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ABSTRACT Nanostructured germanium is a promising material
for high-performance energy storage devices. However, synthesizing
it in a cost-effective and simple manner on a large scale remains a
significant challenge. Herein, we report a redox-transmetalation
reaction-based route for the large-scale synthesis of mesoporous
germanium particles from germanium oxide at temperatures of
420—600 °C. We could confirm that a unique redox-transmetalation
reaction occurs between Zn® and Ge*" at approximately 420 °C
using temperature-dependent in situ X-ray absorption fine structure

analysis. This reaction has several advantages, which include (i) the
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successful synthesis of germanium particles at a low temperature (~450 °C), (i) the accommodation of large volume changes, owing to the mesoporous
structure of the germanium particles, and (iii) the ability to synthesize the particles in a cost-effective and scalable manner, as inexpensive metal oxides are
used as the starting materials. The optimized mesoporous germanium anode exhibits a reversible capacity of ~1400 mA h g " after 300 cycles at a rate of
0.5 C (corresponding to the capacity retention of 99.5%), as well as stable cycling in a full cell containing a LiCo0, cathode with a high energy density
(charge capacity = 286.62 mA h cm ).

KEYWORDS: mesoporous germanium - redox-transmetalation - zincothermic reduction - germanium anode - energy storage devices

essential electrochemical energy sto-

rage devices, are being used to power
portable electronics such as cell phones,
laptops, and digital cameras, because of
their advantageous properties, which in-
clude a high working voltage, high energy
density, long cycling life, and the absence
of the memory effect.' > However, current
LIBs, which consist of a graphite anode and
a LiCoO, cathode, do not meet the require-
ments for more advanced applications such
as higher energy and power densities. Thus,
it is crucial to develop alternative electrode
materials with higher gravimetric and volu-
metric capacities than those of conven-
tional ones.** For example, in the case of a

Lithium—ion batteries (LIBs), which are
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18650 cell consisting of a graphite anode
with a capacity of 372mAh g~ ' and a LiCoO,
cathode with a capacity of ~137 mAh g™, if
a graphite anode is replaced with an anode
of a lithium-alloying material having a capa-
city greater than 1000 mA h g, the total
battery capacity would increase by more
than 20%.%” For this reason, Si and Ge are
attracted increasing attention as promising
high-capacity anode materials.

Even though Ge is more expensive than Si
and thus has attracted less attention, the
fact that Ge is as abundant as Si in the
earth's crust suggests that Ge-based mate-
rials can be used for LIB anodes.? Further-
more, Ge has several advantages over Si.
Although the gravimetric capacity of Ge at
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room temperature (1384 mA h g’1 in the form of
Li;5Ge,) is much lower than that of Si at room tem-
perature (3579 mA h g '), the volumetric capacity
of Ge (7366 A h cm™3) is second only to that of Si
(8334 A h cm™3).% In addition, Ge exhibits high elec-
trical conductivity (10* times higher than that of Si),
owing to its small band gap, which is 0.6 eV,'®"" and
exceptionally high lithium-ion diffusivity (400 times
greater than that for Si at room temperature), allowing
for high rate capability.'® Finally, Ge-based anodes
show isotropic lithiation behavior, while Si-based ones
exhibit highly anisotropic behavior as well as non-
homogeneous alloying pathways for Li ions.” The
phenomenon of isotropic lithiation may lead to
Ge-based anodes exhibiting highly reversible capaci-
ties, as it minimizes fracturing in the anodes.

However, as is the case with Si-based anodes, a
critical issue related to Ge-based anodes is that they
exhibit a significant volume change (greater than
230%), which may lead to the cracking and pulveriza-
tion of the Ge particles, resulting in poor cycling
life.""'* To overcome this problem, numerous efforts
have been made to design Ge-based materials that do
not exhibit significant volume changes. These include
reducing the particle size,"" forming one-dimensional
nanostructures,>'*' dispersing Ge in an inactive/
active matrix,'® forming porous structures,®'” and coat-
ing shells with the Ge materials'® in order to improve
their electrochemical performances.

