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Nanostructured ion beam-modified Ge electrodes fabricated directly on Ni current collector

substrates were found to exhibit excellent specific capacities during electrochemical cycling in

half-cell configuration with Li metal for a wide range of cycling rates. Structural characterization

revealed that the nanostructured electrodes lose porosity during cycling but maintain excellent

electrical contact with the metallic current collector substrate. These results suggest that

nanostructured Ge electrodes have great promise for use as high performance Li ion battery

anodes.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3689781]

Developing alternatives to current commercially avail-

able Li ion battery (LIB) electrode materials remains of great

importance.1 In particular, there is interest in Ge as an anode

material due to very high specific capacity2 (1623mAh/g)

and Liþ diffusivity.3 However, Ge experiences large volu-

metric changes of �400% during lithiation (charging) and

delithiation (discharging). In nonporous thin film electrodes,

this ultimately leads to intra-material fracture4 and/or

delamination at the electrode/current collector interface,5

resulting in the loss of electrical contact and a concomitant

decline in specific capacity with electrochemical cycling.

Different electrode structures have been advanced to address

this issue, including nanoscale films,6 nanowires (NWs),7,8

nanoparticle composites,9,10 and mesoporous films.11,12 In

each case, the design principles are essentially the same:

reducing the feature size(s) of the electrodes towards the

nanoscale13 to facilitate stress relaxation during cycling

without decrepitation4 and increasing specific surface area to

facilitate charge transfer.

It is also interesting to consider the use of ion beam modi-

fication to create Ge anodes with nanoscale features. Specifi-

cally, recent work has revealed that ion-irradiation of Ge at

very high doses results in a complete structural decomposition

from nonporous material into a porous nanoscale interdigi-

tated network of strands,14–17 known as “nanostructured” Ge.

When used as a LIB anode, the nanoscale nature of this micro-

structure may facilitate stress relaxation during cycling with-

out material decrepitation, similar to other nanoscale forms of

Ge. Here, the fabrication and performance of nanostructured

Ge as a rechargeable LIB electrode is reported.

For this work, Ge electrodes were fabricated by first

depositing Ge films 200–240-nm-thick at a rate of 0.5 nm/s

onto 0.00100-thick Ni foil substrates using room-temperature

electron beam evaporation. A high-resolution cross-sectional

transmission electron microscopy (HR-XTEM) image of a

typical “as-deposited” electrode is presented in Fig. 1(a) and

indicates a continuous nonporous film. The as-deposited elec-

trodes are also amorphous as indicated by the inset selected

area electron diffraction (SAED) pattern. A portion of the as-

deposited electrodes was Geþ-implanted at room temperature

at an energy of 260 keV to a dose of 1.0� 1016 cm�2 in order

to produce electrodes with nanostructured morphology as

shown in Fig. 1(b). A porous nanoscale interdigitated network

of strands characteristic of this morphology14–17 is clearly evi-

dent and the electrode remains amorphous.

Cells for electrochemical testing were prepared in sealed

pouches in an Ar atmosphere (H2O concentration< 0.9 ppm)

using single-ply polypropylene separators and 1.0M LiPF6
in 1:1 (by volume) ethylene carbonate:dimethyl carbonate

(DMC) liquid electrolyte with the Ge film on the Ni foil as

one electrode and Li metal foil as the other electrode (half-

cell configuration). The electrochemical properties of each

film were evaluated with galvanostatic (constant current) cy-

cling described in detail elsewhere.7 The charge/discharge

currents needed to generate the specified cycling rates for

each sample were calculated by estimating the Ge mass of

each sample using the reported density18 of evaporated Ge

(4.82 g/cm3), the surface area of the Ni foil, and the thickness

FIG. 1. HR-XTEM images (inset SAED patterns) of virgin Ge electrodes:

