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The rational design of electrode materials with high power and energy densities, good operational safety,
and long cycle life remains a great challenge for developing advanced battery systems. As a promising
electrode material for rechargeable batteries, germanium oxide (GeO,) shows high capacity, but suffers
from rapid capacity fading caused by its large volume variation during charge/discharge processes and
poor rate performance owing to low intrinsic electronic conductivity. In this study, a novel one-
dimensional (1D) carbon/graphene-nanocable-GeO, nanocomposite (denoted as GeO,/nanocable) is
rationally designed and prepared via a facile electrospinning method. Specifically, amorphous carbon and
graphene spontaneously construct a nanocable structure, in which graphene acts as the “core” and
amorphous carbon as the “shell’, and GeO, nanoparticles are encapsulated in the nanocable. The
graphene “core” promises good electrical conductivity while the amorphous carbon “shell” guarantees
fast Li ions diffusion. When tested as an anode material for rechargeable lithium ion batteries, the GeO,/

Received 23rd January 2020
Accepted 3rd March 2020

DOI: 10.1039/d0ra00720j nanocable exhibits remarkable Li storage performance, including high reversible capacity (900 mA h g™3),

rsc.li/rsc-advances high capacity retention (91% after 100 cycles), and good rate performance (595 mA h g~* at 5000 mA g™%).

Thas article 15 hcensed under a Creative Commeons Attnibution-NonCommercial 3.0 Unported Licence.

(c<)

Lithium ion batteries (LIBs) require longer cycle lifetimes, and
higher energy density and rate capability in order to satisfy the
increasing popularity of electric vehicles (EVs) and hybrid
vehicles (HEVs). Nevertheless, the current commercial LIBs
using graphite anode materials are unable to meet this ever-
growing demand because of their relatively low capacity
(372 mA h g~ ") and safety issues due to their low Li intercalation
potential.’”

GeO, is considered as a good alternative for graphite as an
anode material for LIBs because of its many advantages,
including a high theoretical capacity of 1125 mA h g™, low
operating voltage and rapid Li* diffusion rate.®* In practical
use, GeO, anodes suffer from fast capacity degradation and
poor rate performance caused by their large volume variations
during lithiation/delithiation cycles and low intrinsic electronic
conductivity.%*'**1**  The hybridization of GeO, with
conductive buffer materials such as graphene, amorphous
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carbon, and carbon nanotubes are effective strategies to address
these shortcomings.>*'***¢ In particular, electrospinning
methods that tailor GeO, anode materials into one-dimensional
(1D) carbon nanofibers have attracted the attention of many
researchers, because carbon nanofibers with short Li ion
diffusion pathways are recognized as good architectures for
energy storage applications.””*° However, the electrochemical
performances of these GeO,/carbon nanofibers are still unsat-
isfied because: (i) carbon nanofibers typically could not with-
stand the large volume change of GeO, due to their structural
fragility,?” thus lead to the poor cycling performance; (ii) carbon
nanofibers usually exhibit relative low electronic conductivity
compared to that of graphitized carbon,* therefore the rate
performance of these electrodes is still not satisfactory.

In order to overcome the above mentioned two drawbacks
that widely existed in carbon nanofibers, in this work, we
tailored graphene in the internal structure of carbon nanofibers
to form a nanocable structure via a facile electrospinning
method. Benefitting from the favorable mechanical properties,
and electronic conductivity of graphene, the as-prepared
carbon/graphene nanocable successfully mitigates the draw-
backs of carbon nanofiber electrodes. As illustrated in Scheme
1, after the electrospinning and the following calcination
processes, a ternary nanocomposite-amorphous carbon/
graphene-nanocable-encapsulated GeO, (denoted as GeO,/
nanocable) was obtained. In this unique nanocable architec-
ture, graphene acts as the “core” and amorphous carbon as the
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Scheme 1 Schematic illustration of GeO,/nanocable.

Amorphous carbon

“shell”, and simultaneously GeO, was also encapsulated into
the “nanocable”. When tested as an anode material for LIBs,
GeO,/nanocable exhibits enhanced cycling and rate perfor-
mances compared to those of GeO,/carbon nanofibers (denoted
as GeO,/CNF, prepared with the absence of graphene)
electrodes.

