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G
ermanium (Ge) is considered to be
themost promising candidate for an
alternative material in commercial

carbonaceous anodes for lithium ion bat-
teries (LIBs).1,2 The bulk phase is known to
have a higher theoretical capacity (1620
mAh/g) than graphite carbon (370 mAh/g),
owing to lithium (Li) alloy formation (i.e.,
Li22Ge5). However, large volume changes
(up to 300%) during lithiation/delithiation
can lead to capacity fading. It is assumed
that the amorphization of Ge during lithia-
tion could have a significant impact on
mechanical stress generation and disinte-
gration. To overcome this problem, various
nanostructures have been developed by
a number of research groups.3�21 Their
high surface to volume ratio minimizes
the volume change and dissipates the
mechanical stress. It also increases the

electrode/electrolyte interface area and
promotes faster diffusion of Liþ ions
within the material, increasing the charging
rate.
One mitigating strategy is to encapsulate

nanostructures in a conducting buffer ma-
trix to minimize volume change and dissi-
pate themechanical stress inside thematrix.
This has been shown toworkwell for carbon
(C) shell coating or hosting. The use of an
oxide or sulfide compound has been sug-
gested as another approach. In that case,
the oxygen or sulfur is able to provide a
matrix with high Liþ ion conductivity, there-
by reducing internal resistance.6,20,22,23

GeS and GeO2 are irreversibly converted
to Ge in the first cycle of use, according
to eq 1 below. Subsequently, Ge can
store and release Li ions according to the
Li�Ge alloying and dealloying reactions
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ABSTRACT Various germanium-based nanostructures have re-

cently demonstrated outstanding lithium ion storage ability and are

being considered as the most promising candidates to substitute

current carbonaceous anodes of lithium ion batteries. However, there is

limited understanding of their structure and phase evolution during

discharge/charge cycles. Furthermore, the theoretical model of lithium

insertion still remains a challenging issue. Herein, we performed

comparative studies on the cycle-dependent lithiation/delithiation

processes of germanium (Ge), germanium sulfide (GeS), and germa-

nium oxide (GeO2) nanocrystals (NCs). We synthesized the NCs using a

convenient gas phase laser photolysis reaction and attained an excellent reversible capacity: 1100�1220 mAh/g after 100 cycles. Remarkably, metastable

tetragonal (ST12) phase Ge NCs were constantly produced upon lithiation and became the dominant phase after a few cycles, completely replacing the

original phase. The crystalline ST12 phase persisted through 100 cycles. First-principles calculations on polymorphic lithium-intercalated structures

proposed that the ST12 phase Ge12Lix structures at x g 4 become more thermodynamically stable than the cubic phase Ge8Lix structures with the same

stoichiometry. The production and persistence of the ST12 phase can be attributed to a stronger binding interaction of the lithium atoms compared to the

cubic phase, which enhanced the cycling performance.

KEYWORDS: germanium . tetragonal structures . phase conversion . lithium ion batteries . first-principles calculations .
lithium-intercalated polymorphs
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shown in eq 2.

GeSþ 2Liþ þ 2e� f Geþ Li2S or

GeO2 þ 4Liþ þ 4e� f Geþ 2Li2O (1)

Geþ xLiþ þ xe�TLixGe (0exe4:4) (2)

An important step for controlling the reversible
alloying/dealloying between Li and Ge is a clear under-
standing of the structure and phase changes. This
information is paramount for predicting stresses, inter-
face energies, and diffusion rates within the materials.
In our recent work, the production of metastable
tetragonal phase (ST12) Ge nanocrystals (NCs) was
discovered.23 The ST12 Ge NCs formed after the first
discharge (lithiation) of both amorphous and crystal-
line GeS (and GeS2) nanoparticles and persisted even
after 100 cycles. This result raises a question as to the
production of ST12 phase during lithiation of Ge and
GeO2. In the present work, well-known Ge-based NCs,
Ge, GeS, and GeO2, were synthesized using a gas phase
laser photolysis reaction and then used as the anode
materials for the development of high-performance
LIBs. Remarkably, the ST12 phase Ge NCs were all
produced from the lithiation process. First-principles
calculations were performed on the intercalation of
various numbers of Li atoms into the ST12 and cubic
phase Ge lattices. The results suggested that the
ST12 phase increases the capacity of Li intercalation
compared to the cubic phase because of the stronger
binding interactions of Li atoms. To the best of
our knowledge, this is the first theoretical study on
Li-intercalated Ge polymorphs, and this study helps
rationalize experimental results.

