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Germanium Nanoparticles Encapsulated in Flexible Carbon Nanofibers 

as Self-Supported Electrodes for High performance Lithium-ion Batteries  
 

 
Weihan Li, Zhenzhong Yang, Jianxiu Cheng, Xiongwu Zhong, Lin Gu, Yan Yu*

Germanium is a promising high-capacity anode material for lithium ion batteries, but 

still suffers from poor cyclability due to its huge volume variation during the Li-Ge 

alloy/dealloy processes. Here we rationally designed a flexible and self-supported 

electrode consisting of Ge nanoparticles encapsulated in carbon nanofibers (Ge-CNFs) 

by facile electrospinning technique as potential anodes for Li-ion batteries. The 

Ge-CNFs exhibits excellent electrochemical performance with a reversible specific 

capacity of ~1420 mAhg-1 after 100 cycles at 0.15C with only 0.1% decay per cycle 

(the theoretical specific capacity of Ge is 1624 mAhg-1). When cycled at a high 

current of 1C, it still delivers a reversible specific capacity of 829 mAhg-1 after 250 

cycles. The strategy and design is simple, effective, and versatility. This type of 

flexible electrodes is a promising solution for the development of flexible lithium-ion 

batteries with high power and energy densities. 
 

 

 

Abstract  

Rechargeable lithium-ion batteries (LIBs) have become essential electrochemical 

energy storage devices for portable electronic devices, such as cell phones, laptop, 

and digital cameras, and also have been considered as the power source for hybrid 

electric vehicles (HEV).[1, 2] To meet the increasing requirements of LIBs with both 

high energy density and high power density, it is crucial to develop new alternative 

electrode materials with higher reversible capacity than commercial ones.[3-10] 
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Compared with the graphite anode (theoretical capacity:372 mAhg-1), Ge anode for 

LIBs have received much attention due to its high theoretical capacity (1624 mAhg-1, 

corresponding to Li4.4Ge), excellent lithium-ion diffusion coefficient (400 times 

higher than Si) and high electrical conductivity.[11-20] However, the practical 

application of Ge as an anode material is prevented by its poor cyclability. The main 

reason for the poor capacity retention is attributed to the drastic volume changes 

during Li-Ge alloying/dealloying process, resulting in both mechanical failure and 

loss of electrical contact at the current collector.[8, 19] Another reason is that the 

formation of Ge nanoparticle aggregation during the discharging process.[21-23] To 

minimize such volume strain and enhance the cycling stability of Ge anodes, 

approaches for versatile morphology control using 0D nanoparticles, 1D nanowires, 

1D nanotube, and 3D porous particles have been reported.[11, 12, 15, 20, 24-29] Among 

these strategies, 0D Ge nanoparticles encapsulated in carbonaceous materials have 

been reported to be promising in improving the cycle performance.[14, 19, 31-33] It has 

been demonstrated that decreasing the size of Ge particles to the nanoscale can 

mitigate the mechanical strains and volume change during alloying/dealloying process, 

resulting in less cracking and particle pulverization.[31, 32] Moreover, as a buffer of Ge 

particles volume changes, carbonaceous materials could minimize the mechanical 

stress to overcome the pulverization and provide both Li+ and e- transport paths 

simultaneously.[14, 32] Previous studies also show that designing 1D nanostructured 

such as nanowires, nanofibers, nanorod and nanotubes are quite attractive for 

electrode materials due to their advantages (large surface to volume ratio, high 

electrode-electrolyte contact area, fast Li+ diffusion and good strain accommodation 

in the open and loose structure), which is superior to that of bulk materials.[19, 34, 35]    

However, owing to the complex preparation process of germanium nanoparticles (< 

10 nm), it is still a challenge to get highly dispersed nanoparticles encapsulated in 

carbon nanofibers.[32, 36]  

