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SUMMARY

The key properties of yolk-shell architecture in improving electrochemical performance lies in its uni-
formity and the appropriate void space, which can expand/contract freely upon lithium alloying and
leaching without damaging the outer shell, while being achievable with minimal sacrifice of volumetric
energy density. Therefore, we developed a highly controllable strategy to fabricate a uniform porous
germanium@polypyrrole (PGe@PPy) yolk-shell architecture with conformal Al,O; sacrificial layer by
atomic layer deposition (ALD) process. The PGe@PPy yolk-shell anode fabricated with 300 ALD cycles
delivers excellent electrochemical performance: high reversible capacity (1,220 mA hr g~ "), long
cycle performance (>95% capacity retention after 1,000 cycles), and excellent rate capability
(>750 mA hr g~ " at 32 A g~ "). Electrodes with high areal capacity and current density were also suc-
cessfully fabricated, opening a new pathway to develop high-capacity electrode materials with large
volume expansion.

INTRODUCTION

There has been a rapid increase in the demand for rechargeable lithium-ion batteries (LIBs) with long
cycling lifetimes and high energy and power densities for next-generation advanced energy storage de-
vices such as advanced portable electronics and fast-developing electric vehicles (Armand and Tarascon,
2008; Kang et al., 2006). Owing to the limitation of the commercial graphite anode (theoretical capacity of
only 372 mA hr g7"), the demands for next-generation batteries with high energy and power densities
cannot be met (Guo et al., 2008; Tarascon and Armand, 2001). Toward this aim, a large variety of anode
materials for rechargeable batteries have been explored, mainly including oxides (e.g., Fe30,4, GeO,,
and SiO,) and alloys (e.g., Sb, Sn, and Ge), owing to their high theoretical capacities and safe operation
potential (Song et al., 2017; Sultana et al., 2017; Kim et al., 2018; Wang et al., 2017; Lei et al., 2018; Yuan
et al., 2018). Among these materials, germanium (Ge) is a potential candidate to replace the commercial
graphite anode for LIBs because of its high gravimetric and volumetric capacities (1,626 mA hr g~' and
7,360 mA hr cm™3), low electrochemical potential of Li insertion/extraction (<0.5 V vs Li*/Li), excellent
lithium diffusivity (400 times faster than in Si), and higher intrinsic electrical conductivity compared with
Si. Despite these promising characteristics, the inferior structure stability due to the huge volume expan-
sion (ca. 300% volume change for fully lithiated Ge) would result in the rapid capacity fade of the Ge-based
electrode accompanied by a large irreversible capacity similar to Si, hindering the practical implementa-
tion of Ge anodes in future technological applications (Seng et al., 2012; Yuan et al., 2012; Cho et al., 2013).

To tackle this problem, two main strategies have been used to stabilizing the material structure and
improving the electrochemical performance of Ge anodes by design of various nanostructures and elec-
tronically conductive coatings. Recently, the design of various nanostructures, such as nanowires (Liu
et al., 2014; Seo et al., 2011; Kennedy et al., 2015), nanotubes (Liu et al., 2015a, 2015b; Song et al., 2012;
Xiao et al., 2016), and porous structures (Park et al., 2010; Liu et al., 2015a, 2015b), has attracted great atten-
tion. Particularly, Park and co-workers rationally designed a porous germanium architecture, which induces
only a 2% capacity decrease after 100 cycles (Park et al., 2010). The porous nanostructure materials show
excellent cycle stability and rate capability because the uniform pores also act as a buffer to effectively alle-
viate the volume expansion and provide favorable structural stability during the lithiation/delithiation pro-
cess (Park et al., 2010). Besides design of nanostructure strategies, electronically conductive coatings on
Ge anode structures have been explored (Li et al.,, 2014; Ngo et al., 2014, 2015, Wang et al., 2016,
Seng et al., 2013). In this respect, Park and co-workers developed a facile method for the synthesis of
Ge interconnected by a carbon buffer layer, which works as a channel for the supply of lithium during
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the charge-discharge process (Ngo et al., 2015). However, this strategy does not provide appropriate void
space to alleviate the huge volume changes during lithium alloying and leaching and results in the pulver-
ization, exfoliation, and aggregation of electrode materials. Very recently, yolk-shell architecture has at-
tracted much attention in many fields, particularly in the field of energy storage (Zhang et al., 2016; Liu
etal, 2012; Cai et al., 2015; Hong et al., 2013). The key design of the yolk-shell architecture in improving
electrochemical performance lies in the ideal void space, which would be expanding/contracting freely
upon lithium alloying and leaching without damaging the outer shell and, more importantly, be achieved
with a minimal sacrifice of volumetric energy density. It is noteworthy that the volumetric capacity is an
important indicator for the commercialization of electrode materials. If the void space is too much, even
in the fully lithiated state, the core will not touch the shell, leading to the decrease of the volumetric capac-
ity of the electrode. In addition, electrically conducting polymers such as polypyrrole may form a con-
ducting elastic matrix, which offers a conducting backbone for the electrode material, and it could also
be used as a flexible host matrix of electrode material to alleviate the huge volume changes during lithium
alloying and leaching. Therefore, it remains a challenge to develop a facile approach for the synthesis of
uniform yolk-shell architecture with the incorporation of the ideal void space and robust conducting poly-
mer coating for the high volumetric capacity and long-cycle LIBs.