RESULTS AND DISCUSSION

The synthesis procedures are briefly described as
follows. The photolysis of tetramethyl germanium
(TMG) produced Ge NCs, and the addition of H2S in a
1:1 ratio during photolysis induced formation of amor-
phous GeS.23 Thermal annealing at 450 �C produced
crystalline GeS NCs. The GeO2 NCs were synthesized by
oxidation of Ge NCs at 600 �C under ambient O2. XRD
patterns confirmed cubic Ge (JCPDS No. 04-0545;
a = 5.6576 Å), orthorhombic GeS (JCPDS No. 85-1114;
a = 4.290 Å, b = 10.42 Å, c = 3.640 Å), and hexagonal
GeO2 (JCPDS No. 85-1515; a = 4.985 Å, c = 5.647 Å), as
shown in the Supporting Information (SI), Figure S1.
Figure 1a shows the high-resolution TEM (HRTEM)

image of Ge NCs. They have a homogeneous size
distribution with an average value of 7 nm. The Ge
NCs are sheathed with 1�2 nm thick graphitic C layers.
The lattice-resolved image of an individual NC and the
corresponding fast Fourier transform (FFT) image at
the [011] zone axis confirm that the d-spacing of the
faced-centered cubic (111) planes is about 3.3 Å, which
is consistent with the value of bulk Ge (Figure 1b).
The C content was estimated to be about 15 wt %.18

Before annealing, amorphous GeS nanoparticles (with
negligible C layers) have a spherical shape and an
average diameter of 10 nm. Thermal annealing pro-
duces the single-crystalline GeS NCs with enlarged size
(10�20 nm), as shown in the HRTEM image of
Figure 1c. The lattice-resolved and FFT images of the
orthorhombic GeS NCs reveal that the d-spacing of the
(120) planes is 3.3 Å, which is consistent with bulk GeS
(Figure 1d). The single-crystalline GeO2 NC (diameter =
10�20 nm) typically agglomerated into clusters with
random sizes up to 100 nm. The C layers became
negligible after the O2 oxidation process at 600 �C.
The lattice-resolved and corresponding FFT images of
GeO2 NC showed that the d-spacing of the (011) planes
is 3.4 Å, corresponding to hexagonal phase GeO2

(Figure 1e). The EDX data for individual NCs are shown
in the SI, Figure S2.
The discharge/charge capacities of a half-cell con-

taining Ge, GeS, and GeO2 NCs as active anode materi-
als for LIBs were measured. Figure 2a shows their
capacity as a function of the cycle number up to 100
cycles at a rate of 160 mA/g, between 0.01 and 1.5 V.
For all three materials, 1 C was defined as the theoret-
ical capacity of pure Ge. In fact, the theoretical capacity
of Ge NC could be 1380 mAh/g, considering that the
specific capacity calculation included the C compo-
nent, which is 15 wt %. The theoretical 4.4 Li insertion
capacity of GeS and GeO2was calculated as 1130mAh/
g. Ge, GeS, and GeO2 exhibited discharge capacities as
high as 1100, 1220, and 1090 mAh/g after 100 cycles,
respectively. These values reach 80, 108, and 96% of
the theoretical capacity. All cells exhibited reversible
capacities with high Coulombic efficiency (avg 99%)
after the first cycle. Voltage profiles and cyclic voltam-
metry curves are shown in the SI, Figures S3 and S4,
respectively.
The first discharge and charge capacities of Ge were

1760 and 1230 mAh/g, respectively, with an initial
Coulombic efficiency of 70%. This initial capacity loss
can be attributed to the formation of solid electro-
lyte interphase (SEI) layers on the electrode surface
during Li storage, similar to that reported in previous
works.3�21 After the first cycle, the Ge cell exhibits
excellent reversibility of capacity with an average
Coulombic efficiency of 98.4% up to 100 cycles. The
first discharge and charge capacities of GeS were 1830
and 1430mAh/g, respectively, with an initial Coulombic
efficiency of 78%. The first discharge/charge capacities
for GeO2 are 1760/1230 mAh/g, and the initial Coulom-
bic efficiency is 70%. This initial capacity loss from GeS
and GeO2 could be attributed to their irreversible
decomposition into Ge and Li2S (or Li2O). After the first
cycle, the GeS and GeO2 achieved nearly complete
capacity reversibility, with an average Coulombic effi-
ciency of 98.7 and 98.8% up to 100 cycles, respectively.
The rate capabilities of theNCswere tested by sequen-