Scanning electron microscopy (SEM) images show as-
prepared products possess a 1D fiber-like morphology with
a typical length on the order of 10-100 pm and an average
diameter of ~300 nm (Fig. 1a and b). The microstructure of the
GeO,/nanocable was further investigated by transmission elec-
tron microscopy (TEM) (Fig. 1c-e) accompanied by selective
area electron diffraction (SAED). As shown in Fig. 1c, the gra-
phene “core” was clearly embedded within an amorphous
carbon “shell”, judging by the distinct contrasts in the TEM
images. The “shell” has a thickness of ~100 nm while the “core”
has a diameter of approximately 200 nm. Graphene enhanced

b

Fig. 1 (a and b) SEM images of GeO,/nanocable at low and high
maghnifications. (c and d) TEM and (e) HRTEM images of GeO,/nano-
cable, inset of (d) is the corresponding SAED patterns; (f) dark field
STEM image and (g—i) EDS-elemental mapping images of a single
GeO,/nanocable (images g, h and i represent C, O and Ge elements,
respectively).
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the flexibility of the GeO,/nanocable. As depicts in Fig. S1,T after
bending, the structure of GeO,/nanocable could remain intact
while the GeO,/CNF collapsed. The formation mechanism of
the GeO,/nanocable prepared by a single-hole needle should be
the conductivity difference between graphene and the electro-
spinning solution (PAN dissolved in DMF). Driven by a high
voltage electrostatic force, graphene nanosheets with good
electrical conductivity may join together to form the nano-
cable's “core”, and the corresponding PAN solution forms the
amorphous carbon “shell”. As shown in Fig. 1d and e, higher-
magnification images show that many nanoparticles of diam-
eter < 20 nm were attached to the “core”. The inset of Fig. 1d
shows the SAED rings of GeO,, where the inner and outer
diffraction rings correspond to the diffractions of the (100) and
(101) planes, respectively.** Therefore, the above nanoparticles
may be reasonably attributed to GeO, primary nanoparticles.
Fig. 1f shows the dark field scanning transmission electron
microscopy (STEM) image of GeO,/nanocable, where the bright
contrast further confirms the nanocable structure of the
product. Energy-dispersive spectroscopy (EDS) elemental
mapping analysis was employed to investigate the elemental
distribution of the GeO,/nanocable. As shown in Fig. 1g-i, the
C, O, and Ge elemental maps match well with the STEM image
(Fig. 1f). In Fig. 1g, as is consistent with the TEM image, the C
elemental map is consisted of light red “shell” and dark red
“core”. Combined with the above TEM analysis, the light red
“shell” is recognized as amorphous carbon, because the texture
of the amorphous carbon is the same as that obtained without
graphene (as depicted in Fig. S2f). The dark red “core” is
supposed as graphene based on the fact that GO is the only
possible carbon source except PAN. From Fig. 1h-i, Ge and O
are not uniformly distributed over the entire area of the nano-
cable but are concentrated in the “core” area. Because when the
GO solution was mixed with Ge*", Ge*" would be selectively
bonded with the oxygenated groups by electrostatic forces due
to GO nanosheets contained epoxyl and hydroxyl groups on the
basal planes and carboxylic acid groups.”” This is another
evidence that support graphene is the “core” of the nanocable.

X-ray photoelectron spectroscopy (XPS) curves of the GeO,/
nanocable shown in Fig. 2a indicate the existence of Ge, C, and
O elements. The corresponding high-resolution spectrum
shows that there is a sharp XPS peak of Ge 3d at a binding
energy at 32.8 eV, confirming the presence of Ge** in the GeO,/
nanocable (Fig. 2b).*** Moreover, a high resolution O 1s peak is
displayed in Fig. 2c at 531.8 €V, suggesting that oxygen exists in
the O*~ oxidation state.*** The high-resolution C 1s spectrum
shows one primary and one shoulder peak centered at 284.7 and
286.7 eV corresponding to C-C and C-N, respectively (Fig. 2d).>®

Fig. 3a shows the X-ray diffraction (XRD) patterns of the
GeO,/nanocable. The sharp diffraction peaks centered at 20.5°,
26.3°, and 38.2° corresponded to the (100), (101), and (102)
planes of the crystalline GeO,, respectively, thereby confirming
the presence of GeO,.*” No carbon and graphene-related peaks
were observed because of their relatively low crystallinity
compared with that of GeO,."* Fig. 3b shows the Raman spectra
of commercial GeO, and GeO,/nanocable. The sharp peak at
443 cm™~ " corresponds to the characteristic peak of GeO, (red).

This journal is © The Royal Society of Chemistry 2020
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Fig.2 XPS spectra of GeO,/nanocable: (a) the full XPS spectrum of the
GeO,/nanocable; (b—d) high-resolution spectra Ge 3d, C 1s and O 1s,
respectively.