Our approach is to synthesize 0D Ge nanoparticles encapsulated in 1D carbon 

nanofibers (denoted as (Ge)0D@(CNFs)1D), and form 3D flexible porous Ge-CNFs 

hybrid films as self-supported electrodes for LIBs. This Ge-CNFs electrode displays 
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excellent electrochemical performance including little capacity fading over 100 cycles 

(~1420 mAhg-1 at 0.15 C after 100 cycles) and good rate capability (~480 mAhg-1 at 

15 C), where the capacity refers to the capacity contribution of Ge. And Even cycled 

at a current density of 1C, it still delivers a reversible capacity of ~829 mAhg-1 based 

on the content of Ge after 250 cycles. The superior electrochemical performance of 

Ge-CNFs electrode can be attributed to the synergistic effects of 0D Ge, 1D CNFs, 

and 3D interconnected CNFs network. First, this design will provide a variety of 

advantages: large bare surface accessible by electrolyte, short diffusion length of 

Li+/e- in Ge and high conductivity transport of electrons along the percolating 

fibers.[37-39] Second, the 3D interconnected CNFs network could effective buffer the 

huge volume change during cycling.[14, 19, 31-33] Furthermore, this self-supported 

electrode design will simplify the cell packing process by eliminating inactive 

ingredients such as binders and current collectors, resulting further improvement of 

both energy density and power density for LIBs. [40-42]  

In this work, Ge nanoparticles encapsulated in 3D interconnected CNFs were 

prepared by pyrolysis of electrospun 1D nanofibers as flexible free-standing  

working electrodes for LIBs.[37, 39, 43, 44] The loading amount of electroactive material 

(Ge) could be adjusted by simply tuning the weight ratio between 

tetramethoxygermane (TMOG) and polyacrylonitrile (PAN) in the precursor solution. 

Fig.1 schematically illustrates the experimental procedures. The precursor solution of 

TMOG and PAN was electrospun into fibers (Fig. 1A). During the electrospinning 

process, TMOG in the electrospun polymer fibers reacted with the H2O in the air to 

form GeO2 (Fig. 1B).[45] The as-spun fibers were then stabilized in air at 280 °C. 

Afterward, the stabilized fibers were thermally treated in in Ar/H2 atmosphere at 

650 °C. During the carbonization process, PAN was carbonized and GeO2 particles 

generated from TMOG was reduced to Ge particles.[20, 45-47] The obtained Ge-CNFs 

film was then directly cut and tested as self-supported working eletrodes for LIBs (Fig. 

1C&D).  

Fig. 2A&2B show the scanning electron microscopy (SEM) images of the 

as-spun PAN-TMOG fibers and Ge-CNFs, respectively. The as-spun 1D fibers show 
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a uniform diameter of ~230 nm with a smooth surface. After the two-step thermal 

treatment, the carbonized fibers maintain the fibrous morphology with no obvi ous 

change in diameter and the interconnected network is kept perfectly comparing to the 

as-electrospun fibers. And the maintained continuous and interconnected structure 

made of 1D nanofibers can facilitate both electron and Li-ion transfer[48] and 

electrolyte access to active materials. As the smooth surface of the fibers suggested, 

all Ge nanoparticles were encapsulated in the CNFs, avoiding direct exposure of the 

Ge particles to the electrolyte. And there is no obvious difference between the 

morphology of CNFs derived from electrospun pure PAN nanofibers (see supporting 

information, Fig. S5A) and the Ge-CNFs, except for tiny difference of the diameter 

between the CNFs and Ge-CNFs resulted from instability during the electrospinning. 

Transmission electron microscopy (TEM) (Fig. 2C&2D) was further used to 

investigate the encapsulation of Ge nanoparticles in the CNFs. As shown in the Fig. 

2C, the Ge nanoparticles, with particle sizes ranging from 20 nm to 80 nm, were well 

dispersed inside the carbon fibers. A high-resolution transmission electron 

microscopy (HRTEM) micrograph, shown in Fig. 2D, displays the fine microstructure 

of Ge nanoparticles entirely confined in the core of the carbon fiber. The content of 

Ge in Ge-CNFs was determined by thermogravimetric analysis (TGA) and was 

calculated to be about 48.1 wt% (see supporting information, Fig. S1). 