It is noted that a conformal, homogeneous, and controllable nature of the sacrificial coating layer is crucial
for appropriate void space of the yolk-shell architecture. Atomic layer deposition (ALD) is a technique to
apply conformal, homogeneous, and controllable coating on high-surface nanostructures as the sacrificial
layer by sequential, self-limiting surface reactions (George et al., 1996, George, 2010). Here, we developed
a facile and highly controllable approach to uniform porous germanium@polypyrrole (PGe@PPy) yolk-shell
architecture with conformal and controllable Al,O3 sacrificial layer by the ALD technique. There are several
advantages of the yolk-shell architecture as anode material: (1) The presence of appropriate void space to
alleviate the huge volume changes during lithium alloying and leaching, thus maintaining the structural sta-
bility of the outer shell to avoid the pulverization of electrode materials, and also achieved with a minimal
sacrifice of volumetric capacity. (2) Recently, the inner relationship between the stability of the solid/elec-
trolyte interphase (SEI) and the electrochemical properties of LIBs has been studied (Wu et al., 2012), which
indicated that the SEI formed around the PPy shell during the cycles can be stable because the fully lithi-
ated state of Ge core cannot damage the PPy outer shell. (3) The conductivity and stability can be improved
for the yolk-shell architecture because the PPy outer shell has outstanding properties, including excellent
chemical stability, electronic conductivity, and structural flexibility. Insight gained from this study can be
applied to other high-capacity electrode materials, particularly those that suffer from huge volume expan-
sion, offering a route for the future development of the promising electrode material for practical
applications.

RESULTS

As shown in Figure 1A, the fabrication the of PGe@PPy yolk-shell architecture is relatively simple and in-
volves four consecutive steps. First, uniform mesoporous GeO, nanospheres (MGeO,) with ordered and
radially oriented mesoporous channels were prepared via the emulsification process, by using cetyltri-
methyl-ammonium bromide as the mesoporous structure-directing agent (Figures STA and S1B, Supple-
mental Information). Specifically, Ge** ions were added afterward into the GO-CTA* solution and rapidly
reacted with OH™ to form negatively charged Ge(OH), at the interface of the micelles (Wang et al., 2010;
Teng et al., 2012). Second, PGe was generated through the reduction of MGeO, under vacuum and ther-
mally annealed at 650°C for 6 hr under an atmosphere of Ar (90%)/H; (10%). In the reduction process, the
PGe nanosphere generated by reduction has a porous structure; the diameter of the pore scaffolds is
~13.6 nm (Figure S2, Supplemental Information) (Li et al., 2013). Third, the PGe is coated with Al,O3 as
the sacrificial coating layer using ALD. We employed a simple, well-known ALD process utilizing trimethy-
laluminum and H,O as precursors (Jung et al., 2010):

(@) AIOH*+AI(CH3)3 = AIO-AI(CH3),*+CHgy (Equation 1)
(b) AICH3*+H,O — Al-OH*+CH,4 (Equation 2)
Then the PGe@Al,O3 nanospheres were dispersed in distilled water and then wrapped by a soft layer of

Polyvinyl pyrrolidone (PVP). PVP was used to bridge the PPy and PGe, ensuring a stable connection. The
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Figure 1. Schematic lllustration of Synthesis and Characterization of As-prepared PGe@PPy Yolk-Shell
Architecture

(A) Schematic illustration of the preparation of PGe@PPy yolk-shell architecture.

(B and C) FESEM images of the MGeO; nanosphere and PGe@PPy yolk-shell architecture.

(D and E) TEM images of the MGeO; nanosphere and PGe@PPy yolk-shell architecture.

(F) Scanning TEM (STEM) image.

(G) Energy dispersive x-ray spectroscopy (EDS) elemental maps of Ge, C, N, and O, respectively.

(H and 1) (H) XRD patterns and () Raman spectra of the PGe@PPy yolk-shell architecture.

polymerization of pyrrole monomers initiated by FeCl; oxidant occurred between the region of the PVP
layer and the PGe, resulting in the formation of PGe@AIl,O3@PPy nanocomposite. As a final step, acid
etching was then used to remove the Al,O3 sacrificial layer to leave only the PGe@PPy yolk-shell
architecture.

To investigate the morphology of the as-prepared PGe@PPy yolk-shell architecture, field-emission scan-
ning electron microscopy (FESEM) was performed, and a typical image is shown in Figure 1B. It can be
observed that the MGeO; nanoparticles are spherical and uniform, giving an average diameter of approx-
imately 150 nm (Figure 1D). As determined by N, adsorption-desorption analyses, the Brunauer-Emmett-
Teller surface area of the MGeO;, is approximately 362 m? g~" and the Barrett-Joyner-Halenda (BJH) pore-
size distribution is about 2.8 nm in diameter (Figure S1C, Supplemental Information). The PGe generated
by the thermal reduction still maintains at an average diameter of ~150 nm (Figure S2C, Supplemental
Information). Moreover, the BJH pore-size distribution is ~13.6 nm in diameter (Figure S2B, Supplemental
Information). Figure 1C shows the FESEM image of the as-obtained PGe@PPy yolk-shell architecture, which
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clearly reveals the architecture is spherical and uniform, giving an average diameter of ~230 nm. To further
examine the structure of the PGe@PPy yolk-shell architecture, the uniform morphologies were investigated
by transmission electron microscopy (TEM). As shown in Figure 1E, each PGe nanosphere is encapsulated
by a self-supporting PPy outer shell with a uniform thickness of 15-20 nm, which can be limiting SEI forma-
tion to the outer shell surface. The direct contact of the PGe core with the electrically and lithium ion
conductive PPy shell makes the core more accessible to both charge carriers. The hollow interior of the ar-
chitecture is clearly revealed under TEM observation (Figure 1F). Inside, the PGe core, about 150 nm in
diameter, is closely attached to one side of the PPy shell, leaving a ~66-nm void space on the other
side, which is consistent with the 300 ALD cycles (1.1 A per cycle). In this work, this ALD cycle is calculated
mainly through this diameter ratio (ca. 1:1.45) based on the volume ratio of PGe and fully lithiated PGe (ca.
1:3). Moreover, the element mapping in Figure 1G further confirms the yolk-shell architecture with PGe as
the core, PPy as the shell, and the void space in between. It need be noted that oxygen signals cover the
entire sample area, attributing to the surface oxidation of the PGe nanospheres. In addition, to study the
influence of porous nanostructure and PPy yolk-shell architecture on the electrochemical performance,
the pure porous Ge nanosphere was also synthesized by using the same procedure, without adding any
coating Al,O3 ALD layer and PPy (Figure S2, Supplemental Information).

