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In this work, a novel N/O Co-doped hollow carbon nanocapsule-supported Ge nanoparticles
nanocomposite (Ge-N/O-CNCs) was successfully prepared by a facile heating reflux method. N/O
codoped hollow carbon nanocapsule-supported Ge nanoparticles not only relieve the agglomeration of
Ge nanoparticles and control the volume expansion, but also facilitate the rapid transmission of electrons.
In LIBs, the unique Ge-N/O-CNCs nanoarchitecture was used as the anode material. At a high current
density of 1 A g, it remains a stable specific capacity of 448 mAh g remained after 100 cycles.
Additionally, even at 3.2 A g%, this material exhibited a high-rate specific capacity of 350 mAh g.
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1. INTRODUCTION

Compared with commercial graphite material (372 mAh g*), germanium (Ge), with the
advantage of high theoretical capacity (1623 mAh g™), has been regarded as a more worthy anode for
excellent performance lithium-ion batteries (LIBs).[1-5] Nevertheless, during the lithiation/delithiation
process, its disadvantages (e.g., large structural changes and serious volume expansion), [6-9] make the
Ge electrode suffer capacity fading and exhibit a poor cycling lifetime, which are the main obstacles that
limit Ge from becoming a commercially applicable anode material for LIBs.

One effective strategy to overcome the abovementioned problems is to reduce the microscale Ge
particles to the nanoscale (such as nanoparticles [10], nanotubes [11] and nanowires [12]), which can
relieve mechanical stress by reducing the distance of Li-ion diffusion and improve the electrochemical
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performance of Ge. However, the aggregation effect of nanoparticles due to the reduced particle size
also affects the performance of Ge anodes. Therefore, anchoring Ge directly on carbonaceous materials
seems to be a more efficient strategy that can not only prohibit aggregation of the Ge nanoparticles but
also cushion the volume expansion as well as improve the electrode conductivity. [13-19] For instance,
Yao and Wang [14] fabricated the mesoporous Ge/C nanocomposites as anodes of LIBs.
Tetraethoxygermane (TEOG), which is a source of germanium, was filled into the porous carbon matrix
to prepare Ge/C nanocomposites. It shows a capacity of 736 mAh g?, as well as an excellent
electrochemical performance. Furthermore, Xiao et al. [15] fabricated a Ge/N-doped carbon monolith
as an anode for LIBs. The Ge/N-doped carbon monoliths have a continuous and conductive carbon
network, in which Ge-N chemical bonds connect Ge nanoparticles to carbon, as well as a unique porous
structure for suppressing the large volume change of Ge nanoparticles. It shows a specific capacity of
813 mAh g (0.5 A g?), as well as an excellent electrochemical performance. The Li group [18]
fabricated a Ge nanoparticle composite carbon nanofibre composite carbon material (Ge@CNF@C). It
was prepared by anchoring Ge nanoparticles into the CNFs and then depositing a layer of carbon. The
carbon nanofibres and carbon layer in the Ge@CNF@C can maintain its structural integrity during
cycling and improve its cycling stability. Although the electrochemical performance of these materials
has been enhanced to some extent, there is much room for designing novel Ge/C electrodes with
improved electrochemical performance of Ge for LIBs with excellent performance.

Herein, we designed and synthesized a novel N/O codoped hollow carbon nanocapsule-supported
Ge nanoparticles nanocomposite (Ge-N/O-CNCs) by a facile heating reflux method. [20] Ge
nanoparticles are deposited in the hollow carbon nanocapsules can not only relieve the aggregation of
Ge nanoparticles, but also facilitate the rapid transmission of electrons. In addition, the N/O-CNCs
alleviated the volume expansion as well as improved the electrical conductivity of the Ge-N/O-CNCs
electrode. Due to the unique hollow nanocapsule structure of the Ge-N/O-CNCs, the Ge-N/O-CNCs
electrode shows a relatively high specific capacity with good cycle performance under a high current
density. According to research, a high and reversible specific capacity of 448 mAh g remains after 100
cycles at 1 A g* for LIBs. In addition, at 3.2 A g, this material exhibits a high-rate specific capacity of
350 mAh g*. When returned to 0.16 A g7, its specific capacity quickly stabilized at 1011 mAh g
Therefore, we believe that this paper optimizes the Ge-based anode material in LIBs through a simple
synthesis method.