X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy 

were used to characterize the Ge-CNFs and the as-spun fibers (see supporting 

information, Fig. S2). As-spun fibers (Fig. S2A) show two broad peaks at around 17° 

and 28°, corresponding to a hexagonal lattice of PAN, while the stabilized fibers show 

only wide peak at around 28°. The loss of the broad peak at ~17° is related to changes 

of the structure of PAN after the first-step thermal treatment.[49] And the result reveals 

amorphous phase of fibers before carbonization at high temperature. After 

carbonization process, four sharp peaks at 27.38, 45.38, 53.78, and 66.08 can be 

indexed to (111), (220), (311), and (331) reflection of standard cubic phase Ge 

(JCPDS card No. 4–545). No obvious peaks corresponding to carbon are found in the 

XRD pattern, indicating that the carbon is amorphous. This result is consistent with 
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the FTIR spectroscopy (Fig. S2B). With the existence of two bands of C-O and C=C 

vibration of polymer,[50] the stabilized fibers shows two typical bands of GeO2 at 882 

cm-1 and 3340 cm-1, which is in accordance with the result of commercial GeO2.
[47] 

After reduction process, no GeO2 peaks were detected in the Ge-CNFs, indicating that 

the GeO2 particles were fully reduced to Ge nanoparticles.[20]  

Fig. 3A shows the cyclic voltammograms (CV) curves of Ge-CNFs electrode. 

Two peaks at 0.02 V and 0.6 V were observed during the first lithiation step, which 

attribute to lithium alloying with Ge forming LixGe alloys and the decomposition of 

the electrolyte to form the solid-electrolyte-interphase (SEI), respectively.[19, 51] 

During the first delithiation process, one anodic peak located at ~0.7 can be ascribed 

to the phase transition of LixGe to Ge.[19] The presence of another two cathodic peaks 

at 0.3 V and near 0.01 V after 1st cycle suggested that a number of different Li–Ge 

phases are formed during electrochemical lithiation.[28, 51] The peaks become broader 

during lithium alloy process after the initial cycle, indicating that Ge nanoparticles 

converted to amorphous Ge. The difference between the first and the later cycles is 

partly ascribed to SEI formation and the local structure rearrangement in the electrode 

to accommodate the mechanical stress induced during alloying/dealloying.[19, 37]  

 Fig. 3B displays the voltage profiles of Ge-CNFs electrode in the voltage window 

between 0.005 and 1.2 V (vs. Li+/Li) at a rate of 0.15 C. The voltage profiles indicate 

that the Ge-CNFs composite electrode exhibits the typical characteristics of Ge 

electrode. The initial discharge and charge capacities of Ge-CNFs electrode are 1278 

and 883 mAh.g-1, respectively, giving an initial Coulombic efficiency (CE) of ~70%. 

The large capacity loss of 1st cycle is mainly due to the formation of SEI layer on the 

electrode surface during the first discharge as the aforementioned reason and 

irreversible Li insertion into the CNFs matrix. The specific surface area of Ge-CNFs 

measured by the Brunauer-Emmett-Teller (BET) method is 299.15 m2g-1 (see 

supporting information, Fig. S3). After the 1st cycle, the CE gradually increases and 

reaches ~100% after several cycles. Compare to commercial Ge powder shows a CE 

of about 16% (Fig. 3C), our Ge-CNFs electrode demonstrates noticeably improved 

Page 5 of 20 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



efficiency, which may be attributed to the carbon coating that minimized surface 

oxidation of Ge nanoparticles and protected Ge nanoparticles during cycling.[12, 18]  

The capacity retention of Ge-CNFs and commercial Ge powder are compared in 

Fig. 3C. The Ge-CNFs electrode shows a higher reversible specific capacity of over 

800 mAhg-1 in the first 10 cycles and maintains a reversible capacity of ~740 mAhg-1 

after 100 cycles at 0.15 C. To realize the electrochemical performance of Ge 

nanoparticles during cycling, the capacity contribution of Ge nanoparticles in the 

carbon matrix was calculated based on the weight of Ge.[18, 52] The discharge capacity 

of the second cycle was 878 mAhg-1 based on the electrode. Since carbon fibers can 

only provide a discharge capacity of 203 m Ahg-1 (see supporting information, Fig. 