For example, Cho and co-workers have reported that
the Li-ion storage ability of Ge nanoparticles depends
on their morphology and changes when the particles
are transformed from zero-dimensional hollow-type
ones to three-dimensional porous assemblies.'® They
also demonstrated that Ge nanotubes and graphene-
coated Ge nanowires exhibit high rate capabilities
and long-term stable cyclability.”® Further, Han
and co-workers have proposed a simple method for
synthesizing amorphous, porous, and hierarchically
structured GeO, anodes with a capacity as high as
~1250 mA h g™ after 600 cycles.?® Anodes of other
Ge/carbon nanocomposites, including those with sur-
face carbon coatings, also show significantly im-
proved electrochemical performances as well as
controlled volume expansion and stable cyclability
over 100 cycles.'®?' =26 However, these materials are
synthesized through complicated multistep pro-
cesses that involve the use of expensive and hazar-
dous organic-capped Ge precursors (e.g., GeH, and
GeCl,).? In addition, magnesiothermic reduction in-
volving the use of magnesium as a reducing agent can
be dangerous owing to the large thermal shock
generated during the chemical reaction.'® Therefore,
the development of a simple, safe, cost-effective, and
scalable method for synthesizing high-performance
Ge-based battery anodes is highly desired but still a
challenge.
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Herein, we present a simple and cost-effective tech-
nique for synthesizing mesoporous Ge particles.
Metallic Zn, which has a low melting temperature
(420 °Q), is used as the reducing agent for the simple
conversion of cheap GeO, into mesoporous Ge parti-
cles via a redox-transmetalation reaction®® (e, a
zincothermic reduction reaction (ZRR)). This strategy
has several advantages. To begin with, the reaction
temperature for the ZRR is much lower than that for
typical metallothermic reactions (e.g., those involving
Mg, Al, or Ca); hence, the shape of the original GeO,
particles is preserved even after they have been con-
verted into metallic Ge particles. Further, the large
change in volume exhibited by the Ge particles during
the lithiation/delithiation process is accommodated by
the mesoporous structure of the particles. Finally, the
ZRR process allows one to produce mesoporous Ge
materials on a large scale through a one-step synthetic
reaction using an environmentally benign and cost-
effective approach. Using the ZRR process, it is possible
to fabricate an optimized mesoporous Ge anode that
exhibits a reversible capacity as high as ~1400 mAh g™
after 300 cycles at a rate of 0.5 C (corresponding to the
capacity retention of 99.5% compared to a capacity in
the initial cycle), excellent rate capability, and stable
cycling performance in a full cell containing the Ge
anode and a LiCoO, cathode.

RESULTS AND DISCUSSION

A schematic illustration of the process for synthesiz-
ing mesoporous Ge materials via a redox-transmetala-
tion reaction between Zn® and Ge** (Ge0,) is shown in
Figure 1a. Hollow GeO, nanoparticles react with Zn
vapor at a temperature well above the melting tem-
perature of Zn metal, with Ge and ZnO forming after
the ZRR. Subsequently, the byproduct ZnO is removed
completely using hydrochloric acid, resulting in hollow
mesoporous Ge nanoparticles. According to a previous
study,”® we synthesized hollow GeO, nanoparticles via
the hydrolysis of Ge** and Sn** precursors (Ge*/Sn**
molar ratio = 1:1) under basic conditions. This simulta-
neously generated insoluble GeO, and Sn(OH), as
white precipitates. The gradual dissolution of Sn(OH),
under basic conditions led to the formation of hollow
GeO, nanoparticles. The surface morphology and
microstructure of the as-synthesized GeO, nanoparti-
cles were characterized using scanning electron micro-
scopy (SEM) and transmission electron microscopy
(TEM), as shown in Figure 1b. It was found that uni-
form ellipsoidal GeO, nanoparticles with sizes of
200—300 nm were synthesized; the void space within
the particles was indicative of their hollow structure.
The X-ray diffraction (XRD) pattern of the hollow GeO,
particles suggested that the particles have a crystalline
structure and are of trigonal GeO, (JCPDS card no.
36-1463) (Figure 1c). The resulting GeO, particles
react with Zn metal via a ZRR process at a certain
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Figure 1. (@) Schematic illustration of the method for synthesizing mesoporous Ge materials via a unique redox-
transmetalation process. (b) SEM images of the synthesized GeO, particles showing their ellipsoidal structure. Inset:
HRTEM image of GeO, particles showing their hollow structure. (c) XRD pattern of the as-synthesized hollow GeO, particles.
Radial distribution functions of (d) the Ge K-edge k3 and (e) the Zn K-edge k3-weighted XAFS spectra as functions of the

temperature.