X-ray diffraction (XRD) is employed to determine the crystallographic phases of the samples (Figure TH). The
phase purity of the as-prepared PGe@PPy yolk-shell architecture is also confirmed, where all the diffraction
peaks can be perfectly assigned to diamond-like cubic Ge (JCPDS No. 04-0545) (Lim et al., 2015), indicating
that GeOy is successfully converted into Ge by the reduction reaction. Although the presence of residual PPy
in the sample was not evidenced by the XRD results, its existence was confirmed by Raman scattering (Figure 11).
The appearance of the strong peak at 1,588 cm ™' and weak peaks at 981 cm ™' and 927 cm ™", which are assigned
to C=C backbone stretching and ring-in plane deformation of PPy, respectively, indicates the successful poly-
merization of polypyrrole (Liu et al., 2013). The very sharp peak observed at 297 cm™" was assigned to crystalline
Ge (Xiao etal., 2012). In addition, Figure S3 shows the thermal gravimetric analysis (TGA) curves of composites to
determine the exact mass ratio of PGe in the PGe@PPy yolk-shell architecture. The mass of the PGe component
increased slightly at 700°C owing to the oxidation of Ge; the mass of the PPy component had been completely
lost (total of 99.7%) at 700°C. These TGA data enable the mass ratio of PGe to PPY to be determined from the
mass difference of PGe, PPy, and PGe@PPy yolk-shell architecture, therefore 84.37 wt% of PGe and 15.63 wt% of
PPy (Table S1, Supplemental Information).

The successful design and fabrication of the PGe@PPy yolk-shell architecture as a stabilized anode is
proved from the outstanding electrochemical property (Figure 2). The electrochemical performance of
the PGe@PPy yolk-shell electrode with 300 ALD cycles was first evaluated by galvanostatic charge-
discharge measurements in the 0.01-to 1.5-V voltage window (Figure 2A). The voltage profile with different
flat plateaus due to the redox reactions associated with Li" insertion/extraction can be observed in the first
discharge and charge curves. In the first cycle, the PGe@PPy yolk-shell electrode is able to exhibit a high
first-cycle columbic efficiency in contrast to a large irreversible capacity loss observed in the first cycle
for the PGe electrodes. The discharge (Li insertion) and charge (Li extraction) capacities of the PGe@PPy
yolk-shell are 1,604 and 1,220 mA hr g™, respectively, corresponding to a first-cycle efficiency of
76.06%, which is higher than that (62.28%) for PGe particle. The irreversible capacity ratio can be assigned
to the decomposition of electrolyte, forming an SEl on the electrode surface, and to the irreversible inser-
tion of Li ions into the Ge (Pan et al., 2007; Lee et al., 2005). To better understand the electrochemical pro-
cess of the lithiation, Figures 3A and 3B show a series of Raman spectra of the PGe@PPy yolk-shell elec-
trode in the working battery during lithiation. Figure 3A shows the schematic of the electrochemical cell.
The cells were assembled using a PGe@PPy yolk-shell electrode with 300 ALD cycles, lithium sheet as
the counter electrode, and a Celgard separator soaked in electrolyte. The first Raman spectrum was
collected before the lithiation began, in which the first-order Raman peak observed at 297 ecm™" was as-
signed to crystalline Ge (see Figure 3B). The other Raman peaks spring from either the cell-encapsulating
material or the electrolyte. The intensity of the Ge Raman peak is maintained sharp in the first 5 hr, followed
by the decline in intensity during the process of further lithiation. The electrochemical process of Ge an-
odes can be determined by the change of Raman peak intensity. As mentioned earlier, Ge anodes remain
unreacted at the beginning, which explicates the steady Raman peak intensity of Ge nanoparticles during
this stage. When the lithiation of Ge electrode starts after 5 hr, the surface layer of Ge nanoparticles is con-
verted into a-Li,Ge, which exhibits better conductivity than Ge. The good conductivity of a-Li,Ge leads to a
small optical skin depth (penetration depth of the laser), which explicates the reduction of Ge Raman peak
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Figure 2. Electrochemical Performance of PGe@PPy Yolk-Shell Electrode

