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ABSTRACT: Germanium has emerged as a promising high-capacity anode material for lithium ion batteries. To understand
the microstructure evolution of germanium under different cycling rates, we monitored single germanium particle batteries
using an in situ focused ion beam-scanning electron microscope. Our results show that both the lithium concentration and
delithiation rate have an impact on nanopore formation. This study reveals that germanium electrodes with low and high cycling
rates have better microstructure integrity, which leads to better cycling performance. The nanopores tend to aggregate into large
porous structures during cycling which leads to particle pulverization and capacity fading of the electrode.
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L ithium ion batteries (LIBs) have become one of the most
important renewable energy storage technologies and
have been used in a variety of applications." Currently a
graphite anode and metal oxide cathode are commonly used in
commercial LIBs. However, the limited capacity and energy
density of current LIBs prevent their broader deployment as
power sources for high-performance portable electronic
devices and electric vehicles.” " Over the past two decades,
there has been a continual effort to explore high-capacity
electrode materials for LIBs. In addition to graphite (375 mAh
g™'), other group IV elements such as silicon (Si), germanium
(Ge), and tin (Sn) have drawn significant attention due to
their high theoretical capacity.s’6 Among them, Ge has been
considered a promising anode active material, due to its high
capacity, low voltage, fast lithium ion diffusion, and high
electrical conductivity.'/_9 However, Ge-based anode materials
suffer from pulverization due to a large volume change, up to
300%.”" Although pulverization issues can be alleviated by
nanostructuring the Ge-based anode materials,"' ™*° recent
studies have shown that nanometer-sized pores are still formed
in the nanostructured electrode due to vacancy-mediated
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diffusion,'® which could lead to pulverization during repeated
cycling.

In recent years, the reaction mechanism of the Ge anode has
been studied by using different in situ and operando
characterization methods such as X-ray diffraction (XRD)
and X-ray absorption spectroscopy (XAS).>"7*° For instance,
Lim et al. proposed the phase transformations of Ge that occur
during lithiation and delithiation. They also studied the effect
of cycling rate on Ge phase transformation during the charge/
discharge process and proposed a mechanism to explain the C
rate dependence phase transformation phenomenon.”’ How-
ever, it is still necessary to correlate the microstructural
evolution of the Ge electrode and its electrochemical
performance. To this end, some advanced imaging technolo-
gies have been used to monitor the microstructural evolution
of the Ge electrode during cycling such as transmission
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Figure 1. (a—d) Voltage profiles of Ge particles cycled at 0.12, 0.3, 1, and 3 nA. (e—h) SEM images of Ge particles at the as-prepared condition.
(i-1) SEM images of Ge particles at the end of lithiation with the four different current rates. (m—p) SEM images of Ge particles at the end of

delithiation with the four different current rates. Scale bar is 5 yum.

electron microscopy (TEM)'®**7** and transmission X-ray

microscopy (TXM).”® In situ TEM studies have shown the
volume expansion during lithiation and formation of nano-
pores during delithiation in Ge nanowires in real time.'°
However, due to the small size of the sample used in the TEM,
it is difficult to control the current rate. In situ TXM can obtain
two-dimensional (2D) or three-dimensional (3D) micro-
structures of Ge particles during cycling with a large field of
view. However, the resolution of TXM is not sufficient for
monitoring nanometer-sized structures, such as nanopores.
Recently, our group has developed an in situ focused ion
beam-scanning electron microscope (FIB-SEM) method to
study the microstructural evolution of micrometer-sized single
Sn particles during lithiation and delithiation.” In this study,
we used the same approach to monitor the microstructure
evolution of a Ge particle in a single Ge particle battery and

correlate the microstructural evolution to the electrochemical
performance change directly.

The experiment was performed on a Zeiss Nvision 40 FIB-
SEM at the Center for Nanoscale Materials, Argonne National
Laboratory. Figure S1 shows a schematic of the experimental
setup. Details of the setup were reported elsewhere.”® Briefly,
micrometer-sized Ge particles were made using the jet mill
process shown in ref 27. The ionic liquid electrolyte was made
by dissolving the Li salt, lithium bis(trifluoromethylsulfonyl)-
imide (LiTFSI) (Sigma-Aldrich), in a solvent of 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
(P14TFSI) (Sigma-Aldrich). A Keithley 6430 subfemtoamp
remote sourcemeter was used to control the current. During
cycling, the Ge particle was immersed in electrolyte. At
different states of charge, the cycling was stopped, and the
particle was lifted out of the electrolyte for imaging. Residual
electrolyte remaining on the particle was removed by FIB
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Figure 2. (a) Voltage profile of a Ge particle lithiated at 1 nA and delithiated at 3 nA. (b) Voltage profile of a Ge particle lithiated at 0.1 nA and
delithiated at 1 nA. (c, d) SEM images of the particles after delithiation corresponding to plots a and b, respectively. Scale bar is 5 ym.

polishing before taking SEM images. The ion beam was only
turned on during FIB polishing; the electron beam was only
turned on during SEM imaging. The galvanostatic mode was
used in all cycling with a voltage window between 0.01 and 1.5
V.