temperature range as the following chemical reaction:
GeO;,(s) + 2Zn(g) — 2Zn0O(s) + Ge(s)
AG°(450°C) = —99.263 kimol ' (1)

that a redox-trans metalation process corresponding to
27Zn° + Ge*" — 2Zn*" + Ge® occurs was confirmed by
temperature-dependent in situ X-ray absorption fine
structure (XAFS) spectroscopy performed during the
ZRR process. Because the spectroscopic method yields
atomic-selective structural information related to the
elements present, Ge and Zn K-edge XAFS measure-
ments can elucidate the thermal dependence of the
phase transition for every element on the ZRR.

The variations in the normalized Ge and Zn K-edge
X-ray absorption near edge structure (XANES) spectra
are shown in Supporting Information (Figure S1), while
the corresponding radial distribution functions (RDFs)
of the extended XAFS (EXAFS) spectra for temperatures
of 25—600 °C (heating rate = 2.5 °C/min) are shown in
Figure 1d,e. The spectral features corresponding to
the oxide phase (GeO,) and metallic Zn at room
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temperature change abruptly and simultaneously to
those corresponding to metallic Ge and ZnO, respec-
tively, at 420 °C. In particular, the Ge—O and Ge—0O—Ge
peaks of the oxide phase in the RDFs disappear and
metallic Ge—Ge peaks are observed (Figure 1d), while
the Zn—Zn metallic peak transforms into one corre-
sponding to an oxide phase (ZnO) (Figure 1e). The fact
that the XANES and EXAFS spectral features remain
unchanged up to 600 °C indicates the successful
formation of metallic Ge phase from GeO, through
the redox-transmetalation process.

On the basis of the in situ XAFS spectroscopy results,
we performed a ZRR reaction between hollow GeO,
particles and Zn metal at several temperatures. A mix-
ture of hollow GeO, nanoparticles and Zn (GeO,/Zn
weight ratio = 1:1.25) was heated at 390, 420, and
450 °C for 3 h and subsequently rinsed with 1 M HCl to
dissolve the ZnO formed as byproduct. Next, the
resulting products were characterized by XRD analysis
(Figure 2c). The concentration of each component (i.e.,
the Ge/GeO, ratio) was estimated from the areas under
the XRD peaks (Figure 2d). Even at temperatures lower
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Figure 2. Characterization of hollow Ge particles synthesized by the ZRR process. (a) SEM image of shape-preserving
mesoporous Ge particles with a hollow structure. (b) TEM image of the Ge particles showing the presence of mesopores. Inset:
the crystalline structure of the Ge particles can be seen clearly. (c) XRD patterns of hollow Ge particles synthesized from hollow
GeO, nanoparticles at three different reaction temperatures (390, 420, and 450 °C). (d) Concentration and crystallite size of Ge,
as estimated from the XRD pattern shown in (c). (e) Nitrogen adsorption—desorption plots and (f) pore size distribution plots
of the hollow GeO, and mesoporous Ge ellipsoidal particles obtained by the ZRR process at 450 °C.

than the melting temperature of Zn, a small amount of
Ge (14.7%) was produced, owing to the exothermal
heat generated during the ZRR process (see bottom of
Figure 2c). When the reaction temperature reached the
melting temperature of Zn (420 °C), Ge was formed in a
greater amount (41.6%), indicating that a larger por-
tion of GeO, was transformed into Ge (see middle of
Figure 2c). With a further increase in the reaction
temperature to 450 °C, all of the GeO, was completely
converted into pure metallic Ge (see top of Figure 2c).
The ZRR (at 450 °C) of the hollow GeO, nanoparticles
led to the formation of shape-preserving mesoporous
Ge nanoparticles without there being a significant
change in the dimensions of the nanoparticles (SEM
image in Figure 2a) or a change in the original hollow
structure of the GeO, nanoparticles (TEM image in
Figure 2b). Further, high-resolution TEM confirmed
that highly crystalline Ge was obtained after the ZRR
process (inset of Figure 2b).

The crystallite sizes of the Ge nanoparticles formed
at different temperatures were calculated using the

CHOI ET AL.