(A-F) (A) Galvanostatic charge-discharge profiles in the 0.01- to 1.5-V window (versus Li/Li") for the 1st, 2nd, 5th, 100th,
and 1,000th cycles at 0.8 A g~'; (B) cycling performance (discharge) and coulombic efficiency of the PGe@PPy yolk-shell
(black) and PGe (red) electrodes with mass loading of 1 mg cm™2at 0.8 A g~ for 1,000 cycles; (C) and (D) cycling
performance (gravitational capacity and volumetric capacity, respectively) of the PGe@PPy yolk-shell electrodes with the
100, 300, and 500 ALD cycles at 0.8 A g’1 for 200 cycles; (E) rate performance of the PGe@PPy yolk-shell and PGe
electrodes with mass loading of 1 mg cm™2 at different current densities; and (F) Nyquist plots of the PGe@PPy yolk-shell
electrode after the 1st, 2nd, 5th, 100th, and 1,000th cycles at a current density of 0.8 A 971.

intensity. Simultaneously, the intensities of the Raman peaks of the cell-encapsulating material or the elec-
trolyte are almost constant, demonstrating that the change of the Ge Raman peak intensity is associated
with the electrochemical process of the lithiation.

To confirm the lithium storage mechanism of the PGe@PPy yolk-shell architecture, cyclic voltammetry was
obtained in a voltage window of 0.05-2.0 V at a scan rate of 0.1 mV s~", as shown in Figure S4. In the first
scanning cycle, the PGe@PPy yolk-shell electrode showed irreversible reductions at 1-0.5 V, which can be
ascribed to the formation of a SEI layer. There are three peaks detected in the range between 0.7 and
0.05V, which can be assigned to the lithium alloying reactions to form different Li,Ge, alloys (Park et al.,
2010; Yuan and Tuan, 2014), whereas the peaks between 0.30 and 0.75 V in the oxidation scan can be
related to the phase transition of different Li,Ge, alloys to Ge due to dealloying reactions from Ge. In
the subsequent scanning cycles, the positions and intensities of the redox peaks are well overlapped,
implying that the PGe@PPy yolk-shell architecture has an excellent electrochemical reversibility.

Remarkably, the PGe@PPy yolk-shell electrode with 300 ALD cycles has a long cycle life (Figure 2B). The
shape of the profile does not change from the 10th to the 1,000th cycle, indicating stable electrochemical
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Figure 3. Understanding of Lithiation Mechanism and Morphological Changes of the PGe@PPy Yolk-Shell
Electrode

(A) Schematic diagram of the “transparent” half-cell for in situ micro-Raman measurement.

(B) Selected Raman spectra of the half-cell during galvanostatic lithiation of the PGe@PPy yolk-shell architecture for the
second cycle at arate of C/10. A laser power of 2.5 mW and a collection time of 30 s were used for each spectrum; for each
acquisition 10 spectra were accumulated.

(C-E) FESEM (C and D) and TEM (E) images of the PGe@PPy yolk-shell electrode in lithium lithiation state after 1,000
cycles at a current density of 0.8 A g~

(F) Schematic drawing of the charge-discharge processes of the PGe@PPy yolk-shell electrode.

behavior of the PGe@PPy yolk-shell. On the other hand, the PGe electrode exhibits a drastic reduction, up
to approximately 100 cycles, and a lower discharge capacity of 365 mA hr g~" over 200 cycles. It is obvious
that the PGe@PPy yolk-shell electrodes with 300 ALD cycles are distinctly superior to the corresponding
PGe electrodes. It is worth noting that the average coulombic efficiency reaches approximately 99.8% dur-
ing the 1,000 cycles. In addition, after 200 cycles, reversible capacities around 863 and 722 mA hr g~ could
be obtained at higher current densities of 16 and 32 A g~ (Figure S5, Supplemental Information). Further-
more, the volumetric capacity is an important indicator for the commercialization of electrode materials
(Yuan and Tuan, 2014). The PGe@PPy yolk-shell architecture has a high tap density of 1.42 g cm™ because
of the appropriate void space. The composite still retained a volumetric capacity of ca. 1,692 mA h cm™ at
arate of 0.8 A g~ over 1,000 cycles, which is two times more than that of the commercial graphitic anode
(830 mAhrem™3) (Wangetal., 2014; Kim et al., 2014; Baggetto et al., 2008). For comparison, PGe@PPy yolk-
shell architectures with different thickness of void space were also synthesized by using the same experi-
mental condition with 100 and 500 ALD cycles, respectively (Figure Sé, Supplemental Information). It is
clear from the TEM image that the architecture leaves a 22- and 110-nm void space, which is consistent
with the 100 and 500 ALD cycles (1.1 A per cycle). This ALD cycle is very critical because it determines
the internal void space (that is, Al,O3 sacrificial layer) between the PPy shell and PGe core. Moreover,
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the electrochemical performance of the PGe@PPy yolk-shell electrodes with the 100, 300, and 500 ALD cy-
cles was tested (as shown in Figures 3C and 3D). Remarkably, the PGe@PPy yolk-shell electrode with 300
and 500 ALD cycles has a long cycle life (Figure 2C). The shape of the profile does not change from the
10th to the 200th cycle, indicating stable electrochemical behavior of the PGe@PPy yolk-shell electrode
with 300 and 500 ALD cycles. On the other hand, the PGe@PPy yolk-shell electrode with 100 ALD cycles
exhibits a drastic reduction and a lower discharge capacity of 885 mA hr g~" over 200 cycles. This result
may be ascribed to the thin void space, which may crack or disintegrate upon the lithiation/delithiation pro-
cess, resulting in the rapid capacity to fade of the electrode. Furthermore, the tap density of the PGe@PPy
yolk-shell architecture with 100, 300, and 500 ALD cycles was 1.61, 1.42, 1.21 g cm 3, respectively. It is
indeed noteworthy that the volumetric capacity of the PGe@PPy yolk-shell architecture obtained by 300
(1,692 mA hr cm~3) and 100 ALD cycles (1,425 mA hr cm ) at a current density of 0.8 A g’1 over 200 cycles
is higher than that obtained by 500 ALD cycles (1395 mA hr cm™3). This result may be ascribed to the thick
void space; even in the fully lithiated state, the PGe core will not touch the shell, leading to the decrease of
the volumetric capacity of the electrode. Therefore, the electrochemical performance of the PGe@PPy
yolk-shell electrode with 300 ALD cycles is more excellent, which may not only effectively buffer the strain
from the volume expansion/contraction during the charge-discharge process and restrain the aggregation
of PGe nanostructure but also be achieved with a minimal sacrifice of volumetric energy capacity (Figure S7,
Supplemental Information).

