atom through a shared
hexagonal face between two adjacent Ge,, cages (see the
schematic inset in Figure 6a) in Na,Ge , had an energy barrier
of 1.3 eV.%® Herein, to understand the effect of Na content of
the Ge clathrate on the Na migration, NEB calculations were
performed for a Na-rich clathrate, Na,,Ge, ., and compared to
the clathrate containing a single Na atom. As shown in Figure
6a, the calculated minimum energy path for Na migration
showed a higher barrier of 1.8 eV for Na,Ge, .. compared to
13 eV in Na Ge,,.. Model schematics of both NEB pathways
are shown in the inset of Figure 6a, with corresponding movies
in Movies S3 and S4.

To understand the origins of the different Na migration
energies in Na,Ge, .. and Na,,Ge,., the transition states (i.e,,
reaction coordinate 4) were examined and compared. In both
pathways, the transition state involves an area expansion of the
hexagonal face of the Ge,, cage as Na passes through to enter
the connected Ge,, cage. The Ge-Ge bond§ in the he)sagonal
face elongate from an initial distance of 2.51 A to F12.67 A in Na
Ge, ., and from 252 to E2.72 A in Na,Ge .. This
corresponding area expansion (as a percentage of the initial
area) is 12.6% in Na,Ge ,. and 16.6% in Na,,Ge . (Figure
6b). A larger area expansion is generally correlated to a greater
distortion of the surrounding clathrate framework and results
in a higher energy barrier.?® In Na,,Ge,,., the migrating Na
atom (shown as the red atom in Figure 6¢) is surrounded by
six other Na atoms (shown in yellow), which are located in the
centers of the neighboring Ge, cages (shaded in green in the
inset of Figure 6a). When the migrating Na passes through the
hexagonal face, the bond distance between the neighboring Na
atoms (in the Ge, cages) and the Ge atoms in the t\exagon
decreases from a Na-Ge distance of @3.60 A to 3.49 A at the
transition state (Figure 6¢), resulting in a higher energy barrier
for Na migration.

3.6.2. Na Migration through the Pentagonal Face in
Na,Ge ,, and Na,Ge,,.. The NEB-calculated energy barrier
for Na migration between the Ge,, and Ge,, cages through a
shared pentagonal face was reported to be 4.0 eV in
Na Ge  >° Previous computational studies involving Li
migration in type 1*® and type Il Si clathrates®® have shown
the possibility of another pathway, whereby temporary
breakage of a Si-Si bond facilitates Li migration with a much
lower energy barrier compared to Li migration through the
center of the pentagonal face. This bond-breaking mechanism
is possible with an additional Li atom present in an adjacent
cage to help stabilize the transition state. To investigate
whether this type of cooperative migration mechanism is also
possible in Ge clathrates, the NEB calculations for Na
migration from a Ge,, to Ge,, cage through a pentagonal
face were performed with another Na atom inside an adjacent
Ge,, cage in the Off Hex position. The energy profile for Na
migration in this clathrate (Na,Ge,3¢) is compared to that for
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initial (0) and transition state (4) for Na migration in Na,3Ge;sg.

the case without the neighboring Na atom (Na Ge ) in
Figure 7a with movies of the migration pathways shown in
Movies S5 and S6. The crystal schematics of the initial and
transition state (reaction coordinates 0 and 4, respectively) are
shown in Figure 7b.

We find that Na migration in Na,Ge ;. does not trigger the
low-barrier, bond-breaking mechanism as seen in the Si
clathrate case.”’ The migrating Na atom passes through the
pentagon center with a slightly lower energy barrier of 3.85 eV
when compared to that in Na,Ge, .. without the adjacent Na
atom (Figure 7a). Figure 7c shows a comparison between
Na,Ge .. and Na Ge .. at the initial (0) and transition states
(4). The pentagonal face in the transition state (4) displays an
area expansion of 35% in Na,Ge .. and 33% in Na Ge, .
compared to the initial state. However, despite the larger area
expansion, Na migration in Na,Ge . shows a lower energy
barrier. This is possibly because the neighboring Na atom
(shown in yellow in Figure 7b,c) is only 3.30 A away from the
closest Ge atom in the initial state, which is comparable to the
typical Na-Ge bond distance of 3.20-3.40 A with Na at the Off
hex position (see Table S5 for more details). We believe that
this Na-Ge bond helps to facilitate the area expansion in
Na,Ge .. by elongating the Ge-Ge bond from 2.52 to 3.10 A
(shown as dark purple in Figure 7c) as the migrating Na atom
reaches the pentagon center. Inspection of all the Ge-Ge bond
lengths in the transition state of Na_Ge .  shows that this
particular Ge-Ge bond is longer than the others in the
pentagon; furthermore, the corresponding Ge-Ge bond in
Na Ge,, is only 3.01 A, as there is no such neighboring Na
atom to facilitate the bond elongation. This suggests that the
neighboring Na atom can still lower the Na migration barrier

through the pentagonal face, although without the much lower
energy barriers accompanied with bond breaking as seen in the
Si clathrate case.”* The implications and significance of
neighboring Na atoms to the migration processes will be
summarized in section 3.6.4.