Scherrer formula and the XRD data.”® The average size
of the crystalline domains was calculated using the
following formula:

7 = KA/B cos 6 V)

where K is a dimensionless shape factor, 4 is the X-ray
wavelength, j is the degree of line broadening at half
the maximum intensity, and 6 is the Bragg angle. It was
found that the crystallite sizes of the Ge particles
synthesized at 390, 420, and 450 °C were 118, 149,
and 157 nm, respectively. With an increase in the ZRR
temperature, the size of the Ge crystals increased
significantly (Figure 2d). A Brunauer—Emmett—Teller
(BET) analysis indicated that the hollow GeO, nano-
particles had a BET surface area of 37.84 m? g™, while
the hollow Ge nanoparticles had a BET surface area of
80 m? g~ ' (Figure 2e), indicating that a number of
mesopores were formed during the ZRR process. The
pore size distribution, obtained using the Barrett—
Joyner—Halenda (BJH) method, suggested that the
hollow Ge nanoparticles had a narrower pore size
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Figure 3. Characterization of the mesoporous Ge particles synthesized from bulk GeO, by the ZRR process at 600 °C. (a) Low-
magnification and (b) high-magnification SEM images of the as-synthesized z600-Ge. (c) XRD pattern of the sample obtained
immediately after the ZRR process (bottom) and that of the HCl-treated sample (top). (d) Crystallite sizes of the zGe samples
obtained at three different temperatures. (€) Raman spectra of the z600-Ge particles (red line) and bulk GeO, (black line). Inset:
indicates that the z600-Ge particles contained both crystalline Ge and amorphous Ge. (f) Nitrogen adsorption—desorption plots

of bulk GeO, and the z600-Ge particles.

distribution (smaller than 20 nm in diameter) than that
of the hollow GeO, nanoparticles, which ranged from
10 to 80 nm in diameter (Figure 2f).

However, these nanomaterials have several disad-
vantages, which include (i) high cost to synthesize
due to the complexity of their synthesis processes,
(i) the low volumetric energy density resulting from
the lowered tap density of the nanoparticles, and (iii)
undesired side reactions between the electrode and
electrolyte owing to the large surface areas.”

In addition to synthesizing Ge nanomaterials, we
employed the ZRR process to fabricate micrometer-
sized bulk GeO, particles. SEM images of commercially
available bulk GeO, particles show large secondary
particles (10—20 um), which formed by the irregular
stacking of primary particles (200—500 nm). Further,
tiny pores are formed in the stacked regions of the
primary particles (Supporting Information, Figures S2a
and S2b). The XRD pattern of the GeO, particles
indicates a crystalline structure consisting of a trigonal
GeO, phase (Supporting Information, Figure $2c).3°
The ZRR process for synthesizing metallic Ge from bulk
GeO, particles with a low surface area requires addi-
tional heat. When the bulk GeO, reacted with Zn vapor
at 550 °C for 3 h, most of the GeO, was converted
into Ge; however, a small amount of GeO, remained
(Supporting Information, Figure S3). It should be noted
that the GeO, particles, which were initially composed of
a trigonal phase, transformed such that they consisted of
a tetragonal phase (JCPDS card no. 35-0729), owing to
the additional heat generated during the ZRR process.