(a) as-deposited and (b) nanostructured created via ion beam modification.
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of the as-deposited films. The estimated experimental error

in all mass calculations was 65%, which result in a corre-

sponding experimental error of the same magnitude for all

reported specific capacities. Additionally, loss of Ge mass as

a result of ion-irradiation to form the nanostructured mor-

phology is expected to be negligible (<1%) as per simula-

tions19 and prior work;16 the additional Ge mass resulting

from ion-irradiation is also negligible (<0.001%). The mor-

phological and structural evolution of the electrodes was

evaluated with HR-XTEM and top-down/cross-sectional

scanning electron microscopy (SEM); focused ion beam

(FIB) milling was used to prepare HR-XTEM and cross-

sectional SEM samples. Prior to FIB processing, samples

were coated with C and Pt protective layers to prevent sur-

face damage. Prior to analyzing cycled electrodes, the cells

were reintroduced into the Ar environment used for fabrica-

tion and the electrodes given a 1min wash with DMC to

remove remnant electrolyte.20 Care was taken to minimize

exposure of cycled electrodes to air prior to HR-XTEM or

SEM analysis.

Fig. 2(a) shows the specific capacity versus cycle behav-

ior for a nanostructured Ge electrode cycled at a C/7.2 rate

(7.2 h per charge or discharge) for 25 cycles; the correspond-

ing behavior for the case of an as-deposited Ge film is pro-

vided for comparison. For the first cycle, the nanostructured

electrode exhibited a specific charge (discharge) capacity of

1279 (1259) mAh/g with a calculated coulombic efficiency

(CE) of �98.4%. After 25 cycles, the charge (discharge)

capacity was �1352 (�1260) mAh/g indicating virtually no

capacity fade. In contrast, the specific capacity of the as-

deposited film faded rapidly to �200mAh/g after 25 cycles.

Additionally, another nanostructured Ge electrode cycled at

a C/7.2 cycling rate for 100 cycles showed a stable charge

(discharge) capacity �1342 (�1276) mAh/g with virtually

no capacity fade (not presented). It should be noted that par-

tial inadvertent charging occurred prior to cycling of the

nanostructured electrode used to generate the data in Fig. 2.

This explains why the CE during the first cycle was much

higher than expected, as Ge electrodes6,7 are known to form

a solid-electrolyte interphase layer during the first cycle.21

Another nanostructured Ge electrode was used to evaluate

the effect of sequentially changing the cycling rate on the

specific capacity as shown in Fig. 2(b). Even as the cycling

rate increased to C/0.9, the specific capacities were still

greater than 1000mAh/g. Following cycling at a C/0.9 rate,

the rate was decreased to C/7.2, and virtually all of the

capacity observed initially during cycling at a C/7.2 rate was

recovered.

Voltage profiles for cycles 2 and 20 of the nanostruc-

tured Ge electrode presented in Fig. 2(a) are shown in Fig.

2(c). The profiles are similar to those reported in the litera-

ture for other Ge electrodes, mostly notably the distinct pla-

teau at �0.5V during discharge.6,9,11,12,22 Additionally, a

plot of differential capacity versus voltage (relative to Li/

Liþ) is presented in Fig. 2(d) for cycles 2 and 20 of the nano-

structured Ge electrode presented in Fig. 2(a). During cycle

2, distinct peaks during charging were evident at �380 and

�140mV, while distinct peaks at �475 and �510mV were

observed during the subsequent discharge. During the twen-

tieth charge cycle, there was a slight shift in the peak

observed at �140mV during the second charge cycle to

�170mV during the twentieth charge cycle; small shifts

such as this are consistent with prior results.6 No new/

removed peaks or shifts in peak positions were evident in the

twentieth discharge cycle as compared to the second charge

cycle. The differential capacity data is reasonably consistent

with the reported lithiation/delithation behavior of

Ge.6,9,11,12,22 Additionally, SAED was also performed on the

nanostructured Ge electrodes and indicated that the material

remains amorphous after both the first charge and subsequent

discharge cycle (not presented), consistent with some prior

reports7,8 of crystallographic evolution during cycling.