2. EXPERIMENTAL SECTION

2.1 Synthesis of Ge-N/O-CNCs.

In a typical synthesis, firstly, the N/O-CNCs (30 mg) (The N/O-CNCs were synthesized by our
previous method, [20] where the micromorphology as well as composition of it were characterized by
SEM, TEM, Raman spectroscopy and XPS) were added to 20 mL germanium(lV) chloride (GeCla,
Chengdu Huaxia, 99.99%) ethanol solution (0.05 M) and ultrasonication for 0.5 h, forming a mixed
solution and refluxed at 110 °C under stirring. Subsequently, 5 mL sodium borohydride (NaBHa,
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Aladdin, 98%) ethanol solution (0.69 M) was added to the solution, and then reacted for approximately
10 h. Finally, the black target product Ge-N/O-CNCs were centrifuged, washed thoroughly with ethanol
as well as water, and dried. Ge was prepared under the same synthesis process, and only no N/O-CNCs
were added. The fabrication process of the Ge-N/O-CNCs is schematically illustrated in Scheme 1.

Heating Centrifugation s
Stirring g
Refluxing Drying
NaBH.

GeCls
i N/O-CNCs il Ge-N/O-CNCs

Scheme 1. Schematic demonstration showing the fabrication process of the Ge-N/O-CNCs

2.2 Materials characterizations

The powder X-ray diffraction (XRD) of the resultant materials was characterized on a Philips X-
ray diffractometer. The Raman spectroscopy measurements were analysed on a Renishaw in Via Qontor
spectrometer. Thermal gravimetric analysis (TGA) was calculated on a METTLER TOLEDO
TGA/DSC3+ from 32 °C to 800 °C (10 °C min') in the air. X-ray photoelectron spectroscopy (XPS)
was performed on an ESCALAB 250Xi spectrometer. The micromorphology of the samples was
appeared by the scanning electron microscopy (SEM) on a Hitachi SU-8010. In addition, the
moremicromorphology was further analysed by the transmission electron microscopy (TEM) on a Talos
F200x instrument.

2.3 Electrochemical analyses

The electrode used for the electrochemical test was made up of active material, polyvinylidene
fluoride and acetylene black (mass ratio of 80:10:10). In addition, the cells for testing were fabricated in
a glove box filled with argon atmosphere. In the cells, lithium sheet was used as the anode, the prepared
electrode was used as the cathode, Celgard 2600 was used as the separator, and 1 M LiPFs was used as
the electrolyte, respectively. The charge-discharge performance measurements of the cell were analysed
on a Neware CT-3008 battery cycler (Guangdong, China), and the test range was from 0.01 V to 3.0 V
(vs. Li/Li"). The electrochemical impedance spectroscopy (EIS) performance measurements of the cell
were analysed on a Chenghua CH1660D workstation (Shanghai, China), with a frequency range of 0.01
Hz to 100 kHz for a 5 mV sine wave.
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3. RESULTS AND DISCUSSION
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Figure 1. (a) XRD patterns of bare Ge and the Ge-N/O-CNCs. (b) Raman spectra of the Ge-N/O-CNCs
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Figure 2. (a) TGA curve of Ge-N/O-CNCs. (b) XPS survey scan spectrum and core level spectrum of
(c) C1s, (d) N 1s, (e) O 1s, and (f) Ge 2p for Ge-N/O-CNCs.