tially measuring the capacity as the discharge/charge
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rates increased from 0.1 C to 0.2, 0.5, 1.0, 2.0, and 5.0 C,
and then returned to 0.1 C, as shown in Figure 2b.
When the rate was increased to 1.0 C, a small decrease
in discharge capacity was observed from 1200 to 1140
mAh/g for Ge, from 1410 to 1240 mAh/g for GeS, and
from 1330 to 1080 mAh/g for GeO2. Upon a further
increase to 5.0 C, the discharge capacity of GeS
decreased slightly to 1110 mAh/g. In contrast, Ge
and GeO2 decreased more significantly to 550 and
620 mAh/g, respectively. When the rate returned to
0.1 C (after 60 cycles), the discharge capacity increased
back to 90% (avg) of the initial capacity. It can be
concluded that all of the NCs have excellent capacity
stability even after going through cycles at higher
rates. The GeS NCs not only have a higher capacity
but also have higher rate capabilities than the Ge and
GeO2 NCs.
Ex situ XRD measurements were done to investigate

the phase change during the lithiation/delithiation
processes (Figure 3). The XRD peaks of the as-prepared
electrode prior to the cycling tests matched the peaks

of cubic phase Ge, orthorhombic phase GeS, and
hexagonal phase GeO2. The peaks in the range
2θ = 15�40� were only analyzed to avoid the stronger
peak fromtheCu foil electrodeat 2θ=43.3�. As theGecell
was first discharged to 0.01 V (lithiation), new peaks
(marked by the blue slash filling) emerged at 19.9, 23.1,
25.8, and 39.0�. These peaks were amatch for the (211),
(220), (310), and (332) planes of the cubic phase of
Li15Ge4 (JCPDS No. 89-2584; a = 10.7860 Å). After a full
charge to 1.5 V (delithiation), only the cubic phase
Ge peaks remained. In the third discharged cell, the
Li15Ge4 peaks became dominant while the cubic Ge
peaks virtually disappeared. After the fifth discharge,
the Li15Ge4 peaks disappeared, but new peaks at 20.1,
32.3, and 35.6�became amajor feature. In the third and
fifth charged cells, only amorphous phase remained.
However, as the number of cycles increased, the three
peaks persisted, even in the charged cells (see the 10th
and 100th charged cells). It was possible to assign
these three peaks (marked by the red slash filling) to
the (110), (201), and (211) planes of tetragonal ST12

Figure 1. (a) HRTEM image showing the general morphology of Ge NC (avg diameter = 7 nm). The graphitic layers surround
the spherical NCwith a thickness of 1�2 nm. (b) Lattice-resolved and FFT images (zone axis of cubic phase = [011]) of selected
Ge NCs. The d-spacing of the cubic phase (111) planes is 3.3 Å. (c) HRTEM image showing the general morphology of GeS NC,
and its (d) lattice-resolved and FFT images revealing that the d-spacing of orthorhombic phase GeS (120) planes is 3.3 Å.
(e) Lattice-resolved and corresponding FFT images of single-crystalline hexagonal phase GeO2 NC (d011 = 3.4 Å).
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phaseGe (JCPDSNo. 72-1425; a= 5.93Å and c=6.98 Å),
respectively. The ST12 phase is known to be a meta-
stable semiconductor (Eg = 1.47 eV). While it was
initially discovered by compressing cubic phase Ge
at high pressure, it has also recently been identified at
ambient pressure and temperature.24�27 The (110),
(201), and (211) peaks shifted to a lower angle by 1.0,

0.5, and 0.5� from the reference, respectively, indicat-
ing an expansion of the lattice constants. The increase
in the d-spacing of the (110) planes was calculated to
be 5%, which is more significant than the ∼2% of the
(201) and (211) planes.
In the case of GeS, the ST12 Ge peaks (marked by the

red slash filling) emerged after the first discharge. The
GeS peaks in the first discharged/charged cells indi-
cated that all the GeS did not decompose into Ge. In
the third discharged cell, the (110), (201), and (211)
peaks of the ST12 phase became significant, while the
GeS peak disappeared completely. No other peaks
related to the cubic phase Ge or Li�Ge alloy (such as
Li15Ge4) were detected. The ST12 peaks remained in
the charged cell at a reduced intensity. As the cycle
number increased, the peak intensity gradually de-
creased and peak width increased. Nevertheless, the
ST12 phase persisted for up to 100 cycles in both
discharged and charged cells. For the GeO2 cells, the
ST12 Ge peaks also emerged during the first discharge
and became a major feature in the third discharged
cell. After the fifth discharge, the GeO2 phase disap-
peared and only the ST12 phase existed. The ST12
phase remained in the 100th charged cell, which is
identical behavior to Ge and GeS. The GeS exhibits a
stronger ST12 peak intensity over the whole 100 cycles
than Ge and GeO2.
HRTEM images confirmed the persistence of ST12

phase Ge NCs in the fully charged GeS cell after 100
cycles (Figure 4a). The Ge NCs are usually embedded in
the carbon/amorphousmatrix. The average diameter is
about 5 nm, which is smaller than that of GeS NCs.
Figure 4b corresponds to the scanning TEM (STEM;
dark-field TEM) image. The crystalline Ge NCs (white
spots) are well-dispersed in the amorphous matrix
(gray background). The d-spacing of the (113) planes