Figure 1 shows the microstructural evolution results for
germanium particles cycled at different current rates. Figure
la—d shows the voltage profiles of particles cycled at 0.12, 0.3,
1, and 3 nA (about 0.1, 0.21, 0.8, and 7.5 C rate), respectively.
For the particle cycled at 0.12 nA, one large crack appeared on
the surface after lithiation (Figure 1i). After delithiation, no
more cracks or pores are shown on the surface (Figure 1m).
Figure S2 shows the SEM images corresponding to the time
points in Figure 1a. No nanopores or internal cracks appeared
during delithiation. Previous XRD studies have shown that Ge
particles go through a complete and homogeneous trans-
formation from crystalline Ge to crystalline Li;Ge, at a low C
rate. We believe that the particle was fully lithiated to
crystalline Li jGe, after 0.12 nA lithiation. The volume
expansion was large enough to generate a crack on the
particle. For the particle cycled at 0.3 nA, one small crack
appears on the surface after lithiation (indicated by the arrow
in Figure 1j). At the end of delithiation, both nanopores and
cracks appeared on the polished surface (Figure In). Figure S3
shows the SEM images corresponding to the time points in
Figure 1b. The proposed reaction mechanism in ref 21 can be
used to explain this result. At 0.3 nA current, a heterogeneous
structure including both crystalline Li;sGe, and amorphous
Li,Ge was generated at the end of lithiation. The smaller
volume expansion only led to a small crack on the surface.
However, different volume contractions from different phases
in the heterogeneous structure generated internal cracks during
delithiation. The formation of nanopores is due to the
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aggregation of vacancies during lithium extraction. At 0.12
nA, vacancies could diffuse out of the particle without
aggregation due to the low delithiation rate; therefore, no
nanopores were formed.

When the current was increased to 1 nA, the polished
surface was intact after lithiation (Figure 1k). We believe that it
is mainly due to the low capacity and small volume expansion
of the Ge particle at a high lithiation rate. At the end of
delithiation, some nanopores and one crack appeared on the
surface (Figure 10). The crack could be the initial defect inside
the particle. At this current, the Ge particle cannot be lithiated
to Li;sGe,, and the final product is amorphous Li,Ge at the
end of lithiation. So there were no internal cracks appearing
after delithiation. The formation of nanopores is still due to the
aggregation of vacancies. When the current was increased to 3
nA, the polished surface is intact at the end of lithiation and
delithiation without cracks and nanopores (Figure 1lp).
Compared to the particles cycled at lower currents, the
volume expansion and contraction of the particle cycled at 3
nA are very small. The particle was composed of an amorphous
Li,Ge shell and a crystalline Ge core. Although structure
integrity was maintained at a high current, only a small portion
of the capacity of Ge can be utilized. These results of
microstructure change can be used to explain the cycling
performance of the Ge electrode reported in ref 21 with good
cycling performance at low and high current rates but poor
cycling performance at intermediate current rate.

In order to obtain further understanding of the relationship
between microstructure evolution and cycling rate, we tested
Ge particles with different lithiation and delithiation rates.
Figure 2a shows the voltage profile of a Ge particle lithiated at
1 nA and delithiated at 3 nA. Figure 2¢ shows the SEM image
of the particle after delithiation and nanopores appear on the
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Figure 3. Ge particle cycled at 1 nA. (a) Voltage profile of the first cycle. (b) SEM image of as-prepared Ge particle. (c) SEM images of the same
particle after lithiation. (d—g) SEM images at 30%, 60%, 80%, and 100% of delithiation states. Scale bar is S ym.

surface. Compared to the particle cycled at 3 nA shown in
Figure 1p, this particle has a lower lithiation rate but the same
delithiation rate. Nanopores appeared on the particle with the
lower lithiation rate, but not at the other rate. During lithiation,
lower lithiation rates can result in a higher lithium
concentration in the particle and the larger volume expansion.
This result indicates that lithium concentration has an impact
on the formation of nanopores. At the same delithiation rate,
the Ge particle with higher lithium concentration is more likely
to form nanopores. Figure 2b shows the voltage profile of
another Ge particle lithiated at 0.1 nA and delithiated at 1 nA.
Figure 2d shows the SEM image of the particle after
delithiation and nanopores appeared on the surface. This
particle has a similar lithiation rate with the one cycled at 0.12
nA shown in Figure 1a,e,i,m, but with a higher delithiation rate.
This result demonstrates that the delithiation rate also affects
the nanopore formation. With the same lithium concentration,
a higher delithiation rate is more likely to form nanopores.
This conclusion is in accordance with the results reported in
ref 28 which shows that the formation of a nanoporous
structure during delithiation is related to the size of the
particle, the lithium concentration, and the current rate.

