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A simple process involving the electrophoretic deposition of acetylene black onto Ni foam 

and the ionic liquid electrodeposition of Ge has been used to synthesize a 3D Ge–acetylene 

black–Ni foam electrode material at room temperature. Electrochemical measurements 

demonstrate that when applied in a lithium ion battery, this material exhibits a high capacity 

of up to 924 mAh/g after 100 cycles at 0.1C and a high rate capability at 1C and 5C rates of 

1210 and 524 mAh/g, respectively. This high electrochemical performance is the result of 

the 3D acetylene black network enhancing electron migration, while also providing 

sufficient elasticity to buffer the volume expansion of the Ge nanoparticles. 

 

Introduction 

Lithium-ion batteries (LIBs) are currently used in a range of 

portable electronic devices such as phones, personal computers, 

digital cameras, etc., which has led to them being considered 

for use in powering hybrid and zero emission electric 

vehicles.1,2 However, in order to meet the requirements for such 

use, there is need to achieve a much higher energy and power 

density.3, 4 At present, graphite is the most commonly used 

material for the negative electrode in commercial LIBs, but its 

relatively low theoretical capacity of 372 mAh/g greatly limits 

performance.5 Silicon, germanium and their compounds are 

important semiconductors have large potential application in 

the fields of electronics and photonics. Especially, for lithium 

ion battery, Si and Ge as lithium-ion battery cathode materials, 

for their high specific capacity (Si 4200 mAh/g 6, Ge 1600 

mAh/g 7), respectively, forming the Li22M5 alloy. But alloy 

anodes undergo significant volume expansion and contraction 

during Li insertion/extraction. (up to 400 % in the case of Si). 

This volume change can result in pulverization of the initial 

morphology and a subsequent loss of electrical contact between 

active materials and the electrode framework.8 To alleviate this 

problem, various forms of Si electrode materials have been 

studied, including nanowires9, nanotubes10, thin films11, 

nanoparticles12 and 3D porous particles13. However, the slow 

kinetics of lithium transport in Si results in a poor rate 

capability, which limits their suitability for use in high-rate 

LIBs. The lower capacity of Ge has seen it receive much less 

attention than Si, yet the diffusivity of Li in Ge at room 

temperature is about 400 times greater than that of Si. 

Furthermore, the smaller band gap of Ge (0.6 eV) results in an 

electrical conductivity that is in the order of 104 greater than Si, 

thus making Ge an attractive electrode material for high-

charging-rate LIBs.14 The downside to Ge-based materials is 

that although there are a number of methods by which they can 

be produced such as CVD15, electron beam evaporation16, 

magnetron sputtering17, the solvothermal method,18 etc., these 

are generally either too complicated or require reaction 

temperatures that are too high to be of commercial interest. 

There is therefore a very real need for a low-temperature 

method of synthesizing Ge electrodes that is both efficient and 

environmentally sound. 

 Electrodeposition represents a low-cost and viable technique 

for the synthesis of metals and alloys from aqueous solution, 

yet despite being the subject of considerable research, it is 

limited by the fact hydrogen will evolve before any Ge- or Si-

based semiconductor can be formed. However, the wider 

electrochemical window offered by ionic liquids19 presents a 

possible solution to this problem, and indeed the authors have 

already extensively studied the electrodeposition of Ge from 

such liquids.20-22 Despite this, the practical use of Ge as an 

electrode material is still hindered by its dramatic volume 

change (300 %) during Li insertion/extraction.23 To overcome 

this problem, various forms of Ge electrode materials have been 

developed such as nanoparticles24, nanowires,25, 26 nanotubes27 

and carbon-coated Ge28-30. Of these, it is the latter that seems 

the most attractive for improving cycling performance, as the 

moderate Li ion and electron transport kinetics of carbon not 

only help cushion volume expansion, but also offers fast 

electron transfer and an enhanced energy density. On the other 

hand, the reduced size of nanoscale Ge particles can help 

mitigate the physical strain produced by Li uptake/release,  

effectively accommodating any volume change and preventing 

pulverization. Nanoscale structures have also shown quite 

promising capacities and cycling stability, with the 

Ge@C/RGO nanocomposite produced by Li-Jun Wan et al. 
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retaining a reversible capacity of ∼940 mAh/g after 50 cycles at 