Figure 2. (a) Discharge/charge capacity versus cycle num-
ber (1�100) for half-cells of Ge, GeS, and GeO2 NCs with a
rate of 0.1 C. (b) Cycling performance as the rate increases
from 0.1 to 5.0 C and returns to 0.1 C.

Figure 3. XRD pattern of (a) Ge, (b) GeS, and (c) GeO2 electrodes before and after the 1st, 3rd, 5th, 10th, and 100th discharge
(DC)/charge (C) cycles.
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is 2.0 Å, which is close to that of ST12 phase Ge
(Figure 4c). The existence of cubic phase L15Ge4 NCs
from the third discharged Ge cell was also confirmed
(Figure 4d). The d-spacing of the (310) planes is 3.4 Å,
which is close to that of the reference, d310 = 3.411 Å.
Previous in situ and ex situ XRD studies showed that

Ge becomes amorphous during the first lithiation, and
that the highly lithiated amorphous LixGe mainly crys-
tallizes into cubic Li15Ge4.

28,29 This result is similar to
that of Si, which crystallizes into Li15Si4.

30 The Huang
group reported on in situ TEM of individual Ge nano-
wires and confirmed the two-step phase transforma-
tion process of lithiation: formation of the intermediate
amorphous LixGe and the crystalline Li15Ge4 phase.

31

In contrast to the size-dependent fracturing of Si, Ge
remains robust without any visible fractures or crack-
ing even with a volume change of ∼260%.32�34 The
Ge nanowires develop a spongy-like network that can
mitigate large volume changes during lithiation and
delithiation.
The present Ge NC results show that the Li insertion

produced crystalline Li15Ge4 up to the third cycle,
which agrees well with previous work.28,29 However,
when no cubic phase Ge (or only the amorphous
phase) is left, no Li15Ge4 phase was produced upon
lithiation, as shown in the third charged and fifth
discharged cells. Instead, the crystalline ST12 phase
emerged during the lithiation and persisted even after
100 cycles. To the best of our knowledge, this remark-
able ST12 phase, produced from the Li insertion of Ge
NCs, has not yet been reported. The production of the
ST12 phase can be attributed to the thermodynamic
stability of the Li-intercalated structures, which is dis-
cussed later using calculations. The maintenance of
the crystalline ST12 phase over many cycles may be

correlated to the tough feature of the Ge nanostruc-
tures observed by in situ TEM.31,32

Lithiation kinetics in a single-crystal Si matrix are
highly anisotropic. Cui and co-workers studied the
anisotropic volumetric expansion of crystalline Si nano-
pillars, and they showed that the volume expansion of
the lithiated Si is vastly more favorable for the Æ110æ
direction than the Æ111æ direction.35 In situ TEMs have
consistently shown significant swelling along the Æ110æ
direction but negligible swelling along the Æ111æ direc-
tion if both faces are exposed.33 Various reasons, based
on thermodynamic, kinetic, and mechanical models,
have been offered as possible explanations for this
anisotropic effect.36�39 Yassar and co-workers reported
in situ TEM images of lithiated SnO2 nanowires, indicat-
ing that the lithium ions' initial preference to diffuse
along the [001] direction in the {200} planes of rutile
(tetragonal) phase SnO2 introduced the lattice
expansion.40 Here, the lattice expansion of the ST12
phase Ge NCs would be due to Li insertion in the Ge
lattices. Themore expanded (110) planes (compared to
the (201) and (211) planes) suggest the anisotropic Li
intercalation in the Ge lattices of the ST12 phase. The
following calculations show that the anisotropic expan-
sion of lattice constants is because of the preferred Li
intercalation on the (100) planes.
The Li insertion of GeS (or GeO2) NCs proceeds via an