Int. J. Electrochem. Sci., 16 (2021) Article Number: 211035 5

The XRD patterns of bare Ge and Ge-N/O-CNCs are shown in Fig. 1a. It is obvious that all of
the characteristic diffraction peaks corresponded to the hexagonal Ge structure (JCPDS No0.03-065-
9209) [21]. The diffraction peak of N/O-CNCs in the Ge-N/O-CNCs sample was not observed. However,
the existence of N-O-CNCs in the Ge-N/O-CNCs sample was confirmed by the Raman spectroscopy
(Fig. 1b). Compared to bare Ge, the Raman spectra of Ge-N/O-CNCs contained peaks at ~1357 and
1593 cm™*, which matched the graphene bands D and G. [20,22]

The TGA curves of Ge-N/O-CNCs is shown in Fig. 2a. For Ge-N/O-CNCs, the first weight loss
(~3.6 %) is attributed to water evaporation in the temperature range of 32 °C to 110 °C. During heating
to 800 °C in the air, according to the reaction Equation (1) and (2), the carbon was oxidized with a loss
weight losing its weight in the form of CO., as well as Ge was also oxidized to GeO, and increased its
weight. In summary, the Ge content in the Ge-N/O-CNCs sample can be calculated as ~44.1 %, based
on the Equation (3). [22-26]

C+02,—CO2 1 (1)
Ge+ 02 —» GeO2 | )
Ge (Wt % ) - atomic mass of Ge % weight of the final product ( 3)

molecular mass of GeO2  initial weight of Ge-N/O-CNCs

The elemental composition of the Ge-N/O-CNCs was examined by XPS. The XPS result
(Fig. 2b) shows the presence of C, O, and N as well as Ge elements in the sample. Furthermore, the C
1s peak is shown in Fig. 2c and can be separated into O=C-O (~286 eV), C=0 (~285 eV), C=C/C-C
(~284.6 eV) and C=N/C-O (~284.3 eV), respectively. The N 1s peak is shown in Fig. 2d and can be
divided into N-6 (~398 eV), N-Q (~400 eV) and N-5 (~400.5 eV). The peak of O 1s is shown in Fig. 2e
and can be divided into C-O (~529.5 eV), C-C=0 (~531 eV) as well as C=0 (~530 eV). [20] The peaks
of Ge 2p are exhibited in Fig. 2f, as the peaks at ~1217 eV and 1250 eV correspond to both the Ge 2ps
and Ge 2p12, indicating that Ge is present in the Ge-N/O-CNCs sample. [18,27]

The SEM image (Fig. 3a) shows that N/O-CNC has a smooth surface. However, the Ge-N/O-
CNC has a rough surface, because of the deposition of Ge nanoparticles on the N/O-CNCs matrix. Some
broken tubes with holes on the end display the presence of the hollow interior of N/O-CNCs. The TEM
image (Fig. 3c) also shows a hollow structure with a rough surface. The HRTEM image (Fig. 3d) shows
that the interplanar spacings (0.283 nm, 0.327 nm) correspond to the planes ((200), (111)) of Ge (JCPDS
No0.03-065-9209) [21]. EDS element mappings are shown in Fig. 4e, which reveals that C, N, and O are
homogeneously and regularly distributed around the entire nanocapsule and that Ge is randomly
distributed around it.
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Figure 3. SEM images of (a) N/O-CNCs; (b) Ge-N/O-CNCs. (c)(d) TEM and HRTEM lattice images
of Ge-N/O-CNCs, (e) EDS elemental mappings of C, N, O and Ge.