a current density of 50 mA/g. Such results can be attributed to 

the electrically conductive and elastic RGO network, as well as 

the carbon shells and small size of the Ge NPs.31 Yu’s group 

has also succeeded in synthesizing carbon-encapsulated Ge and 

GeOx nanowires by pyrolysis, which exhibited excellent Li 

storage properties of 1200 and 1000 mAh/g at 0.2C for Ge/C 

and GeOx/C, respectively.32 

In addition to the electrode material, the current collector 

used also plays an extremely important role in determining the 

performance of a LIB. Copper foil is typically used as the 

current collector in LIBs,33 onto which the electrode is 

fabricated as a thin film by mixing active materials with 

polymer binders and conductive additives. However, the 

presence of these inert binders and additives greatly reduces the 

Li ion migration rate of the electrode, resulting in a poor rate 

capability and significant decrease in energy density. Hence, 

three-dimensional (3D) electrodes with a nanostructured 

architecture, which does not rely on polymer binders or 

conductive additives, have attracted a great deal of attention as 

a means of achieving both a fast electron transfer and an 

enhanced energy density. 

In this study, a 3D Ge–acetylene black–Ni foam electrode 

was constructed based on the following ideas:  

(1)Ni foams have a 3D structure that has the ability to 

incorporate active materials into the current collector, rather 

than merely depositing them on the surface.  

(2)Acetylene black provides a highly conductive and flexible 

matrix, which not only provides good electrical contact over its 

whole surface, but also accommodates the huge volume change 

of Ge particles during cycling. 

    (3)Ionic liquid electrodeposition allows for fabrication of a 

3D structure without the need for a current collector or binder. 

In this paper, we first report a feasible method to construct 

a novel 3D Ge–acetyleneblack–Ni foam nanoarchitecture by 

ionic liquid electrodeposition. A typical procedure for the 

synthesis of the 3D Ge–acetylene-black–Ni foam anode is 

shown in Fig.1. In this, a Ni foam substrate is first coated with 

acetylene-black by electrophoresis at room temperature. Next, 

Ge particles are directly electrodeposited onto this 3D 

acetylene-black–Ni foam network using new-generation ionic 

liquids. The resulting uniform film of 3D Ge–acetylene black–

Ni foam exhibits sufficient adhesion to substrates to allow it to 

be used directly as an electrode without further treatment.  

 

 

 

Fig. 1. Schematic illustration showing the synthesis of a 3D     

Ge–acetylene black–Ni foam electrode 

Experimental 

 

To produce the carbon film on the Ni foam, 20 mg of acetylene 

black and 4 mg of Ni(NO3)2•5H2O were added to 50 mL of 

isopropyl alcohol and dispersed using a bath-type ultrasonicator 

for several hours. Cathodic electrophoretic deposition of this 

suspension was then performed at a constant voltage of 100 V 

for 2 min with the Ni foam acting as the cathode and Cu foil 

providing the anode. The resulting films were dried at 80 °C in 

a vacuum oven for 4 h. For the electrodeposition of the Ge 

particles, GeCl4 (99.998%) was purchased from Alfa Aesar and 

used without any further purification. The ionic liquid used was 

1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) 

amide (EmimTf2N, 99%), which was purchased from IOLITEC 

(Germany) and dried under vacuum at 100 °C for 24 hours to 

ensure a water content of typically less than 2 ppm.    