irreversible transformation to Ge and amorphous Li2S
(or Li2O), and this mechanism was supported by LIB
data. The XRD results suggest that the ST12 phase Ge
can be directly produced from the decomposition of
GeS and GeO2, not through the cubic phase Ge. The
better cycling performance of GeS compared toGe and
GeO2 could be attributed to a more efficient produc-
tion and persistence of the ST12 phase. The CV curve of
GeS shows consistently the stronger lithitation peak
near 0.35 V (corresponding to crystalline phase Ge41,42)
compared to that of Ge and GeO2 (see SI, Figure S4).
The high concentration Li insertion likely transformed
most of the ST12 Ge into amorphous LixGe alloys, but
some portion still existed in the crystalline form, which
was detected by XRD analysis. It is expected that
retaining the crystalline phase increases the electrical
conductivity compared to the amorphous phase, lead-
ing to a capacity enhancement, especially at the higher
discharge/charge rates. Disintegration of the crystal-
line ST12 phase inevitably takes place with the cycle
number, so the capacity decreases gradually. There-
fore, it was concluded that the favorable production
and persistence of the ST12 phase promises enhanced
cycling performance.
To explain how the ST12 phase Ge NCs formed upon

lithiation, the following calculations were performed.
The Li atoms were added into the ST12 phase of Ge by
the following pathways: from Ge12 to Ge12Li3, Ge12Li4,
Ge12Li6, and Ge12Li8 (Ge12 f Ge12Li3 f Ge12Li4 f

Ge12Li6 f Ge12Li8). Table 1 lists the following

Figure 4. (a) HRTEM and (b) STEM images of ST12 phase Ge
NCs (sampled from the fully charged GeS cell after 100
cycles) embedded in the carbon/amorphous matrix. (c) The
d-spacing of the ST12 Ge (113) planes is 2.0 Å. (d) HRTEM
image of cubic phase L15Ge4 NCs (sampled after the third
fully discharged Ge cell), clearly showing the (310) planes
with d-spacing of 3.4 Å.
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parameters for the stepwise Li insertion reactions: the
number of configurations considered (N), the lattice
constants (a = b, c), the energy change of the Li
intercalation per Li atom (Eb

1), the volume of the Li-
intercalated products per Li atom (V1), the volume
increase accompanying the Li intercalation (δV), and
the total energy of the most stable configuration (Etot).
For each step, three to four initial configurations were
considered by inserting appropriate number of Li
atoms. For example, four different initial configurations
of Ge12Li4 were considered for the Ge12Li3 þ Li f
Ge12Li4 process, where one Li atom is inserted into the
most stable configuration of Ge12Li3. The geometric
optimization was performed for each configuration,
which consequently alters the lattice constants. The
lowest-energy configuration was selected as the
final configuration of Ge12Li4. The structures of Ge12,
Ge12Li3, Ge12Li4, andGe12Li6, projected onto the ab and
ac planes, are shown in Figure 5. In Ge12Li3, three Li
atoms lie on (100) plane, and most of the chemical
bonds between the Ge atoms remain intact upon the Li
insertion. The Ge12Li4 and Ge12Li6 lattices mostly main-
tain the ST12 structure. However, Li insertion at x g 8
results in amorphization (data not shown here).
The Eb

1 values, where the superscript 1 denotes the
energy change per Li atom, were found to be signifi-
cantly negative for all the processes, indicating that
the Li insertions up to Ge12Li8 are thermodynamically
favored. It is highly probable that the computed con-
figuration may not correspond to the global energy
minimum at a given stoichiometry. Therefore, the Eb

1

values as well as the total energy (Etot) of reaction
product may be considered as the upper limit of the
global energy minimum. It is worth noting that the
lattice constants increase from (6.06, 7.12) to (6.36,
7.02) Å with the lithiation process of Ge12 þ 3Li f
Ge12Li3, indicating that the lattice constants a and b

(a = b) increase by ∼5%, while the lattice constant c
does not change by a significant amount. The aniso-
tropic change of lattice constants is due to the

intercalated Li atoms on the (100) planes, as explained
above. This result is consistent with the XRD data
where the d-spacing of (110) planes in the ST12 phase
of Ge NCs increased by∼5%, which is more significant
than those of (201) and (211) planes. Therefore, it was

TABLE 1. Parameters for Li Intercalation Reaction of ST12 Phase Ge and Diamond Phase Ge

Li intercalation reaction Na (a = b, c) in Åb Eb
1 (eV)c V1 (Å3)d δV (%)e Etot (eV)

f

Ge12(ST12) 1 (6.06, 7.12) �52.242 (�34.828)g

Ge12 þ 3Li f Ge12Li3 4 (6.36, 7.02) �0.34 94.7 9 �58.899 (�39.266)
Ge12Li3 þ Li f Ge12Li4 4 (6.62, 7.10) �0.94 77.8 10 �61.715 (�41.143)
Ge12Li4 þ 2Li f Ge12Li6 3 (6.74, 7.46) �0.78 56.5 9 �67.022 (�44.681)
Ge12Li6 þ 2Li f Ge12Li8 3 (6.83, 7.81) �0.56 45.5 7 �71.888 (�47.925)