When the bulk GeO, particles were reacted with Zn
vapor in the presence of NaCl (employed as a heat
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scavenger) at 600 °C for 3 h in an argon atmosphere,
they resulted in pure Ge particles (z600-Ge) and ZnO
(byproduct), with no unreacted GeO, being present, as
confirmed by the XRD pattern (Figure 3c). During the
ZRR process, the secondary GeO, particles broke into
numerous submicron-sized primary particles and
were simultaneously converted into submicron-sized
Ge particles. Figure 3a,b show SEM images of the
z600-Ge particles of 200—500 nm in size. In general,
metallothermic reduction processes generate large
amounts of heat, resulting in the collapse of original
structure of the metal oxide material.3'>2 To solve this
problem, we employed NaCl as a heat scavenger to
preserve the original structure of the GeO, particles
after the ZRR process. Powders of GeO,, NaCl, and
Zn (GeO,/Zn/NaCl = 1:1.25:2.25 by mass) were mixed
homogeneously in an argon-filled glovebox. After the
completion of the chemical reduction process, the
NaCl was removed by washing the product several
times with deionized water, while the ZnO formed as a
byproduct was removed with HCIl. The XRD pattern of
the as-synthesized Ge/ZnO composite indicated that it
contained a large amount of ZnO (as a byproduct) and
the NaCl salt used as a heat scavenger (see bottom of
Figure 3c). When the composite material was dis-
solved in a 1 M HCl solution, the ZnO was completely
removed, as indicated by the XRD pattern shown in
Figure 3c (see top). After the complete removal of ZnO
and NaCl, the XRD pattern of the z600-Ge particles
suggested that the particles had a crystalline structure
of diamond cubic Ge (JCPDS card no. 04-0545).
Meanwhile, when the ZRR temperature of the bulk
GeO, was increased to 700 and 800 °C, a mixture of
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mesoporous/macroporous particles and micrometer-
sized aggregated porous Ge particles were synthe-
sized, respectively, owing to the excessive exothermic
heat generated (Supporting Information, Figure S4).
Using the Scherrer formula, the crystallite sizes of the
Ge particles synthesized at 600, 700, and 800 were
found to be 93, 149, and 162 nm, respectively. With an
increase in the reduction temperature, the size of the
Ge particles increased significantly (Figure 3d). Thus,
the reaction temperature affects both the particle size
and the crystallite size. Raman spectroscopy is another
tool that can yield information on the intrinsic char-
acteristics of GeO, and metallic Ge. Figure 3e shows the
Raman spectra of z600-Ge and bulk GeO,. The spec-
trum of the bulk GeO, powder shows a strong peak at
448 cm™ ", which corresponds to symmetric Ge—O—Ge
stretching, while the bands at 167 and 260 cm™'
correspond to the complex translation and rotation
of the GeQ, tetrahedra (see bottom of Figure 3e).'® In
the Raman spectrum of z600-Ge, two peaks, corre-
sponding to crystalline and amorphous Ge, are ob-
served at 300 and 270 cm ™', respectively (inset of
Figure 3e).?” In addition, nitrogen adsorption BET
measurements indicated that the specific surface
area of commercially available bulk GeO, is very low
(0.01 m? g7"), while that of z600-Ge is significantly
higher (~15 m? g™"), owing to the formation of
mesopores during the ZRR process (Figure 3f).

The galvanostatic discharge—charge cycling of
the zGe particles was performed for potentials of
0.005—1.5 V at different current densities. Commer-
cially available anodes containing micrometer-sized
Ge particles showed a remarkably high initial Coulom-
bic efficiency of 93.3%, owing to the good electrical
conductivity of single-crystalline Ge (Supporting Infor-
mation, Figure 55)."* However, an electrode of bulk Ge
exhibited a capacity retention rate as low as 17.5% at a
0.2 Crate after 100 cycles; this was because of the large
volume change experienced by the Ge particles during
battery operation.'® In contrast, an electrode of the
hollow Ge nanoparticles obtained by the ZRR process
at 450 °C (seen in Figure 2) showed high cycling
stability, exhibiting outstanding capacity retention
(91.4%) at 0.5 C after 200 cycles (Figure 4b). This is
attributed to the peculiar structure of the anode, which
had mesopores in the shell part and nanocavities in
the interior; these can provide extra void space and
accommodate the large volume changes occurring
during the lithiation/delithiation process. However,
the initial Coulombic efficiency of the anode of
mesoporous and hollow Ge particles was 74%, which
corresponded to a discharge (lithiation) capacity of
1470 mA h g~ " and a charge (delithiation) capacity of
1086 mA h g~ (Figure 4a). This was due to a side reac-
tion of the nanoparticles, which had a high surface area.