S5B) at the same current density, the capacity contributed by Ge nanoparticles was 

~1600 mAhg-1, which corresponds to 97% of the theoretical capacity, demonstrating 

the full utilization of Ge nanoparticles.[18] After 100 c ycles at 0.15 C, the capacity 

contribution of Ge nanoparticles was ~1420 mAhg-1, with only 0.1% decay per cycle. 

In case of the electrode made of commercial Ge powder, it only displays a discharge 

capacity (~300 mAhg-1) for the first several cycles, then the capacity fade abruptly, 

due to the disconnection of material. The improved cycle performance of Ge-CNFs 

demonstrated that this special (Ge)0D@(CNFs)1D design could effectively buffer the 

volume change and keep electro-active material contact during the lithium 

incorporation/extraction.[19] 

The rate performance of Ge-CNFs was tested and the results were shown in Fig. 

3D. The Ge-CNFs can deliver a reversible capacity of 1520, 1334, 1205, 1062, 769, 

622, 475 and 272 mAhg-1 based on the content of Ge at current densities of 0.35C, 

0.8C, 1.5C, 3.5C, 8C, 12.5C, 15C and 25C, respectively.[52] When the current density 

recover to 0.15C after 90 cycles, the specific capacity come back to 1496 mAh.g-1, 

implying the good reversibility and stability of Ge-CNFs electrode.  

To further get evidence of the improved performance of our Ge-CNFs electrode, 

we cycled the Ge-CNFs electrode at 1C for 250 cycles (Fig. 4). It still could deliver a 

superior capacity of 829 mAhg-1 based on t he content of Ge after 250 cycles. This 

excellent cycling stability of Ge-CNFs electrode could be possibly attributed to the 
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special structure. The nanoscaled Ge shorten the transport lengths for both electrons 

and lithium ions; the 3D interconnected CNFs framework be well preserved during 

cycling, which enhance the physical connection and electrical contact of Ge 

nanoparticles, thereby ensuring a reversible lithium alloying/dealloying process even 

at high current density. In addition, the Ge nanoparticles were fully encapsulated in 

CNFs not only prevents Ge from aggregation during charge/discharge but also keep 

the electrolyte from further decomposition while still providing the Li+/e- transport 

within Ge nanoparticles.     

To confirm the structure stability of this Ge-CNFs electrode, we investigate the 

morphology of Ge-CNFs electrode after 100 cycles at a rate of 0.15C. As shown in 

Fig. 5, t he continuous and interconnected structure of Ge-CNFs remained almost 

unchanged without any obvious pulverization and fracture of CNFs. Notably, the 

surface of Ge-CNFs electrode after cycles displays a rough surface that could be 

results from the formation of SEI and some residual electrolyte on the surface. This 

result indicates that the 3D interconnect CNFs network could mitigate the strains 

caused by the volume change during cycling and maintain the continuous and 

interconnected structure to provide short electron and ion transfer path upon 

long-term cycling(as illustrated in Fig. 6).  

In summary, we present a uni que 3D porous flexible Ge-CNFs nanostructure 

electrode consisting of Ge encapsulated in CNFs as a high-performance LIBs working 

electrodes using a simple, scalable, and low-cost electrospinning technique. The 

collected Ge-CNFs flexible films are directly applied as integrated self-supported and 

binder-free electrodes for LIBs. The Ge nanoparticles were well dispersed in the 

CNFs. The flexible Ge-CNFs electrode exhibits long-term stability upon cycling, 

good rate capability, and relatively high discharge capacity. The Ge-CNFs delivers a 

great specific reversible capacity of ~1420 mAhg-1 after 100 c ycles at 0.15C, 

corresponding to 82% of the initial charge capacity. Even after 250 cycles at a high 

current of 1C, it still delivers a reversible specific capacity of 829 mAhg-1. The 

improved electrochemical performance arises from synergistic effects of 0D Ge, 1D 