3.6.3. Na Migration out of the Ge,, Cage. The barrier in
Figure 7a (3.85 eV) is likely too high to facilitate Na diffusion
through the Ge,, cage, even given the synthesis temperatures
of 300-400 °C. To investigate the energetics of Na migration
out of a pentagonal face on the surface of the clathrate (rather
than to a neighboring cage as in bulk diffusion), a slab model
of the type Il clathrate (Nalge136) with a (001) surface was
built with a thickness of 15.5 A in the c-axis direction. Figure 8a
shows the schematic of the Na migration path from the cross-
section view (along the b-axis), while Figure 8b shows the plan
view (viewing down the c-axis) (also shown in Movies S7-S8).
Figure 8c presents the calculated NEB barrier for Na migration
from the center of the Ge, cage to the outside of the surface
through a pentagonal face. This pathway suggests a lower
barrier of 1.22 eV compared to the above-mentioned
situations. The detailed crystal structures of the initial (0),
transition (4), and final (6) states of the Na migration in this
slab model are shown in Figure 8d, which reveals a bond-
breaking mechanism. Two of the Ge-Ge distances in the
pentagonal face increase to 3.49 and 4.67 A, in the transition
state, which are much larger than the typical Ge-Ge bond
lengths in the range of 2.49-2.58 A seen in the initial and final
states.

The results from the slab model calculations show that it is
more energetically favorable for a Na atom to leave the small
Ge, cage if it is present at or near the surface of the clathrate
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material. In addition to the slab model, we also considered the
Na-rich structure Na,,Ge,,. to see how Na migration through
the Ge,, cage was influenced by the presence of neighboring
Na atoms (i.e., similar to the case of Na migration in Na,Ge ..
through the hexagonal face of the Ge,, cage described in
section 3.6.1). These calculations were performed using the
PAW potentials in which Ge 3d and Na 2p electrons were
included in the ion-core potentials, and only Ge 4s, 4p, and Na
3s electrons were explicitly treated as valence electrons. Such
potential treatments still capture the essential valence electrons
and thus are expected to predict reasonable results®>®* while
largely reducing the demand of computational resources. The
details of the NEB barrier and pathway are provided in Figure
S4 and Movie S9. A low energy barrier of 0.75 eV was
obtained, and the migration path again involves a Ge-Ge bond
breaking mechanism. This result showcases a possibility for
facile Na migration through the Ge,, cage and can help to
explain the diffusion mechanism of Na evaporation (or thermal
desodiation) from type |l Ge clathrates during thermal
treatment under vacuum.

3.6.4. Effect of Neighboring Na AtomsRComparison
between Na,Ge ;. and Na,,Ge,,.. In the case of Na,Ge,,, it
was seen that the presence of one neighboring atom was able
to reduce the barrier for Na migration through the pentagonal
face from 4.0 to 3.85 eV (Figure 7a). However, in the case of
Na,,Ge,,., despite the presence of 22 other Na atoms, Na
migration through the hexagonal face showed a higher barrier
of 1.8 eV as compared to 1.3 eV in Na,Ge ,, where there was
no neighboring Na atom (Figure 6a). In summary, the
presence of neighboring Na atoms helps to reduce the NEB
barrier when Na migrates through the pentagonal face while
showing the opposite effect when Na diffuses through the
hexagonal face. This can be explained by examining the
detailed structures of their transition states. For Na migration
in Na,Ge,,, the neighboring Na atom is able to preferentjally
elongate one particular Ge-Ge bond (from 2.52 to 3.10 A in
Figure 7c), thus aiding in opening/expanding the area of the
pentagonal face to reduce the energy barrier. However, the
elongation of these bonds is mitigated when Na atoms are
present in the neighboring Ge,  cages, causing all of the Ge-Ge
bonds in the hexagon to elongate by a lesser degree (to only
2.72 A in the transition state (Figure 6c¢). Therefore, Na
migration in Nay3Gejzg has a higher barrier than that in
Na;Ge, 6.