The rate capability of the PGe@PPy yolk-shell electrode with 300 ALD cycles was tested at different current
densities for each of the 10 cycles. The obtained results are shown in Figure 2E. The reversible capacity of
the PGe@PPy yolk-shell was 1,186, 1,132, 1,078, 991, 882, and 753 mA hr gf1 at rates of 0.8, 1.6, 3.2, 8, 16,
and 32 Ag~', respectively. Subsequently, the current densities were brought back to an initial value of 0.8 A
g~ at which the specific capacity reached a value of 1,176 mA hr g
value is close to the capacity of the first 10 cycles at this rate. After undergoing the high current density, the
capacity rapidly returned to the initial value, indicating the excellent rate capability of the sample. It is
remarkable that all the electrochemical data were calculated based on the total mass of the composite,
including PPy and germanium, in this work. Furthermore, the excellent high-rate performance is attributed
to the substantial decrease in charge-transfer resistance due to the PGe@PPy yolk-shell architecture. The
Nyquist plots of electrodes of PGe and PGe@PPy yolk-shell electrode with 300 ALD cycles were also stud-
ied (Figure S8, Supplemental Information). Apparently, the PGe@PPy yolk-shell electrode shows a much
lower resistance than the pure PGe electrode. Obviously, PPy acts as a channel for lithium to Ge during
the insertion/desertion process owing to the high diffusion coefficient of polypyrrole compared with
germanium. Therefore, in the presence of PPy shell, the lithium diffusion can be faster and the conductivity
and rate capability can be improved.

and therefore almost recovered. This

To understand the superior cycling performance, electrochemical impedance spectroscopy (EIS) measure-
ments of the PGe@PPy yolk-shell electrode with 300 ALD cycles were conducted after the 1st, 2nd, 5th,
100th, and 1,000th cycle at a current density of 0.8 A g~' (Figure 2F). No obvious resistance increase is
observed upon cycling, indicating the structural stability of the yolk-shell architecture. As confirmed by
FESEM and TEM observations of the PGe@PPy yolk-shell electrode with 300 ALD cycles in lithiation state
after 1,000 cycles (Figures 3C-3E), the spherical morphology and yolk-shell structure of the PGe@PPy archi-
tecture are well retained (Figures 3C and 3D). The TEM image of a lithiated yolk-shell architecture shows a
structurally intact PPy coating (Figure 3E), indicating that the PGe core can expand/contract freely upon
lithiation/delithiation without breaking the PPy shell. Moreover, there was little change in the thickness
of electrode before and after 1,000 cycles at a current density of 0.8 A g~ (Figure S9, Supplemental Infor-
mation), which further confirms the ability of the yolk-shell design in alleviating the huge volume expansion/
contraction during the charge-discharge process. This result clearly indicates that, to avoid nanostructure
agglomeration and effectively accommodate the significant volume expansion/contraction, Li-Ge alloying
and de-alloying reactions are key factors for a high reversible capacity, long cycle stability, and excellent
rate capability (Figure 3F). Table S2 is the comparison of the cycle and rate performance of various Ge-
based composites prepared by different structural designs in the available literature, indicating that the
specific capacity under long-cycle and high-rate testing is one of the most challenging issues for promoting
high-performance Ge-based LIB application.

Itis also generally essential to study the high areal mass loading of the PGe@PPy yolk-shell electrode for
practical LIBs. Figures 4A and 4B further show the effect of both areal mass loading and areal current
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Figure 4. Performance of the PGe@PPy Yolk-Shell Electrodes with Various Mass Loadings

(A) The correlation of areal capacity with mass loading (1, 3, and 6 mg cm™2) at various current densities for the PGe@PPy
yolk-shell electrode. The gray area marked in (A) represents the range of the areal capacity of common commercial
anodes.

(B) The effect of current density and mass loading (1, 3, and 6 mg cm~?) on the areal capacity of the PGe@PPy yolk-shell
electrode.

(C) Utilization of the active material of the PGe@PPy yolk-shell electrode with various mass loading at different current
densities.

(D) Nyquist plots of the PGe@PPy yolk-shell electrode under different mass loadings (1, 3, and 6 mg cm™2).

density on the areal capacity of the PGe@PPy yolk-shell electrode. The areal capacity linearly increases
with mass loading when the current density is less than 8 A g™'; further increasing the current density
(e.g., 32 A g7") deviates the linear relationship at high mass loading (e.g., 6 mg cm™2) owing to the
increased charge resistance and the less effective utilization of the active material. To further assess the
performance of the PGe@PPy yolk-shell electrode, Figure 4A also marks the areal capacities of commercial
graphite anodes, which are in the range of 2.5-3.5 mA hr cm 2 when operated at a current-density range of
0.37-1.86 mA cm™2 (Wang et al., 2018). As shown, the PGe@PPy yolk-shell electrode with a mass loading of
6 mg cm™2 exhibits areal capacity as high as 6.0, 5.5, 4.8, and 3.8 mA hr cm~2 at a charge-discharge current
density of 0.8, 1.6, 3.2, and 8.0 A g7', respectively. Compared with the areal capacities of commercial
graphite anodes, the areal capacities of the PGe@PPy yolk-shell electrodes are significantly higher, partic-
ularly, at high current density.