Given the various advantages and disadvantages
of nanomaterials, the z600-Ge particles, which had a
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lower surface area and a higher crystallinity than those
of hollow Ge particles, may be more suitable anodic
materials for LIBs. Figure 4c shows the first cycle
voltage profile corresponding to the discharge and
charge of the z600-Ge electrodes at a rate of 0.05 C
when used in a coin-type half-cell. The first discharge
and charge capacities of the z600-Ge electrode were
1585 and 1410 mA h g, respectively; these corre-
sponded to an initial Coulombic efficiency of 89%. It
should be noted that an increase in the ZRR tempera-
ture leads to an increase in the initial Coulombic
efficiency. This suggests that increasing the crystallite
and particle sizes of Ge increases its electrical conduc-
tivity, resulting in an increase in the kinetics of lithiation
and delithiation. The Ge-based electrodes (z700-Ge
and z800-Ge) obtained by the ZRR process at 700 and
800 °C showed markedly improved initial Coulombic
efficiencies of 90 and 92.2%, respectively (Supporting
Information, Figure S6a and S6¢). However, as expected,
the cycling performances of both the electrodes
(z700-Ge and z800-Ge) resulted in significant capacity
fading because of the large volume changes occurring
owing to the increase in particle size. The z700-Ge and
z800-Ge anodes showed capacity retention rates of 59%
and 17%, respectively, at a rate of 0.2 C after 100 cycles
(Supporting Information, Figures S6b and Séd). In con-
trast, the z600-Ge electrode exhibited outstanding long-
term cycling stability, exhibiting a capacity retention
rate of more than 99.5% at 0.5 C rate after 300 cycles
(Figure 4d). Furthermore, the Coulombic efficiency per
cycle was more than 99.5%, demonstrating that the
mesopores act as effective active sites for reversible
electrochemical lithium storage.

The excellent electrochemical performances of the
z-Ge series of electrodes can be explained as follows: (i)
the crystallite size of the Ge particles depends on the
ZRR temperature and affects the initial Coulombic
efficiency, (i) decreasing the crystallite size improves
the cycling stability, as increasing the amorphous
content within the Ge particles improves their electro-
chemical properties while also preventing particle
fracturing and decreasing the volume change experi-
enced during cycling,®® and (i) when mesopores are
present within an active material in a suitable number
density, they can act as buffer spaces and accommo-
date the large volume changes experienced during the
repeated cycling.

As a control experiment, we synthesized macropor-
ous Ge particles using a well-known metallothermic
reduction reaction, namely a magnesiothermic reac-
tion, which was performed at 700 °C for 1 h. Bulk GeO,
was successfully converted into Ge particles (denoted
as m-Ge) and MgO (byproduct) (GeO, (s) + 2Mg (g) —
2MgO (s) + Ge(s), AG®(700 °C) = —599.63 kJ mol ™).
However, significantly aggregated Ge particles were
obtained, owing to the large amount of heat generated
during the chemical reduction process (Supporting
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med using the hollow Ge and z600-Ge particles. (a) First-cycle

voltage profile of the hollow Ge particles-based electrode obtained at a rate of 0.05 C in the range of 0.005—1.5 V. (b) Cycling
performance of the hollow Ge particles-based electrode obtained at a rate of 0.2 C. (c) First-cycle voltage profile of the z600-Ge

electrode at 0.05 Cin the range of 0.005—1.5 V. (d) Cycling performances of the z-600Ge electrode at 0.2 C (1st to 100th cycles)

and 0.5 C (101th to 300th cycles). (e) Rate capabilities of the z600-Ge electrode at the same charge/discharge rates. (f) Cycling
performance of a full cell (LiCoO, cathode and z600-Ge anode) at 0.5 C in the range of 2.5—4.2 V. Inset: first-cycle voltage

profile of the full cell.

Information, Figure S7a). An electrode of m-Ge showed
an initial Coulombic efficiency of 81.9% (Supporting
Information, Figure S7c). In addition, the m-Ge elec-
trode exhibited a gradual decay in capacity during
cycling, showing a capacity retention rate of 73.7% at a
rate of 0.2 C after 100 cycles; this was due to the large
volume change experienced by the aggregated Ge
particles (Supporting Information, Figure S7d).
Moreover, the z600-Ge electrode exhibited specific
capacities of 1178, 1075, and 804 mA h g’1 at current
densities of 2.63 (2 C),3.89 (3 C),and 647 Ag ™' (5Q),
respectively, even though no coating layer (such as
that of carbon, metal, or conductive polymers)>*—=2
was introduced on the Ge surface (Figure 4e). The
electrochemical performances of the anodes of the
mesoporous Ge nanoparticles were tested in half cells.
However, this is not sufficient to determine the suit-
ability of the nanomaterials as anodic materials for LIBs.

CHOI ET AL.