FIG. 2. (Color online) (a) Specific

capacity versus cycle number data for a

nanostructured Ge electrode cycled at a

C/7.2 rate for 25 cycles; the data of an

as-deposited Ge electrode cycled at the

same rate is provided for comparison.

(b) Specific capacity versus cycle num-

ber data for a nanostructured Ge elec-

trode cycled sequentially at C/7.2, C/3.6,

C/1.8, C/0.9, and C/7.2 rates (5 cycles

each, 25 cycles total). (c) Voltage pro-

files for cycles 2 and 20 of the nano-

structured Ge electrode in (a). (d)

Differential capacity profiles for cycles 2

and 20 of the nanostructured Ge elec-

trode in (a).
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Figs. 3(a)–3(e) present top-down SEM images of the

structural evolution of a nanostructured Ge electrode with

electrochemical cycling at a C/7.2 rate. Compared to the vir-

gin electrode, shown in Fig. 3(a), the surface of the electrode

was unchanged after 1 cycle, as shown in Fig. 3(b). How-

ever, significant through-thickness cracking was evident af-

ter 8 cycles as shown in Fig. 3(c). The degree of cracking

increased further after 16 cycles as presented in Fig. 3(d),

but no appreciable change in the cracking pattern was

observed after 25 cycles as presented in Fig. 3(e). The evolu-

tion of the nanostructured Ge electrode with cycling was

also observed in cross-section using a combination of FIB

milling and SEM at an incident angle of 52�, as shown in

Figs. 3(f)–3(j). As compared to the virgin electrode shown in

Fig. 3(f), the electrode remained flat and unperturbed after 1

cycle as indicated in Fig. 3(g). However, after 8 cycles,

roughening of the electrode near crack edges was evident as

presented in Fig. 3(h). The roughness increased further after

16 cycles as shown in Fig. 3(i) and remained basically

unchanged after 25 cycles as shown in Fig. 3(j). Addition-

ally, the structural evolution of the nanostructured Ge elec-

trodes was investigated using HR-XTEM as shown in Fig. 4.

The initial porous nanoscale interdigitated network of

strands present in the untested nanostructured electrode in

Fig. 4(a) was no longer evident after 25 cycles at a C/7.2 cy-

cling rate, shown in Fig. 4(b); in fact, it appears the electrode

lost detectable porosity.

The dramatic structural evolution of the nanostructured

Ge electrodes with electrochemical cycling is very intriguing

considering that other nanoscale Ge electrodes undergo

much subtler morphological changes with cycling. However,

in the case of the nanostructured Ge electrodes, the initial

nanoscale interdigitated network of strands was lost after cy-

cling, resulting in loss of porosity of the electrode. In fact,

analogous behavior has been observed in the case of some

nanoparticle-based electrodes where the nanoparticles tend

to agglomerate together with cycling.23–25 This process has

been referred to as “electrochemical sintering,” and although

it is still poorly understood, it is reasonable to believe that

the nanostructured morphology is inherently unstable as it

has a very high surface area to volume ratio. Thus, it may be

that the system is placed in an activated state during electro-

chemical cycling such that the transformation to a nonporous

film may occur. The loss of porosity with electrochemical

cycling can also explain the formation of through-thickness

cracks, since it is known that nonporous film electrodes of

sufficient thickness will exhibit cracking with electrochemi-

cal cycling.26

However, the performance of the nanostructured electro-

des, even after losing the porous nanostructured morphology,

is vastly superior to the nonporous as-deposited electrodes.