The absence of GeO, peak in GeO,/nanocable (green) implies
most of GeO, was beneath the amorphous carbon “shell” and
its content in the “shell” was very low, this result is consistent
with the above EDS mapping analysis. A 2D band, which is the
characteristic band of graphene can be observed at 2600-
3000 cm™ ' in the Raman spectra of GeO,/nanocable further
confirms the existence of graphene.*® Two sharp peaks at 1332
and 1590 cm ™' are present in the GeO,/nanocable spectrum,
which could be assigned to the defect (D) and graphitized (G)
bands of carbon, respectively.** The intensity ratio of the D band
is obviously higher than that of the G band, which indicates that
higher amounts of disordered carbon were formed with
numerous defects in the amorphous carbon layer (Raman
spectra of nanomaterials primarily yield surface information).
Amorphous carbon has two effects on the rate performance of
LIBs. On the one hand, disordered carbon would enhance the Li
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Fig. 3 (a) XRD pattern of GeO,/nanocable, (b) Raman spectra of
GeO,/nanocable (green line) and commercial GeO, powder (red line),
(c) TG curve of GeO,/nanocable in oxygen atmosphere, (d) nitrogen
adsorption and desorption isotherms of GeO,/nanocable, inset image
is the corresponding pore size distribution plots.
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ion diffusion kinetics, thus improving the high-rate perfor-
mance during charge/discharge cycles of the LIBs.***' On the
other hand, excessive amorphous carbon (or thick coating layer)
would reduce the electronic conductivity of the electrode, which
is harmful to its rate performance.” In the GeO,/nanocable, the
graphene “core” promises the good electrical conductivity while
the amorphous carbon “shell” guarantees the fast Li ions
diffusion, thus the high power density of the anode material
could be anticipated.

The GeO, content in the GeO,/nanocable was determined by
thermal gravimetric analysis (TGA). In the GeO,/nanocable, the
weight ratio of GeO, is 53.56 wt%, and the weight ratio of gra-
phene and amorphous carbon is 46.44 wt% based on the weight
loss on carbon combustion and the fact that GeO, is stable in
air. The weight loss that commences at 500-600 °C could be
attributed to the graphene and the amorphous carbon
combustion reaction. The specific surface area of the GeO,/
nanocable, which is calculated using Brunauer-Emmett-Teller
(BET) measurements, is 28.3 m” ¢~ . The nitrogen adsorption-
desorption isotherm exhibits a typical IV-type isotherm with an
H3 type hysteresis loop (Fig. 3d).” These surface area values
indicate that the GeO,/nanocable possesses a porous nano-
structure, which may be caused by the amorphous carbon layer.
According to the above structural characterization, we believe
that the rationally designed GeO,/nanocable could be presented
an ideal anode material for high-performance LIBs.

To systematically study the electrochemical performance of
the GeO,/nanocable, various electrochemical tests including
cyclic voltammetry (CV), electrochemical impedance spectros-
copy (EIS) and galvanostatic charge/discharge were performed.
GeO,/CNF was also tested for comparison. Initially, the Li
storage mechanism of the GeO,/nanocable was investigated by
using CV and the corresponding CV curves are shown in Fig. 4a.
The sample was tested at a scan rate of 0.2 mV s~ from 0.0 to
3.0 V vs. Li'/Li. During the first cathodic scan, the peak at
around 0.65 V arose from the decomposition of the electrolyte,
the irreversible reaction between electrode and electrolyte to
form a stable solid electrolyte interface (SEI) layer, and the
irreversible reaction of Li and GeO, to form Li,O (GeO, +4Li" —
Ge + 2Li,0).>*** The sharp cathodic peak below 0.30 V corre-
sponded to a series of Li,Ge phases."** During the anodic scan,
the peak at around 0.35 V was caused by the dealloying reaction
of Li,Ge alloys.>***** The broad peak located at approximately
1.15 V arose from the reoxidation of Ge to GeO,, thus result in
the partial reversibility of the GeO, conversion reaction.'**
After the first cycle, the CV curves of the GeO,/nanocable over-
lapped well, suggesting good stability and reversibility of the
GeO,/nanocable electrode for Li ions insertion and extraction.