Ge8(diamond) 1 (5.78, 5.78) �35.941
Ge8 þ 2Li f Ge8Li2(tetragonal) 2 (6.19, 5.73) 0.12 109.7 13 �39.435
Ge8Li2 þ Li f Ge8Li3 2 (6.37, 5.61) �0.26 75.9 4 �41.547
Ge8Li3 þ Li f Ge8Li4 4 (5.81, 7.05) �0.54 59.5 4 �43.964
Ge8Li4 þ Li f Ge8Li5 2 (5.80, 7.25) �0.68 48.8 3 �46.511
Ge8Li5 þ Li f Ge8Li6 3 (5.84, 7.46) �0.76 42.4 4 �49.146

a Number of configurations considered. b Lattice constants (a= b, c). c Energy change of the Li intercalation per Li atom. d Volume per Li atom (V1) of product. e Volume change
accompanying the Li intercalation. f Total energy of the most stable configuration of reaction products. g The 2/3 value of Etot for Li-intercalated ST12 phase.

Figure 5. Structure of (a) Ge12 (ST12), (b) Ge12Li3, (c) Ge12Li4,
and (d) Ge12Li6, projected onto the ab and ac planes.
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concluded that the intercalated Li atoms caused the
lattice expansion of the ST12 phase Ge NCs, which
could exist as a form of Ge12Li3. Once they produced,
the Li atoms could not be completely removed by the
delithiation process because of their strong binding
interactions with the Ge atoms.
Next, the cubic (diamond) phase was studied to

determine if it is less stable than the ST12 phase when
the Li atoms are intercalated into the Ge lattices. The Li
atoms were added into the diamond phase of Ge8
lattices by the following pathways: Ge8 f Ge8Li2 f

Ge8Li3fGe8Li4fGe8Li5fGe12Li6. Table 1 lists all the
parameters for the stepwise Li intercalation reactions
of Ge8 lattices. First, Ge8 þ 2Li f Ge8Li2 (tetragonal)
process was studied. For Ge8Li2, two possible config-

urations A and B are considered. In configuration A,
both the Li atoms occupy two out of the four tetra-
hedral sites. After a Li atom occupies a tetrahedral
site, the remaining three tetrahedral sites become
equivalent. In configuration B, one Li atom occupies a
tetrahedral site, while the other Li atom occupies an
octahedral site. No other configurations are possible.
The calculation result shows that configuration A is
more stable than configuration B by 0.13 eV. Therefore,
it is highly probable that configuration A corresponds
to the global energy minimum.
A comparison of the lattice parameters of Ge8 and

Ge8Li2 shows that the diamond structure of Ge8 trans-
forms into the tetragonal structure Ge8Li2 without
the cleavage of any Ge�Ge bond. The structures of
Ge8 and Ge8Li2 are shown in Figure 6. The Li insertion
into the diamond phase is much less favored than that
in the ST12 phase. This is manifested in the positive
value (0.13 eV) of Eb

1 (Ge8, 2 Li), which is very different
from the negative value (�0.34 eV) of Eb

1 (Ge12, 3 Li).
Therefore, the Li atoms could be easily inserted into

the weaker Ge�Ge bond of the ST12 structure to
form Ge12Li3, while a process leading to the same
stoichiometric diamond structure of Ge8Li2 is less
favored. In other words, the delithiation of Ge8Li2 is
thermodynamically favored, while that of Ge12Li3 is not
thermodynamically favored. This observation supports
our previous assumption that the Li atoms cannot
be completely removed during the delithiation of the
ST12 phase.
Next, the stepwise Li insertions to produce Ge8Li3

and Ge8Li4 were studied. Two possible configurations
A and B for Ge8Li3 andGe8Li4were considered: (i) one Li
atom in the unoccupied tetrahedral sites for config-
uration A and (ii) one Li atom in the octahedral sites
for configuration B. No other configuration seems to
be possible. The former configuration was found to
be more stable than the latter by 0.10 eV for both
stoichiometries, suggesting that configuration A pre-
sumably corresponded to the global energy minimum
structure. Although the structures are not shown here,
the diamond structure was perfectly preserved. Next,
Ge8Li4þ LifGe8Li5 process was studied, in which one
additional Li atom was placed in the octahedral site,
as no other options were available. Therefore, this
configuration presumably corresponded to the global
energy minimum. In this configuration, all the tetra-
hedral and octahedral sites are filled. Finally, the
Ge8Li5 þ Li f Ge8Li6 process was studied. The most
stable configuration was formed when the Li atomwas
inserted in a position close to a tetragonal site rather
than to an octahedral site. The Eb