The charge-discharge curves of the Ge-N/O-CNCs and bare Ge electrodes are shown in Fig. 4
(a, b), respectively. Both the first charge capacity and discharge capacity of the Ge-N/O-CNCs electrode
are 684 mAh g* and 1176 mAh g, respectively. Simultaneously, the initial coulombic efficiency (CE)
of the Ge-N/O-CNC:s electrode is 58 %. Compared with the initial CE of bara Ge (44%, Fig. 4b), the
initial CE (58 %) of the Ge-N/O-CNC:s is significantly higher. The cycling performances of the Ge-N/O-
CNCs as well as bare Ge electrodes at a constant current density of 1 A g are shown in Fig. 4c. The
Ge-N/O-CNCs nanocomposite electrode obtains a high as well as reversible specific capacity of 448
mAh g after 100 cycles. However, the bare Ge electrode only gains a low capacity of 127 mAh g up
to 100 cycles. Apparently, compared to bara Ge, the performance of the Ge-N/O-CNCs electrode was
optimized. The rate performance of the Ge-N/O-CNCs electrode was also been investigated (Fig. 4d).
The Ge-N/O-CNCs nanocomposite electrode obtains a high as well as reversible specific capacity of
1156 mAh g after 10 cycles at 0.16 A g*. In addition, even if the current density is increased to 3.2 A
gl, it still maintains a capacity of 350 mAh g*. Moreover, while returning to the initial current density
(0.16 A gl), its capacity recovers back again. In addition, a comparison between Ge/C composites and
the previously reported results is displayed in Fig. 4e (detailed parameters are provided in Table 1)
[1,15,16,18,22,26-29]. Obviously, the cycling performance of the Ge-N/O-CNCs electrode, which is
especially high at a current density, is superior to those reported for Ge/C materials. To characterize the
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electrochemical reaction kinetics of the Ge-N/O-CNCs material, EIS measurements were conducted, as
shown in Fig. 4f (detailed parameters are provided in Table 2). The semicircle diameter of the Ge-N/O-
CNCs electrode was drastically smaller than that of the bara Ge electrode, showing much lower
impedance than that of the bare electrode. The low impedance for the Ge-N/O-CNCs benefits from the
efficient combination of Ge and N/O-CNCs. EIS results indicated that N/O-CNCs could significantly
enhance the electrical conductivity of the composite electrode, which resulted in an appreciable increase
in electrochemical reaction kinetics [30,31].
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Figure 4. Electrochemical performances of two electrodes: (a, b) Representative charge-discharge
profiles of the Ge-N/O-CNCs and the bare Ge, separately. (c) Cycling performance of Ge-N/O-
CNCs as well as bare Ge electrodes. (d) Rate performance of Ge-N/O-CNCs electrode. (e) A

comparison between Ge/C composites and the previously reported results. (f) EIS of two
electrodes after 100 cycles.
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Table 1. A comparison between Ge/C composites and the previously reported results

Cycling Performance

Samples Capacity Current Cvel Ref
(mAhg!)  (Agh Y
Ge-C 530 0.2 100 1
Ge@C-N 813 0.5 90 15
Ge@u@nio: 1050 0.1 100 16
Ge@CNF@C 550 0.2 50 18
Ge-C 627 0.2 100 22
Ge/C 496 0.2 100 26
3D-Void/Ge@C 990 0.1 100 27
Ge/PPY 1029 0.32 50 28
Ge@C sphere 1099 0.16 100 29
Ge-N/O-CNCs 448 1 100 our work

Table 2. EIS of Ge-N/O-CNCs and bare Ge electrodes after 100 cycles

Q Q
W Hop

Rct R
Samples Rs(Q) Ret(Q2) R#(Q2)
Ge-N/O-CNCs 3.299 91.47 930
Ge 2.844 128.7 1912

4. CONCLUSIONS

In summary, we designed and synthesized of a novel Ge-N/O-CNCs nanoarchitecture via a
simple heating reflux method. The Ge nanoparticles are distributed in the hollow carbon nanocapsule
can not only prevent aggregation of Ge nanoparticles but also facilitate the rapid transport of electrons.
The Ge-N/O-CNCs electrode showed a discharge capacity of 448 mAh g after 100 cyclesat 1 A gt. It
still had a specific capacity of 350 mAh g even at a high rate of 3.2 A g™*. When returned to 0.16 A g
! its specific capacity quickly recovered to 1011 mAh g*. When LIBs anodes were used, they exhibited
high electrochemical performance.
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