Thus, we employed a full cell (loading density of
~1 mA h cm™?), in which a z600-Ge electrode was
coupled with a LiCoO, cathode. The first charge/discharge
voltage profile of the Ge/LiCoO, full cell shows that it had
a Coulombic efficiency of 80% during precycling at a rate
of 0.1 C for voltages of 2.5—4.2 V (see inset of Figure 4f).
During subsequent long-term cycling (including a second
cycle of charging/discharging, which was performed at
0.5 (), the anode exhibited a capacity retention rate of
~80% after 100 cycles (Figure 4f). This demonstrates that
the mesoporous z600-Ge is a promising anodic material
for practical LIBs.

Electrodes of mesoporous Ge (fabricated by a ZRR
process) showed high specific capacities, outstanding
cycling stabilities, and excellent rate capabilities. How-
ever, the other critical issue determining the suitability
of an anodic material for use in LIBs is whether a stable
solid-electrolyte interphase (SEl) layer is formed on
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Figure 5. (a) C 1sandF 1s XPS spectra of the mesoporous z-Ge electrode after 300 cycles. (c) Reaction mechanism showing the

formation of the C—F bond and LiF.>°

Figure 6. Cross-sectional SEM images of the z600-Ge electrode (a) before and after (b) the 1st cycle, (c) 5th cycle, (d) 10th cycle,

(e) 20th cycle, and (f) 300th cycle.

the electrode surface during repeated lithiation/
delithiation.*®

It is should be noted that the surface chemistry of
metal-based electrodes with high theoretical capaci-
ties is a critically important issue that influences the
lithiation/delithiation kinetics and the interfacial stabi-
lity of the electrodes during long-term cycling. To
investigate the surface chemistry of the Ge electrodes,
ex situ X-ray photoelectron spectroscopy (XPS) anal-
yses were performed. Figure 5 shows the F 1sand C 1s
XPS spectra of a Ge electrode after 300 cycles. Two
major peaks were seen in the F 1s XPS spectrum
(Figure 5b): one was assignable to the C—F bond
(686.3 eV) produced by the decomposition of fluor-
oethylene carbonate (FEC) (FEC + LiT + e —
CH,=CHF + Li,CO3, CH,=CHF — C—F containing poly-
mer species),>® and the other was attributable to LiF
(684.5 eV) formed by the reaction of the C—F-containing
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polymer species (CH,—CHF), with Li" ions and elec-
trons, as described in Figure 5c. This demonstrates that
employing FEC as an additive is an efficient means of
forming an SEl layer on Ge electrodes and thus prevent-
ing unwanted electrolyte decomposition during cycling.
The C 1s XPS spectrum shows peaks corresponding to
four types of carbon: C—H (285.0 eV), C—O—C/CH,—CHF
(286.5 eV), 0—C=0 (carbonate species; 288.0 eV), and
Li,CO5/C—F (290.5 eV) (Figure 5a). The appearance of
two peaks corresponding to carbon bonded to fluorine
(C—F and CH,—CHF), at 286.5 and 290.5 eV, respec-
tively,*® confirms that FEC acts as an SEl-forming agent
on the z600-Ge electrode during long-term cycling.
More interestingly, when we investigated the swel-
ling of the z600-Ge electrodes after repeated cycles,
we found that the electrode thickness increased sig-
nificantly by up to 150% during the first cycle, owing to
the formation of lithium-alloying products (Figure 6b).
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However, during subsequent long-term cycling (i.e.,
until the 300th cycle), the electrode thickness is quite
similar to that after the first cycle (Figures 6c—f),
increasing to 157% of the original value. This result
once again demonstrates that the stable SEI layer on
the z600-Ge electrode surface forms and the mesopor-
ous structure of z600-Ge mitigates the large volume
change occurring during long-term cycling, resulting
in highly stable cycling performance. In contrast, com-
mercial Ge electrode showed a remarkable increase of
electrode thickness as a function of cycles. After 300
cycles, the electrode swelling of >350% was observed
(Supporting Information, Figure S8).

CONCLUSION

In summary, we demonstrated a simple and cost-
effective large-scale process for synthesizing mesopor-
ous Ge particles via a unique redox-transmetalation
reaction between GeO, and Zn powders. Using in situ

METHODS

Synthesis of Hollow Germanium Oxide Materials. Hollow GeO,
particles were synthesized by the hydrolysis of GeCl, and SnCl,
(Ge/Sn molar ratio = 1:1) under ultrasonication. First, 1.635 g of
SnCl,-5H,0 was dissolved in 35 mL of ethanol (99.9%, Sigma-
Aldrich) under ultrasonication for 10 min. Next, 1 g of GeCl,
(99.999%, Alfa Aesar) dissolved in 10 mL of ethanol was added
to the SnCl, solution. Subsequently, 7 mL of deionized water
and 1 mL of concentrated NH,OH were added to the above
mixture and the mixture was subjected to ultrasonication for
120 min. The resulting white precipitate was collected by
centrifugation (3500 rpm for 10 min) and rinsed several times
with ethanol before being dried in vacuum at 80 °C.