To understand when the nanopores start to form, SEM
images were taken at different states of charge during
delithiation. Figure 3a shows the voltage profile of a Ge
particle cycled at 1 nA; the SEM images were taken at points
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d—g, about 30%, 60%, 80%, and 100% of the delithiation
process, which are shown in Figure 3d—g. The SEM images of
fresh and lithiated particle are shown in Figure 3b,c. The
surface was intact at the end of lithiation (point c). As shown
in Figure 3d—f, the volume of the particle shrinks continuously.
A few cracks appeared on the surface, but no nanopores are
observed. The cracks could be the initial defects inside the Ge
particle or generated during lithiation. At the end of
delithiation (point g), some nanopores appeared on the
surface as shown in the circled area in Figure 3g. This result
shows that the nanopores only appear at the end of the
delithiation process when amorphous Li,Ge is transformed to
amorphous Ge.

To investigate the distribution of nanopores, a Ge particle
cycle at 1 nA for 1 cycle was transferred to a TEM grid and
FIB-SEM tomography was conducted. Video S1 shows that the
nanopores are uniformly distributed inside the whole particle.
This is a good indication that the polishing and imaging
processes on the surface do not have an impact on the
nanopore formation. In order to obtain a high-resolution image
of the nanopores, a TEM specimen was obtained from the
particle shown in Video S1. A JEOL JEM2100F TEM was
employed for the microstructure analysis. Figure 4a is a low-
magnification micrograph of the sample. Figure 4b is a TEM
image of the porous structure circled in Figure 4a. Figure 4c,d
are high-resolution TEM (HREM) images of nanopores. The
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Figure 4. (a) TEM image of a Ge particle cycled at 1 nA after FIB
thinning. (b) TEM image of the circled area in part a. (¢, d) HREM
images of nanopores.

TEM image shows the uniform distribution of nanopores
inside the particle, and the size of the nanopores are in a range
from several nanometers to around 100 nm. Figure 4c,d also
shows that the crystalline Ge became amorphous after 1 nA
(about 1 C) cycling.

To better understand the pulverization of a Ge electrode
after cycling, we tested a Ge particle for 20 cycles at 0.7 nA
(about 1 C rate). Figure S4a shows the cycling performance.
The discharge capacity varied between 0.6 and 0.75 nAh,
which could be caused by the microstructural change. After 20
cycles, FIB-SEM tomography was conducted. Some represen-
tative SEM images are shown in Figure S4b—d, and the 3D
reconstruction is shown in Video S2. In Figure S4b, the
particle is slightly polished on the edge, and some Ge
nanowires appear on the surface. Figure S4c,d shows images
after further polishing; nanowires still appear on the edge of
particle. The reason could be the more complete lithiation and
delithiation on the surface, which has a larger volume change
than the internal part of the particle. Figure S4c,d also shows
nanopores in the particle. Some nanopores remain isolated, but
others merge together into large porous structures. Some
porous structures are connected to the surface of the particle
and act like cracks. They let ionic liquid electrolyte infiltrate
into the particle and increase the active surface area. This may
cause the capacity increase shown in the cycling performance.
However, as cycling goes on, the porous structures will keep
growing and eventually cause complete pulverization of
particle, leading to a sudden failure of the Ge electrode.

In summary, our results show the relationship between
cycling rate and microstructure evolution for a single Ge
particle. At a low C rate like 0.1 C, no porous structure appears
after delithiation. At intermediate C rates like 0.2 C, both
internal cracks and nanopores appear after delithiation. When
the C rate is increased to 0.8 C, only nanopores appear after
delithiation. Upon a further increase of the C rate to 7.5 C, the
particle remains intact after the first cycle. Nanopore formation
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is related to lithium concentration and delithiation rate. High
lithium concentration and delithiation rate result in the
formation of nanopores. Nanopores do not recover during
cycling; they aggregate into large porous structures which
could lead to particle pulverization and capacity fading of the
Ge electrode.
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