The galvanostatic charge-discharge profiles of the GeO,/
nanocable electrodes were recorded in the voltage window of
0.0-3.0 V versus Li/Li" at a current rate of 200 mA h g~ " over 100
cycles (Fig. 4b). In the first discharge profile, a voltage plateau at
approximately 0.4 V and a subsequent long continuous voltage
drop down to 0.0 V could be observed, which match well with
the CV data and are indicative of Li-alloying reactions. The
GeO,/nanocable electrode displays an initial discharge/charge
capacity of 1470/900 mA h g '; the high initial irreversible
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Fig.4 (a) CV curves of the GeO,/nanocable in the voltage window 0.0-3.0 V at a scan rate of 0.1 mV s™%. (b) Charge—discharge curves of GeO,/
nanocable at the 1st, 10th, 30th, 50th and 100th cycles (current: 200 mA g~?). (c) Comparison of the cycling performance of GeO,/nanocable
and GeO,/CNF 200 mA gfl. (d) Rate performance the GeOs/nanocable at different current densities. (e) EIS spectra of GeO,/nanocable and

GeO,/CNF electrodes.

capacity is related to the formation of the SEI layer, electrolyte
decomposition and the irreversible reaction of GeO, with Li.
After the first cycle, the reversibility of the GeO,/nanocable
significantly improved and the coulombic efficiency increased
up to 97% after the second cycle. Fig. 4c compares the cycling
performance of the GeO,/nanocable and the GeO,/CNF elec-
trodes at a current density of 200 mA h g~'. For the GeO,/
nanocable electrode, the capacity stabilized at above
819 mA h g " after 100 cycles. The capacity loss between the 1st
and 100th cycles was only 9%, thus showing the superior
cyclability of GeO,/nanocable (calculated based on the revers-
ible charge capacities). In contrast, the declining capacity plots
of the GeO,/CNF electrode indicates its poor cycling perfor-
mance. In fact, the GeO,/CNF electrode showed a capacity
retention of only 12.5% with a final reversible capacity of
110 mA h g~ '. The excellent structural strength and flexibility of
graphene led to good cycling stability of the GeO,/nanocable

10876 | RSC Adv, 2020, 10, 10873-10878

electrode, and this assumption could be further verified by the
SEM images that obtained at the end of cycles (see ESI, Fig. S37).
Fig. S31 compares the SEM images of both electrodes after 100
cycles. From these images, it is clear that most of the GeO,/
nanocables maintain their original 1D structures, while GeO,/
CNF shows obvious fracture phenomena.

As shown in Fig. 4d, the rate capacities of GeO,/nanocable
electrodes were also tested. The performed current increased
over every 5 cycles in step from 200 mA h g " to 5000 mA h g~ *
and back to 200 mA h g™ at the last 5 cycles. At the currents of
200, 1000, 2000, 3000 and 5000 mA h g™, the corresponding
reversible charge capacities were approximately 890, 825, 760,
690 and 595 mA h g™, respectively. When the specific current
was returned back to 200 mA h g, the capacity rose to
865 mA h g~ ', which is very close to the initial charge capacity.
These results demonstrate that the GeO,/nanocable electrode
exhibits good tolerance to variable charge/discharge currents,

This journal is © The Royal Society of Chemistry 2020
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which is an important characteristic required for high-power
applications. Since the rate capability is dominated by the
kinetics of lithium-ion diffusion and electronic conductivity,
the better electrochemical performance of the GeO,/nanocable
electrode was further verified using EIS measurements with
a GeO,/CNF electrode for comparison. As shown in Fig. 4e, the
EIS plots consisted of a semicircle at medium to high frequency
and a straight line at low frequency. The inset of Fig. 4e shows
the Randles equivalent electrical circuit model of both elec-
trodes, it can be observed that the experimental data could be
well fitted using the equivalent circuit model. As is shown, the
GeO,/nanocable electrode shows a considerably lower charge-
transfer resistance (135 Q) compared to that of the GeO,/CNF
electrode (331 Q) (Fig. 4e and ESI Table S17), indicating a faster
charge-transfer reaction for the GeO,/nanocable anode.*® This
would lead to a good rate capability of the GeO,/nanocable
electrode.

Conclusions

A novel GeO,/nanocable electrode material was successfully
synthesized by a facile electrospinning method, in which gra-
phene act as the “core” and amorphous carbon as the “shell”,
and GeO, nanoparticles were encapsulated in the nanocable. As
anode material for LIBs, the graphene “core” promises the good
electrical conductivity while the amorphous carbon “shell”
guarantees the fast Li ions diffusion. The graphene “core” could
effectively alleviate volume expansion, and maintain structural
stability of the GeO,/nanocable electrodes. Therefore, the GeO,/
nanocable exhibited satisfactory Li storage performance
including high reversible capacity (900 mA h g™*), excellent
cycling performance (91% after 100 cycles) and rate perfor-
mance (595 mA h g~ ' at 5000 mA g~ !). Our work demonstrates
a successful case for the preparation of GeO,/nanocable anode
materials for advanced LIBs, and the proposed preparation
strategy could be extended to boost other metal or oxide anodes.
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