All electrochemical experiments were performed in an 

argon-filled glove box with a water and oxygen content of less 

than 2 ppm (Vigor glove box, Suzhou, China). The 

electrochemical cell itself was constructed of Teflon and 

clamped using a Viton O-ring onto a pre-cleaned (in HCl) Ni 

foam working electrode to provide a total area of about 1.5 cm2. 

An Ag wire and Pt ring were used as quasi-reference and 

counter electrodes, respectively, and a copper wire in contact 

with the Ni foam was used to provide an electrical connection 

to the potentiostat. The electrolyte was a 0.1 mol/L GeCl4 

EmimTf2N solution. Electrochemical measurements were 

performed using a VersaStat 2273 (Princeton Applied 

Research) potentiostat/galvanostat controlled by Powersuite 

software. Cyclic voltammetry (CV) measurements were 

performed at a scan rate of 10 mV/s across a range of -2.8–1 V 

relative to the quasi reference electrode at 25 °C. Following 

experimentation, ultra-pure isopropanol purchased from Alfa 

Aesar was used to remove any residual ionic liquid.  

The morphology of the electrodes was then observed using 

a Hitachi S-4800 scanning electron microscope operating at 20 

kV.  

For electrochemical testing, coin-type half-cells (CR2016) 

were fabricated in an Ar-filled glove box from a 3D Ge–

acetylene black–Ni foam electrode, Li metal, a microporous 

polyethylene separator, and an electrolyte consisting of 1 M 

LiPF6 in a 1:1:1 vol.% ethylene carbonate (EC)/ethyl methyl 

carbonate (EMC)/dimethyl carbonate (DMC) solution. The 

performance of these cells was assessed for 100 cycles between 

0.01 and 2.0 V using a Neware battery testing system 

(Shenzhen, China) at a current density of 0.1 C.  

 

 

Results and discussion 

The SEM images in Fig 2a and 2b show that the surface of the 

Ni foam current collector was uniformly covered with a 

randomly oriented, homogenous growth of acetylene black, 

producing a suitable 3D framework for the fast transfer of 

electrons. In Fig. 2c and 2d, it can be seen that Ge nanoparticles 

were subsequently deposited onto this acetylene black surface 

as both individual particles and clusters. These clusters are 

considered responsible for an increase in the surface roughness, 

but the similarity in morphology between the Ge nanoparticles 

and the acetylene black makes it difficult to clearly distinguish 

between the two. In addition to the Ni in the substrate, the EDS 

results obtained (ESI,† Fig. S1) confirms a uniform distribution 

of Ge and C in the 3D anode. The elemental distribution in the 

3D anode was analyzed by EDS spectroscopy mapping, which 

was taken over the region in Fig. 2d. The obtained distributions 

of C and Ge are shown in Fig. 2e and f, respectively. The two 
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elements show a uniform distribution in the whole composite, 

indicating Ge nanoparticles has been dispersed on 3D carbon 

network uniformly. A powder XRD pattern of composite shows 

the diffraction peaks are corresponding to (111), (220) (311) 

and (331) planes of the diamond structure of Ge, respectively 

(JCPDS number 00-004-0545). A broad peak at 20-30o is 

attributed to the amorphous carbon (ESI,† Fig. S2). The BET 

results showed the BET surface area was decreased from 

93.8674 to 82.7768 m2/g after eletrodeposition (ESI,† Tab. S1). 

The above information implies that the Ge–acetylene-black 

composite is composed of ultrafine Ge nanoparticles dispersed 

on 3D carbon-Ni foam network uniformly. This unique 

structure of tightly linked active Ge nanoparticles combined 

with an elastic 3D acetylene black-Ni foam network is expected 

to not only improve cycling performance, but as also the 

mechanical properties of the electrode.   

 
 

Fig. 2  

Typical SEM image (a) and its enlarged images (b) of the 3D 

acetylene-black-Ni foam networks, (c) and its enlarged images 

(d) of the 3D germanium–acetylene-black–Ni foam anode 

materials. (e) and (f) are the corresponding element 

distributions of image(d). 