CNFs, and 3D interconnected CNFs framework, which could effectively 
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accommodate the huge volume change of Ge nanoparticles during cycling and 

maintain perfect electrical conductivity throughout the electrode. But when the whole 

electrode was considered to calculate the capacity, the performance of this kind of 

materials should be improved further, as the capacity of carbon matrix is not high. 

This problem might be solved through increasing the content of Ge or the capacity of 

the matrix in the future. However, this special electrode structure, encapsulation of 

nanoparticles in CNFs matrix prepared by electrospinning process provides a 

promising solution to design and synthesize other high-performance electrode 

materials for LIBs or other energy storage systems.  

 

Experimental:  

Preparation of precursor solutions of electrospinning: 0.4 g polyacrylonitrile (PAN, 

MW=150 000, Aldrich) and 1.5 g tetramethoxygermane (TMOG, Aldrich) were 

dissolved in 4.6 g N,N-dimethylformamide (DMF, Sinopharm Chemical Reagent Co., 

Ltd.) to prepare the electrospun nanofibers for Ge@CNFs.  

 

Fabrication of polymer nanofibers via electrospinning: The above solution was 

loaded into two 10 mL syringe with a 19-gauge blunt tip needle respectively. Then 

these solutions were electrospun using an electrospinning system (UCALERY Beijing 

Co., LTD, China).The syringes were pushed by a syringe pump with a flow rate of 

25.00 μL∙min-1. An iron plate coated with an aluminum sheet, used as a polymer 

nanofibers collector, was placed 15 cm below the needle. Both the needle and the iron 

plate were connected to a high voltage power supply. Two high voltages of +15.00 

kV and -1.00 kV were supplied at the spinneret and the iron plate respectively.  

 

Preparation of Germanium-Carbon Nanofibers: The collected electrospun nanofibers 

were stabilized in air at 280 °C for 3h with a heating rate of 2 K·min-1. Subsequently, 

the above stabilized fibers were heated to 650 °C Ar/H2 for 3h to obtain Ge-CNFs, 

where the heating rate was kept at 5 K·min-1. 
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Characterization: The structure of the obtained Ge-CNFs webs and precursors was 

characterized by X-ray diffraction (XRD) (TTR-|||, Rigaku, Japan) using Cu Kα 

radiation. Fourier transform infrared (FTIR) spectra were performed by a Thermo 

Nicolet 8700 FTIR spectrophotometer. Field-Emission Scanning electron microscopy 

(FESEM) investigations were performed using a JSM-6700 field-emission scanning 

electron microscope (JEOL, Tokyo, Japan) operated at 5keV. A JEOL 4000EX 

transmission electron microscope (HRTEM) (JEOL, Tokyo, Japan) was used to study 

the morphology and microstructure of Ge-CNFs. Nitrogen adsorption/desorption 

isotherms were measured with an ASAP 2020 Accelerated Surface Area and 

Porosimetry instrument.  

 

Electrochemical Characterization: The freestanding Ge-CNFs (or CNFs) were 

directly used as the working electrodes (~1 mg, Diameter= ~14.5 mm, Thickness= 

~0.5 mm) to perform batteries with 2032 coin cells with Li metal as counter and 

reference electrodes. Commercial Ge powder (purity ≥  99.999%, Sinopharm 

Chemical Reagent Co., Ltd.) electrodes were prepared by the common method, 

mixing commercial Ge powder, carbon black and poly(vinylidene fluoride) (PVDF) at 

a weight ration of 80:10:10 and pasted on pure Cu foil. The electrolyte was 1 M LiPF6 

in a mixture of EC and DEC (1:1 = w: w), and Celgard 2400 membrane was used as a 

separator. The cells were assembled in an argon-filled glovebox. The galvanostatic 