1 value is larger than
those of previous steps at the lower stoichiometries,
indicating that the Li insertion becomes more favor-
able at a higher Li composition.
Figure 7 shows the total energy (Etot) of tetragonal

phase Ge8Lix (produced from diamond phase Ge8) and
2/3 � Etot of ST12 phase Ge12Lix as a function of Li
composition (x of tetragonal Ge8Lix and 2x/3 of ST12
Ge12Lix). For pure Ge lattices, the diamond phase is
more stable than the ST12 phase (Ge12) by 1.12 eV
(per Ge8 stoichiometry). Remarkably, the ST12 Ge12Lix

Figure 6. Structure of (a) Ge8 (diamond) and (b) Ge8Li2
(tetragonal), projected onto the ab and ac planes.

Figure 7. Total energy (Etot in eV) of tetragonal phaseGe8Lix
(produced from cubic phase Ge8) versus x, and 2/3 � Etot of
ST12 phase Ge12Lix versus 2x/3.
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becomes more stable than the same stoichiometric
cubic phase as the Li composition increases (x g 4).
Therefore, when a large number of Li atoms are
involved in the discharge/charge cycles of LIB, the
ST12 phase can serve as an active phase. The diamond
structure is expected to eventually convert to a Li-
intercalated ST12 structure because of its thermo-
dynamic instability. The production of the ST12 Ge
lattices contributes to enhanced LIB capacity due to
the stronger binding interactions of Li atoms. Never-
theless, further investigation needs to explain why
the production of ST12 phase is favored in the case
of GeS NC.
At the low Li composition, the tetragonal phase is

more stable than the ST12 phase since the Etot value of
Ge8Li2 is lower than the 2/3 � Etot value of Ge12Li3 by
0.17 eV. However, it should be noted that the total
energy of the ST12 phase corresponds to the upper
limit of the global energy minimum, whereas that of
the tetragonal phase presumably corresponds to the
global energy minimum. Therefore, the difference in
the energy between the two phases can be <0.17 eV or
even negative. In the same context, Ge12Li4.5 may be
more stable than Ge8Li3 by an amount larger than the
value that was calculated in this study. Evidently, the
ST12 phase is more favorable than the tetragonal
phase when the stoichiometry is higher than Ge12Li3
(or Ge8Li2). However, a clear conclusion cannot be
drawn for the relative stability of tetragonal and ST12
structures at a lower Li composition.

CONCLUSIONS

The highly crystalline Ge, GeS, and GeO2 NCs were
synthesized conveniently using a gas phase laser
photolysis reaction with TMG as the Ge precursor.
The gas mixture with H2S produced GeS NCs, and the
oxidation of the Ge NCs produced GeO2 NCs. The Ge,
GeS, and GeO2 NCs showed excellent cycling perfor-
mances in LIB; the capacity was maintained at 1100,
1220, and 1100 mAh/g after 100 cycles, respectively.
Ex situ XRD and TEM analyses revealed the production
of metastable ST12 phase Ge upon the lithiation of Ge,
GeS, and GeO2 NCs, while no original phase remained.
The crystalline features of ST12 Ge NCs persist even
after 100 cycles. The more favorable production and
persistence of the ST12 phase was observed for the
GeS NCs (best candidate). First-principles calculations
were performed for the stepwise Li insertion reaction
of the ST12 (Ge12) and diamond (Ge8) phases. The ST12
Ge12Lix structure at xg 4 is more stable than the same
stoichiometric cubic phase (converted into the tetra-
gonal phase). The Ge12Lix lattices preserve the ST12
structure up to x = 6. In Ge12Li3, the Li atoms are
preferentially placed on (100) planes, thus supporting
the anisotropic lithiation behavior of the ST12 Ge NCs.
The thermodynamic stability of the Li-intercalated
ST12 Ge structures also explains why the delithiation
does not lead to its conversion to the diamond phase.
The stronger binding interactions of Li atoms within
the ST12 Ge lattices contribute to enhanced cycling
performance.