 

The discharge/charge capacities of a LIB half-cell 

containing Ge–acetylene black–Ni foam as an active electrode 

material were measured and compared against those for a Ge–

Ni foam. These are shown in Fig. 3a as a function of cycle 

number at a rate of 0.1 C between 0.01 and 2.0 V, with a 1 C 

rate being defined as the theoretical capacity of Ge (1600 

mAh/g). This reveals that the use of acetylene black produces 

an initial discharge and charge capacities of 1652 and 1237 

mAh/g, respectively, with an initial Coulombic efficiency of 74 

%. In contrast, the initial discharge and charge capacities of the 

Ge–Ni foam anode were 1830 and 1369 mAh/g, respectively, 

with an initial Coulombic efficiency of 80 % (Fig. 3b). This 

loss of initial irreversible capacity can be mainly ascribed to 

irreversible Li insertion into the nanocomposite, as well as the 

formation of a solid electrolyte interface on the surface of the 

electrode.29, 34 However, even though the composite electrode 

exhibits a lower capacity in the first cycle, the reversibility of 

its capacity is significantly improved over the whole of the 

discharge-charge process. As a result, this electrode 

demonstrates an extremely high performance, achieving a 

reversible capacity of 924 mAh/g after 100 cycles. 

The reversible capacity of the electrode is a key parameter 

in the performance of LIBs, with the cycling performance and 

Coulombic efficiency of the Ge–acetylene black–Ni foam and 

Ge–Ni foam up to 100 cycles shown in Fig. 3c and 3d. It can be 

clearly seen in this that the pure Ge–Ni foam nanofilm exhibits 

experiences a rapid loss of capacity in the first 20 cycles, with 

only 48 % (871 mAh/g) being retained after 100 cycles. In 

contrast, the Ge–acetylene black–Ni foam composite shows 

great improvement in the cycling performance, with an average 

columbic efficiency of >98% for up to 100 cycles after the 

second cycle. This excellent cycling stability indicates that Ge 

nanoparticles are effectively stabilized during the 

charge/discharge process.  

 

 

 
Fig. 3 Charge/discharge curves for a (a) 3D Ge–acetylene 

black–Ni foam anode and (b) 3D Ge–Ni foam anode at 1st, 2nd 

, 10th , 60th and 100th cycle, respectively. Cycling 

performance and Coulombic efficiency of (c) 3D Ge–acetylene 

black–Ni foam anode and (d) 3D Ge–Ni foam anode at a 

charge/discharge rate of 0.1 C. (red: discharge, black: charge). 

 

 

The rate capabilities of the Ge–acetylene black–Ni foam 

and Ge–Ni foam nanofilms were tested by sequentially 

measuring their capacity as the discharge/charge rate was 

increased from 0.1 to 5.0 C, and then returned to 0.1 C (Fig. 4). 

We can see from this that as the rate is increased to 2.0 C, there 

is a small decrease in the discharge capacity of the Ge–

acetylene black–Ni foam anode from 1210 to 1002 mAh/g, 

while the Ge–Ni foam decreases from 910 to 750 mAh/g. With 

further increase to 5.0 C, the discharge capacity decreased to 

514 and 309 mAh/g, respectively. More interesting, however, is 

the fact that when the rate was returned to 0.1 C, the Ge–

acetylene black–Ni foam increased back to 1600 mAh/g, 

whereas the Ge–Ni foam increased to just 1260 mAh/g. Thus, 

not only does Ge–acetylene black–Ni foam have a much higher 

rate capability, but this capacity displays excellent stability 

even when subjected to cycling at higher rates.  
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Fig. 4 Rate performance at a 0.1 C, 0.5 C, 1 C, 2 C and 5 C rate 

of a (a) 3D Ge–acetylene black–Ni foam anode and (b) 3D Ge–

Ni foam anode. 