Figure 4C further plots the utilization of the active material versus the current density, of which the utiliza-
tion is estimated by normalizing the specific capacity of the electrode at different current densities (the
slopes of the lines) versus the specific capacity at 0.8 A g~'. The utilization decreases with increasing
mass loading and current density, which is 95%, 91%, and 90% at 1.6 A g’1 or 90%, 83%, and 81% at
3.2 A g7 ! for the electrodes with a mass loading of 1, 3, and 6 mg cm ™2, respectively. It was found that
increasing mass loading from 1 to 6 mg cm™2 only reduces the utilization for ~10% even at a high
charge-discharge current density of 8 A g~'. To understand the excellent electrochemical properties of
the PGe@PPy yolk-shell electrode under high areal mass loading, EIS measurements of these electrodes
were also studied (Figure 4D). Here, the PGe@PPy yolk-shell electrodes with different areal mass loadings
exhibit low charge-transfer resistance. These studies further confirm the high electrochemical performance
of the high-mass-loading PGe@PPy yolk-shell electrodes.
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Figure 5. Electrochemical Properties of a LiNi1/3C04,3Mn4,30,/PGe@PPy Full Cell

(A) Galvanostatic first-cycle discharge-charge voltage profiles at 0.2 C in a potential window of 2.5-4.25 V.

(B) Galvanostatic charge-discharge profiles in the 0.01- to 1.5-V window for the 1st, 2nd, 5th, 50th, and 100th cycles at
0.5C.

(C) Cycling performance (red) and energy density (blue) of the LiNij;3Co1/,3Mn1,30,/PGe@PPy full cell at 0.5 C for
100 cycles.

To demonstrate the relevance of PGe@PPy as a promising high-capacity anode for LIB, a full cell consisting
of commercial LiNij3Co1/3Mny,30, cathode and the PGe@PPy anode was fabricated. The areal capacity
ratio between negative and positive electrodes (N/P ratio) was 1.12. Before assembly of the full cell, the
PGe@PPy anode was electrochemically prelithiated to minimize irreversible capacity.

As shown in Figure 5A, a high reversible capacity of 139 mA hr g=' was shown in the first galvanostatic
charge/discharge voltage profiles of the full cell at 0.1 C in the potential range 2.5 to 4.25 V. Compared
with the ICE of PGe@PPy half-cell (76%), the higher ICE of full cell (82%) was obtained, which may be
attributed to the prelithiation process. Figures 5B and 5C exhibit the stability of the full cell over 100 cycles
at arate of 0.5 C, and the stable capacity retentions of 90% were obtained after 100 cycles. In addition, the
full cell showed a high energy density of ~410 W hr kg, which is much higher than that of the commercial
LIBs.

DISCUSSION

In summary, a facile and general strategy has been proposed to fabricate a uniform porous germanium@
polypyrrole (PGe@PPy) yolk-shell architecture with a conformal and controllable Al,O5 sacrificial layer by
the ALD process. A rationally designed void space between the shell and the core allows for the free expan-
sion/contraction of Ge upon lithiation/delithiation without destroying the PPy outer shell or disrupting the
SEl on the outside surface. Hence the PGe@PPy yolk-shell electrode with 300 ALD cycles exhibits a
high specific reversible capacity (1,220 mA hr g™"), long cycle stability (over 94% capacity retention after
1,000 cycles), excellent rate capability (over 750 mA hr g’1 at32 A g’1), and coulombic efficiency (99.8%).
Toward the practical use, electrodes with high areal capacity and current density (e.g., 6.0 mA hr cm~2 at
08Ag " 55mAhrcm2at1.6Ag ", 48mAhrem2at32A g ' or3.8mAhrem 2 at8A g™') were
successfully fabricated. Importantly, this work opens up a new pathway to develop the high-capacity
electrode materials with huge volume expansion and low electronic conductivity in high-energy battery
systems for electric vehicle or grid energy storage applications.
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Limitations of Study

Cell

To directly observe the volume change of Ge during lithiation and delithiation, the PGe@PPy electrode
could be measured in the future using in situ TEM. Furthermore, it is anticipated that, by employing
more electrically conducting polymers, the electronic conductivity and structural stability of the composite
can be further optimized, achieving higher electrochemical performance of the LIBs.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, nine figures, and two tables and can be found
with this article online at https://doi.org/10.1016/j.isci.2018.11.013.
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Transparent Methods

Preparation of MGeO,

In a typical experimental procedure, 2.8 g of CTAB was dissolved in a mixture
of 8 ml of n-pentanol and 40 ml of n-hexane. Then, 10 ml of aqueous solution was
slowly poured and intensely stirred for 30 min at room temperature resulting in the
formation of a transparent water-in-oil emulsion. GeCly (99.99%) was dissolved in
ethanol to form a solution (0.1 mol L™). Then 1.6 ml of 0.1 mol L GeCly solution
was added to this water-in-oil emulsion while shaking to firmly to form a
homogeneous mixture. Then 0.5 ml of ammonia was added into the mixture with
vigorous stirring. The mixture was sealed in a 100 ml Teflon-lined stainless steel
autoclave and maintained at 160 °C for 10 h. Then the autoclave was naturally cooled
to room temperature and the mesoporous GeO, (MGeQO,) was obtained.