Synthesis of Mesoporous Germanium Materials. Commercially
available GeO, (99.999%, Sigma-Aldrich) was mixed uniformly
with a zinc powder (Zn 99.9%, Alfa Aesar) in a mortar. The
mixture was placed in a stainless steel vessel, whose cap was
then closed in an argon-filled glovebox. In a typical process, the
furnace was heated to 390—800 °C at a rate of 5 °C min~' and
kept at the target temperature for 3 h. The thus-obtained
samples were immersed in a 1 M HCl solution at 30 °C for 1 h
to remove the ZnO formed as a byproduct. From this synthetic
process, Ge particles of >65% were obtained in one batch.

Physical Characterization. The surface morphologies of the
GeO, and Ge particles were characterized using field-emission
scanning electron microscopy (FESEM, Hitachi S-4800), which
was performed at 10 kV. The microstructures of the GeO,
particles and the as-synthesized Ge particles were investigated
using XRD analyses (Bruker D8-Advance), which were performed
at 3 kW using Cu Ko radiation. The Raman spectra to characterize
the Ge phase in the Ge and GeO, particles were obtained using a
JASCO spectrometer (NRS-3000), which was operated at 532 nm.

X-ray Absorption Spectroscopy. The temperature-dependent
in situ Ge and Zn K-edge X-ray absorption spectra of the mixture
of the Ge and Zn particles were collected at the BL10C beamline
of the Pohang light source (PLS-lI) in the top-up mode under a
ring current of 300 mA at 3.0 GeV. The XANES and EXAFS
analyses were also performed under the same conditions. A
monochromatic X-ray beam was obtained from high-intensity
X-ray photons emitted by a multiple wiggler source using a
liquid-nitrogen-cooled Si (111) double crystal monochromator
(Bruker ASC). The transmitted XAFS spectra were collected
using a laboratory-made heating stage for temperatures rang-
ing from the room temperature to 600 °C for ~4 h (heating
rate = 2.5 °C/min).
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XAFS analyses performed at various temperatures, the
redox-transmetalation reaction was monitored. This
method allowed us to preserve the shape of the
original GeO, particles and to form additional meso-
pores in the resulting Ge particles. There are several
other advantages of this technique. The low-temperature
reduction process enabled us to synthesize metallic
particles from inexpensive metal oxides on a large
scale. Next, the resulting mesoporous Ge particles
exhibited outstanding electrochemical properties
when used as anode materials in LIBs, showing a
specific capacity as high as ~1400 mA h g, highly
stable cycling performance (capacity retention rate of
99.5% after 300 cycles), and excellent rate capability (a
specific capacity of 804 mA h g™ at a rate of 5 C). This
simple strategy may open up an effective way for
synthesizing mesoporous particles of other metals via
a one-step synthetic reaction through an environmen-
tally benign and cost-effective approach.

Electrochemical Test. The electrochemical properties of the
Ge-based electrodes were evaluated using coin-type half cells
(2016R) at 25 °C. The Ge-based electrodes were composed of
the Ge active material, super-P carbon black, and poly(acrylic
acid)/sodium carboxymethyl cellulose (1:1, w/w) as binder in a
weight ratio of 7:1.5:1.5. The electrolyte used was 1.3 M LiPF¢
containing ethylene carbonate/diethyl carbonate (PANAX Star-
lyte, Korea, 3/7 (v/v)) and 10 wt % fluoroethylene carbonate as
an additive. The half cells were tested galvanostatically between
0.005 and 1.5 V (versus Li/Li") for C rates of 0.05—7 C. The coin-
type full cells consisted of an anode of the synthesized material
(z600-Ge) and a LiCoO, cathode. The cell performance was
examined using a cycle tester (WBCS 3000 battery systems,
Wonatech). The full cells were cycled at rates of 0.1-0.5 C
between 2.5 and 4.2 V.
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