 

The excellent capacity retention and higher rate capability 

of the Ge–acetylene black–Ni foam composite are attributed to 

its unique structure, which helps prevent the loss of capacity 

seen with pure Ge due to its severe volume change during 

charge/discharge. Specifically, the network structure of the Ni 

foam provides a much more flexible space for the electrode to 

expand or self-adjust, while also providing fast electron transfer. 

Indeed, the 3D remained intact even after 100 cycles (ESI,† Fig. 

S3). The nanostructure of the active material is also beneficial 

to the cycling stability, as it reduces the absolute volume 

change. Moreover, the acetylene black network can potentially 

provide a powerful elastic buffer, limiting excessive volume 

expansion of the Ge, as well as providing fast electron transfer 

and greater energy density. The presence of 3D acetylene 

black–Ni foam in the nanostructure plays an important role in 

improving the electrode energy density, which provided fast 

charge transferring (due to short diffusion length) as well as 

rapid electrochemical reactions (owing to enlarged surface area). 

Electrochemical impedance spectroscopy (EIS) 

measurements of the two nanofilms were conducted using a 

sine wave of 10 mV amplitude over a frequency range of 100 

kHz–0.01 Hz. The resulting Nyquist plots (Fig. 5) consist of a 

depressed semicircle in the high to mid frequency region and an 

inclined line in the low-frequency region. Both plots can be 

analyzed using the same Randles equivalent circuit (inset of 

Fig. 5), in which CPE represents the constant phase-angle 

element of the double-layer capacitance. The intercept on the Z-

real axis in the high frequency region represents the total 

resistance of the electrolyte, separator, and electrical contacts 

(Rs), whereas the semicircle in the high-frequency range 

indicates the charge transfer resistance (Rct), which is 

associated with the charge transfer at the electrode–electrolyte 

interface. The inclined line in the low frequency region 

represents the Warburg impedance (Zw), which reflects the 

solid-state diffusion of Li ions into the bulk of the active 

materials.28, 35 Comparison of these plots therefore reveals that 

Ge–acetylene black–Ni foam has a much lower Rct than a Ge–

Ni foam electrode (36.88 vs. 52.62 Ω). This indicates that also 

possesses a higher electrical conductivity, thus resulting in a 

better rate capability and higher reversible capacity. This can be 

attributed to the effective dispersion of the electrochemically 

active Ge nanoparticle phase in the acetylene black network, 

which enables efficient charge transport at the electrode–

electrolyte interface. Furthermore, its 3D structure provides a 

large surface area, which could help relieve the volume change 

in the Ge nanoparticles during charge/discharge.  

 
 

Fig. 5 Impedance spectra for a 3D Ge–acetylene black–Ni foam 

electrode and 3D Ge–Ni foam electrode after 100 cycles. The 

inset depicts the equivalent circuit model. 

 

Conclusions  

This study has demonstrated that 3D Ge–acetylene black–Ni foam 

composite electrodes can be easily produced by the ionic liquid 

electrodeposition of Ge directly onto a Ni foam that has been pre-

coated in acetylene black through electrophoresis. Compared with a 

Ge–Ni foam electrode, the addition of acetylene black produces a 

satisfactory reversible discharge capacity of 924 mAh/g after 100 

cycles. The excellent cycling performance and rate capability of this 

structure is attributed to its electrically conductive 3D nanostructure 

and elastic acetylene black networks. We therefore believe that this 

fabrication method represents a viable and green approach for the 

direct assembly of nanocomposite electrodes without a binder. 

Moreover, such materials present a viable alternative to conventional 

graphite electrodes in LIBs, as they exhibit a comparable stability 

but higher capacity over multiple discharge/charge cycles. Indeed, 

their excellent high-rate capabilities suggest that 3D nano-electrodes 

may be suitable for high-power applications such as electric vehicles 

and power tools. 
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