The reason for the large difference in performance may be

reasonably attributed to nearly all of the mass of the nano-

structured electrode remaining in excellent electrical contact

with the current collector (even after loss of the nanostruc-

tured morphology). This implies that loss of electrical con-

tact due to intra-material fracture4 and delamination5 at the

electrode/current collector interface are avoided. Of course,

intra-material fracture is not totally avoided, since the

through-thickness cracking observed results from intra-

material fracture. However, through-thickness cracking does

not result in material losing electrical contact and therefore

does not degrade performance. Additionally, the extensive

through-thickness cracking presumably allows the nano-

structured electrode to retain substantial surface area even af-

ter losing the nanostructured morphology, which should

facilitate easier charge transfer.

The avoidance of the loss of electrical contact due to

intra-material fracture (as opposed to through-thickness

cracking) is due primarily to morphological considerations

of the electrode material. In the case of NW and nanoparticle

electrodes, the feature sizes of the individual constituents are

small enough such that the large stresses associated with

electrochemical cycling can be accommodated without intra-

nanowire or -nanoparticle fracture. This also explains why

the nanostructured morphology would allow for accommo-

dation of the large stresses associated with cycling, since the

feature sizes of the microstructure are comparable to NWs

and nanoparticles. However, the nanostructured morphology

was lost with cycling, and yet loss of electrical contact due

to intra-material fracture was avoided. This can be partly

explained by through-thickness cracking of the electrode

into individual islands during cycling since significant stress

relaxation is expected when the islands have a sufficiently

large height to width ratio.27 Therefore, the initial nanostruc-

tured morphology may facilitate through-thickness crack

evolution during cycling into an electrode geometry that can

effectively accommodate stress without loss of electrical

FIG. 3. Top-down SEM images showing the morphological evolution of

nanostructured Ge electrodes during electrochemical cycling at a C/7.2 rate:

(a) 0, (b) 1, (c) 8, (d) 16, and (e) 25 cycles. Cross-sectional SEM images

taken at 52� incident angle showing the morphological evolution of nano-

structured Ge electrodes during electrochemical cycling at a C/7.2 rate: (f)

0, (g) 1, (h) 8, (i) 16, and (j) 25 cycles. The protective Pt/C layers, nanostruc-

tured Ge film (“nano-Ge”), and Ni substrate are indicated.

FIG. 4. HR-XTEM images (inset SAED patterns) showing the morphologi-

cal evolution of nanostructured Ge electrodes with electrochemical cycling

at a C/7.2 rate: (a) an untested electrode and (b) an electrode after 25 cycles.
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contact due to intra-material fracture as the electrode loses

porosity with cycling.

The other main consideration, integrity of the contact

between the electrode material and current collector, is

related primarily to the adhesion strength between the two26

and to a lesser extent geometric considerations.27 In particu-

lar, ion-irradiation to produce the nanostructured electrodes

likely resulted in ion beam mixing at the electrode/current

collector interface. This process is known to enhance the ad-

hesion strength between a film and substrate by up to two

orders of magnitude,28,29 which may have contributed to the

lack of material delamination observed for the nanostruc-

tured electrodes. In fact, after electrochemical cycling for 25

cycles, for the as-deposited (not ion-irradiated) Ge electro-

des, virtually the entire Ge film delaminated from the Ni foil

substrate during DMC washing, whereas no delamination

was observed for the nanostructured Ge electrodes. Further-

more, “scotch tape” adhesion tests30 performed on virgin

nanostructured electrodes produced no delamination while

as-deposited electrodes delaminated easily; this provides

additional evidence for improved adhesion from ion beam

mixing. Of course, the individual roles of the nanostructured

morphology, through-thickness crack evolution, and ion

beam mixing on electrode performance are still unclear, and

future experiments will attempt to address this.

In conclusion, nanostructured Ge electrodes created via

ion beam-modification of as-deposited Ge films were shown

to have some of the highest specific capacities reported for

Ge electrodes. The performance may be associated with the

ability of nanostructured Ge to accommodate the stresses

associated with cycling via through-thickness crack evolu-

tion due to electrochemical sintering and/or improved adhe-

sion from ion beam mixing.
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