Preparation of PGe@PPy yolk shell nanoarchitecture



Firstly, the MGeO, nanoparticles were kept in avacuum oven for 15 min at room
temperature, and annealed at 650 °C under an Ar (90%)/ H, (10%) stream for 6 h to
convert the GeO; into Ge. Afterwards, the PGe nanoparticles were prepared using 400
ALD cycles of TMA (97%) and HPLC at 180 °C. For the Al,O; ALD, TMA (97%)
and HPLC (high performance liquid chromatography) grade H,O was obtained from
Sigma-Aldrich. The typical growth rate for the chemistry is 1.1 A percycle. Briefly,
the Al,O; ALD reaction sequence was: a) TMA dose to 1.0 Torr; b) evacuation of
reaction products and excess TMA; c¢) N, dose to 20.0 Torr; iv) N, static time; V)
evacuation of Ny; vi) H,O dose to 1.0 Torr, vii) evacuation of reaction products and
excess H,O; viii) dose N,; and ix) evacuation of N, and any entrained gases. After
that, the obtained PGe@Al,O; core-shell nanoparticles was dispersed in deionized
water. PVP was then added, and the mixture was stirred for 18 h. The obtained
mixture was washed to remove the excess PVP and redispersed in deionized water,
after which pyrrole was added and the mixture was stirred for 6 h. The FeCls solution
was then slowly added as an oxidizing agent, and the mixture was reacted at
temperature of 0 °C for 24 h. The resulting black material was centrifuged with ethyl
alcohol to wash away residual FeCls, and then dried at 80 °C for 6 h under vacuum.
After washing with 1 M HCI for 18 h to remove the Al,O; layer, PGe@PPy yolk-shell

nanoparticles were obtained.

Material Characterization

The morphology, composition, and crystalline phase of all samples were
characterized by field-emission scanning electron microscopy (FESEM; S-4800,
Hitachi), TEM and HRTEM (JEM-2100) with an accelerating voltage of 200 KV.
XRD measurements were conducted on a Rigaku D/max-yB diffractometer using Cu

Ko radiation at a scanning rate of 2° min™' in the range of 10-90°. TG analysis was
g g y



carried out with a TG/DTA6200 instrument. The specific surface area and pore-size
distribution were measured by the Brunauer-Emmett-Teller and Barrett-Joyner-
Halenda method using ASAP2020. Additionally, /n sifu Raman measurements were
carried out using a Renishaw in Via micro-Raman system with a 532 nm laser
excitation line. The tap density was performed by tapping a graduated cylinder at 5
min with 100 taps per min and an amplitude of 3 mm. In order to gain the average
value, the tap density was tested three times.

Electrochemical Measurements

The PGe@PPy yolk-shell active material powder and mixed with Super P
carbon black and polyvinyldifluoride (PVDF, Kynar HSV 900), with a weight ratio of
80: 10:10, in N-Methylpyrrolidone (NMP) solvent was used to produce an electrode
slurry. These mixtures were further stirred and homogenized with a dispersing system
(Dissolver Dispermat CA40, VMA-Getzmann GmbH, Germany) for approximately 2
h. Finally, the slurries were deaerated under vacuum for 1 h to remove the bubbles.
The anode slurry was casted on copper foil. Anodes of different thicknesses were
prepared by varying the doctor blade height. The coated electrodes were dried in an
oven 110 °C under vacuum for 12 h.

The as-made working electrodes were integrated into two-electrode CR2025-
type coin cells for electrochemical measurements, metallic lithium foil was used as
the counter electrode, porous polypropylene films as the separator and the electrolyte
was 1 M LiPF, dissolved in ethylene carbonate (EC) and dimethyl carbonate (DMC)
and diethyl carbonate (DEC) at a volumetric ratio of 1:1:1. The discharge-charge tests
were conducted at various rates within a voltage window from 0.01 V to 1.5 V (vs.
Li'/Li) on the BTS battery testing system (Neware, Shenzhen, China). Electrical

impedance spectroscopy (EIS) experiments were carried out on a Parstat 2273



advanced electrochemical systems in the frequency range mainly from 100 kHz to 10
mHz with the a.c. signal amplitude of 5 mV. For the full cell testing, the electrode was
fabricated with LiNi;;3Co13Mn; 30, consisting of LiNij;3Co13Mn;30,: Super P

carbon black and polyvinyldifluoride (PVDF, Kynar HSV 900) (80:10:10 w/w/w).