These results suggest that merely the presence of a
neighboring Na atom in an adjacent cage does not necessarily
help to reduce the barrier. This can be understood by
examining the detailed cage structures in the clathrate.
Considering Na migration between two large cages via a
hexagonal face, the neighboring Na atoms are found in the
adjacent Ge,, cages, as seen in Na,,Ge,,.. These neighboring
Na atoms occupy the center positions of the small cages, which
are about 3.60 A away from the hexagonal faces under
consideration, therefore exhibiting limited influence on
assisting Na migration through the hexagonal face. However,
in Na migration between the large and small cages via a
pentagonal face in Na,Ge,,., the neighboring Na is located
inside a large cage where Na has the potential to occupy three
possible positions (Figure S1). In the lowest energy position,
the Off hex position, the Na would only be found about 3.20-
3.40 A from the pentagonal face under consideration (Table
S5), thus displaying reasonable influence in aiding the Na

migration through the pentagonal face to reduce the energy
barrier.

We thereby propose two competing factors that can affect
guest atom (Na) migration through the clathrate.

e First is the area expansion of the hexagonal/pentagonal
face in the transition state as the guest atom (Na) passes
through the face center. This expansion is due to the
distortion of the framework atoms (Ge) as the migrating
guest atom (Na) passes through the face and results in
an increase in the energy barrier.

e Second is the presence of neighboring guest atoms@if
favorable, it helps to stabilize the transition state by
coordinating to the framework atoms and facilitating the
expansion of the hexagonal/pentagonal face. This results
in a decrease in the energy barrier.

To summarize the cases discussed above in sections 3.6.1
and 3.6.2, Na migration between two Ge,, cages through a
shared hexagonal face in Na,,Ge . is dominated by the first
factor, resulting in an increase in the energy barrier. On the
other hand, for Na migration in Na,Ge, ., between a Ge,, cage
and Ge,, cage through a shared pentagonal face, the effect of
the second factor is more dominant than that of the first.
Hence, this path shows a decrease in the energy barrier.

4. CONCLUSIONS

First-principles DFT calculations were performed to under-
stand the synthesis mechanism of type Il Ge clathrates from
the Zintl phase precursor Na,Ge,. It was found that it is
energetically feasible for Na,Ge, to readily form Na vacancies,
with the formation energy of the structure with Na vacancy
densities of 6.25, 12.5, and 25% calculated to be —0.07, —0.05,
and 0.03 eV/atom, respectively. The NEB calculations
predicted a relatively low migration barrier of 0.37 eV for Na
vacancy diffusion, which again verifies the ease at which
desodiation of Na,Ge, can take place via electrochemical
oxidation or thermal evaporation to synthesize type Il Ge
clathrates and Na,_ Ge,, .

Na migration within the type Il clathrate lattice was studied,
and the effect of surrounding atoms on the migration pathway
was understood. Energetically, Na prefers to occupy the Ge,,
cage center, followed by three more positions (coordinated off
a hexagonal face, off a pentagonal face, or in the cage center, in
that order) inside the large Ge,, cage. Na migration in the
clathrate was found to be dominated by the pathway
connecting the Ge,, cages via shared hexagonal faces. The
energy barrier for this migration path is much lower (1.3 eV for
Na,Ge,,) than that of diffusing through a pentagonal face (4.0
eV for Na,Ge,,) connecting the Ge,, and Ge,, cages. The
high energy barrier for Na migration through Ge,, cages
suggests that this pathway is kinetically restricted in the Na-
dilute regime. However, in the Na-rich regime (Na,Ge ., an
alternative pathway with a barrier of 0.75 eV was discovered via
a Ge bond-breaking mechanism. Furthermore, a slab model
showed a relatively low barrier of 1.22 eV for Na migration
through a Ge,, cage near the surface. This confirms that Na
removal/evaporation from the clathrate is feasible, but only at
higher temperatures (@300-400 °C as seen in our experi-
ment) since the migration barriers are much higher than those
that would enable significant room-temperature diffusion. The
calculated voltages and small volume changes (@5.5%) for Na
removal from the clathrate indicate that Na intercalation of the
empty clathrate Gejs is feasible and energetically favorable,
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suggesting the type Il germanium clathrates could be
promising anode materials for Na-ion batteries.

The results presented here are informative for understanding
the synthesis of clathrate materials via chemical deintercalation
routes and may be helpful for the design of novel synthetic
methods for these open framework materials. These insights
also show that first-principles DFT methods can be an effective
method in guiding researchers in the design and evaluation of
new clathrate compounds as viable materials for energy storage
applications.
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