EXPERIMENTAL SECTION
Laser photolysis of tetramethyl germanium (TMG, Sigma-

Aldrich) or a TMG/H2S mixture was performed using a
1064 nm Nd:YAG pulsed laser (Coherent SL-10) operating with
a repetition rate of 10 Hz and a pulse width of 10 ns. The pre-
cursors were degassed by several freeze (77 K)�pump�thaw
cycles and then used without further purification. For the
synthesis of Ge NCs, the vapors of TMG (20�50 Torr) were
introduced into a 1 L pyrex glass reactor containing a gas valve
connected to a standard vacuum line and a 2 in. diameter quartz
optical window. The laser beam was focused into the closed
reactor with a 10 cm focal length lens through the window. The
experiment was carried out using a photon energy of 0.1�0.2 J/
pulse. After 1 h of laser irradiation, the gas products were vented
and the freestandingNCpowders (mainly formedon the reactor
wall) were collected by dispersing them in ethanol, followed by
evaporation and vacuum drying at room temperature. A gas
mixture of TMG (20 Torr) and H2S (20 Torr) was typically used to
synthesize the amorphous GeS NCs. For thermal annealing to
produce the crystalline phase GeS, the amorphous NC powders
were placed in a quartz tube at 450 �Cunder vacuum for 1 h. The
GeO2 NCs were synthesized by oxidation of Ge NCs at 600 �C
for 1 h, under O2 ambient.
The products were characterized by scanning electronmicro-

scopy (SEM, Hitachi S-4700), field-emission transmission elec-
tron microscopy (FE TEM, FEI TECNAI G2 200 kV and Jeol JEM
2100F), high-voltage transmission electron microscopy (HVEM,
Jeol JEM ARM 1300S, 1.25 MV), and energy-dispersive X-ray
fluorescence spectroscopy (EDX). Fast Fourier transform (FFT)
images were generated by the inversion of the TEM images

using Digital Micrograph GMS1.4 software (Gatan Inc.). High-
resolution XRD patterns were obtained using the 9B and 3D
beamlines of the Pohang Light Source (PLS) with monochro-
matic radiation. XRD measurement was also carried out in a
Rigaku D/MAX-2500 V/PC using Cu KR radiation (λ = 1.54056 Å).
For electrochemical tests, the electrodes of battery test cells

were made of the active material (Ge, GeS, or GeO2), Super P,
and poly(acrylic acid) (PAA, 35 wt % dissolved in water; Aldrich)
binder at a weight ratio of 6:2:2. The distilled water-mixed slurry
was coated onto 20 μm thick Cu foil. The coated electrode was
dried at 80 �C for 12 h and then roll-pressed. The coin-type half-
cells (CR2032) prepared in a helium-filled glovebox contained
an electrode, Li metal, microporous polyethylene separator,
and electrolyte solution of 1 M LiPF6 in 1:1:1 vol % of ethylene
carbonate (EC)/ethyl methyl carbonate (EMC)/dimethyl carbo-
nate (DMC). The performance of the cells was examined using
a battery testing system (Maccor 4000) at a current density of
0.1 C between 0.01 and 1.5 V for 100 cycles. Cyclic voltammetry
(CV) measurements were conducted (Biology SAS) using a
voltage range of 0.01�2.5 V at a rate of 0.1 mV/s. For ex situ
XRD measurements, the LIB half-cells charged or discharged
to certain voltages were disassembled in a glovebox, and
the electrodes were rinsed thoroughly with a DMC solution to
remove the LiPF6 salts.
For first-principles calculation of Li-intercalated Ge poly-

morphs, geometry optimizations were carried out using the
Vienna ab initio simulation package (VASP).43,44 Electron and ion
interactions were described by the projector-augmented wave
(PAW) method, which is essentially a frozen-core, all-electron
calculation.45 The Perdew�Burke�Ernzerhof (PBE) function was
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adopted for the exchange-correlation function.46 For struc-
ture optimization, atoms were relaxed to the direction of the
Hellmann�Feynman forceusing the conjugategradientmethod
until a stringent convergence criterion (0.03 eV/Å) was satisfied.
The k-point sampling was done using a sufficient number of
points. For example, 15 � 15 � 15 k-points were used for the
cubic (diamond) structure, for which the optimized lattice con-
stant was 5.78 Å. When Li atoms were intercalated, the diamond
phase was found to change to a tetragonal phase. The binding
energy (Eb) of Li atoms in a Ge crystal was calculated based on
the chemical potential of a Li atom, which equated to its total
energy in the body-centered cubic Li crystal with the optimized
lattice constant. Therefore, the calculated Eb corresponds to the
lower bound of the real binding energy, and the real binding
energy will be larger than |Eb| in magnitude.
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