For full-cell assembly, the LiNi;;3Co13Mn;;30; electrode with a loading mass of ~6
mg cm™ was used as a cathode, whereas the anode mass loading was kept at ~0.95 mg

cm™. Using the measured capacity after the 1st formation cycle for the half cells, the
lithiation capacity of PGe@PPy yolk-shell anode is 1.14 mA h cm™ (1200 mA h g™)
and the delithiation capacity of LiNi;;3Co;3Mn; 30, cathode is 1.02 mA h cm™ (170
mA h g') for coin cells, indicating that the design capacity of anode is 1.12 times
more than that of cathode. To see both effects of anode and cathode on the capacity
fade of the full cell during cycling, the capacity ratio of anode: cathode was designed

to be close to 1:1.
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Figure S1. Schematic illustration of synthesis and characterization of as-prepared MGeO,,
related to Figure 1. a) Schematic drawing of synthesis the MGeO,. b) XRD patterns of MGeOs. ¢)
N, adsorption/desorption isotherms measured at 77 K from MGeO,. The insets of (c) are the the

corresponding pore size distribution of MGeO,.
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Figure S2. Characterization of as-prepared PGe, related to Figure 1. a) XRD patterns of PGe.
b) N, adsorption/desorption isotherms measured at 77 K from PGe. The insets of (b) are the the
corresponding pore size distribution of PGe. c-d) TEM image of the PGe. The inset in (d) is the

electronic diffraction pattern corresponding to the PGe.
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Figure S3. Characterization of PGe, PPy, and PGe@PPy yolk-shell nanoarchitecture,
related to Figure 1. TGA curves of PGe, PPy, and PGe@PPy yolk-shell nanoarchitecture in air

gas at a heating rate of 5 °C min”
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Figure S4. The electrochemical study of PGe@PPy yolk-shell electrode, related to Figure 2.

Cyclic voltammetry curves of PGe@PPy yolk-shell electrode between 2.0 and 0.05 V with a scan
rate of 0.1 mV s™.
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Figure S5. The cycling stability of PGe@PPy yolk-shell electrode during charging and

discharging, related to Figure 2. Cycling performance (discharge) of the PGe@PPy yolk-shell
electrode at current density of 16 and 32 A g'1 for 200 cycles.



Figure S6. Morphology of PGe@PPy yolk-shell nanoarchitecture with 100 ALD and 500
ALD cycles, related to Figure 2. (a) and (b) Representative TEM image of PGe@PPy yolk-shell
nanoarchitecture with the 100 ALD and 500 ALD cycles.
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Figure S7. Understanding of lithiation and delithiation mechanism, related to Figure 2.
Schematic drawing of the charge/discharge processes of the Ge particles (a), PGe@PPy yolk-shell

with 100 ALD (b), PGe@PPy yolk-shell with 500 ALD (c) and PGe@PPy yolk-shell with 300

ALD (d) in LIBs.
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Figure S8. Electrochemical impedance spectroscopy study, related to Figure 2. Impedance
measurements of PGe@PPy yolk-shell and PGe electrodes.

Figure S9. Electrode thickness after cycling, related to Figure 3. FESEM images of the

electrode cross-section of PGe@PPy yolk-shell nanoarchitecture (a) before and (b) after 1000
cycles at a current density of 0.8 A g'l.



Supplemental Tables

Table S1. Mass ratio of porous germanium and polypyrrole at different temperature, related
to Figure 1.

PPy PGe PGe@PPy PGe : PPy

(Wt%) (Wt%) (Wt%) (mass ratio)
550 °C 0.60 103.88 88.19 84.80: 15.20
575°C 0.52 104.36 88.24 84.47:15.53
600 °C 0.46 104.77 88.28 84.19: 15.81
625 °C 0.43 105.02 88.31 84.02: 15.98

The residual weight percentage of polypyrrole (PPy), porous germanium (PGe), and the
porous germanium@polypyrrole yolk-shell (PGe@PPy) at 550, 575, 600 and 625 °C are used to
calculate the mass ratio of PGe and PPy in the PGe@PPy composite. The weight of Ge increased
during high temperature zone because the formation of GeOx, meanwhile the weight of PPy
decreased during the heat treatment owing to the decompose of PPy. Hence, we can use this
equation to calculate the mass ratio of PGe and PPy:

Wopy (1-XpGe)+WrceXpce=WpGe@ppy
Where Wppy, Wpge, Wege@ppy are the residual weight percentage of PPy, PGe and PGe@PPy
at different temperature, respectively, Xpge is the mass ratio of PGe in the composite. The mass
ratio is listed in the table S1, which is quite stable at different temperature, and the average mass

ratio of PGe and PPy in the composite is 84.37% of Ge and 15.63% of PPy.

Table S2. A comparison of the cycle and rate performance of various Ge-based composites

prepared by different structure designs (1C=1600 mA h g), related to Figure 2.

Mesoporous Ge Particles

Materials Mass Low Capacity High Capacity Reference
loading Current (mA h g'l) Current (mA h g'l)
(mg cm?) | Rate ©) Rate (C)
3D Macroporous Ge 1.08 0.2 1436 5 717 Jiaetal., 2014
Particle
NA 0.2 1350 5 804 Choi et al., 2015




Carbon-Encapsulated Ge NA 0.2 1428 10 792 Liu et al., 2014
Nanowires
Graphite Tubes- 0.5 0.15 1310 7 232 Sun et al., 2015
Encapsulated Ge
Nanowires
Ge-Graphene-Carbon 0.7 0.1 1277 2 754 Fang et al., 2015
Nanotube Composite
Graphene-Coating Ge 1.9 0.3 1300 20 363 Kim et al., 2013
Nanowires
Carbon Nanofibers- 0.5 0.15 1420 15 480 Lietal, 2014
Encapsulated Ge
Nanoparticles
Flexible Carbon-Coated 1.2 0.1 1400 10 484 Lietal., 2015
Ge Nanowires on Carbon
Nanofibers
Ge@C/rGO Hybrids 1 0.1 1258 20 712 Wang et al., 2017
1 1220 20 815
PGe@PP?f Yolk-Shell 3 0.5 1168 10 536 This work
Architecture
6 1101 10 449
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