charge-discharge tests were conducted at a voltage interval of 0.005-1.2 V. Cyclic 

voltammetry measurements were conducted at a scan rate of 0.2 mVs-1 on a CHI 

660D electrochemical workstation (Chenhua Instrument Company, Shanghai, China).   
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Fig. 1 A~B Schematic illustration of the synthesis process for the Ge@CNFs 
electrode.  
Fig. 1 C~D Photograph of free-standing and flexible Ge@CNFs electrode.  
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Fig. 2 FESEM micrographs of as-electrospun PAN-TMOG nanofibers (A) and 
Ge@CNFs nanofibers (B). The inset pictures are corresponding high magnification 
images. TEM (C) and HRTEM (D) micrographs of Ge-CNFs.  
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Fig. 3 (A): Cyclic voltammograms of Ge-CNFs at a scan rate of 2 mVs-1 (voltage 
range: 5mV–1.2 V). (B): Voltage profiles of Ge-CNFs electrodes cycled between 
0.005V and 1.2 V vs. Li+/Li at a cycling rate of 0.15C (243 mA/gGe). (C)&(D): 
Electrochemical performance of Ge-CNFs and commercial Ge powder electrode 
cycled between 0.005 V and 1.2 V vs. Li+/Li. (C): Capacity-cycle number curves of 
Ge-CNFs and commercial Ge powder electrodes at a cycling rate of 0.15 C; (D): 
Discharge capacity of Ge-CNFs electrodes as a function of discharge rate (0.15C ~ 
25C). 
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Fig. 4 Cycle performance of Ge@CNFs electrodes at 1C (1624 mA/gGe) for 250 
cycles. (The batteries were activated firstly at a cycling rate of 0.15C for ten times).  
 

 
Fig. 5  FESEM micrographs of Ge@CNFs after 100 cycles between 0.005V and 1.2 
V vs. Li+/Li at a cycling rate of 0.15C, inset shows the corresponding high 
magnification image.  
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Fig. 6 Schematic illustration of the alloying/de-alloying reaction mechanism of 

Ge@CNFs during cycling. 
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Germanium Nanoparticles Encapsulated in Flexible Carbon Nanofibers 

as Self-Supported Electrodes for High performance Lithium-ion Batteries 

Weihan Li, Zhenzhong Yang, Jianxiu Cheng, Xiongwu Zhong, Lin Gu, Yan Yu† 
 
 
 

 
 
Fig. S1 Thermogravimetric analysis (TGA) and Differential scanning calorimetry 
(DSC) of the Ge-CNFs. The content of Ge in the Ge-CNFs estimated from the TGA is 
ca. 48.1 wt%. (Note: Ge was totally oxidized into GeO2). This analysis was taken in 
air with a heating rate of 10 °C min-1.[1] 
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Fig. S2 (A) XRD patterns of as-spun fibers (a), stabilized fibers (b) and Ge-CNFs (c). 
(B) Fourier transform infrared (FTIR) spectroscopy of commercial GeO2 (a), 
stabilized fibers (b) and Ge-CNFs (c). 
 
 

 
Fig. S3 N2 sorption/desorption isotherm of Ge-CNFs.The Brunauer-Emmett-Teller 
(BET) specific surface of the P-CNFs investigated here as 299.15 m2g-1. 
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Fig. S4 Photograph of free-standing and flexible carbon nanofibers electrode.  
 

 
Fig. S5 (A) FESEM micrographs of electrospun carbon fibers generated from pure 
PAN. Electrochemical performance of carbon nanofibers cycled between 0.005 V and 
1.2 V vs. Li+/Li. (B):Capacity-cycle number curves of carbon nanofibers at a cycling 
rate of 0.15 C; (C): Discharge capacity of carbon nanofibers electrodes as a function 
of discharge rate (0.15C ~ 25C); (B):Capacity-cycle number curves of carbon 
nanofibers at a cycling rate of 1 C; 
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