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a b s t r a c t

The free standing aluminum nanorods were grown on electrode and evaluated electrochemically as the
anodes in the half-cell of Li-ion battery. The average diameter and length of the nanorods are 80 nm and
200 nm, respectively. The aligned nanorods demonstrated high capacity of 1243 mAh g−1 at rate of 0.5 C.
A gradual decrease of the initial capacity was observed. The characterization of the anodes shows that the
changes of the crystalline structure and morphology during cycling may be responsible for the capacity
vailable online 2 December 2009
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decay. The appropriate selection of the substrate can overcome the problems and lead the sustainable
high capacity.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

The capacity of carbon intercalation anodes used in Li-ion
echargeable batteries currently is limited to 372 mAh g−1 [1]. Ever
rowing demand on lighter, cheaper and safer Li-ion batteries with
igh energy density that can power electric vehicles and portable
lectronics stimulates researchers to discover new anode materi-
ls. A number of metals and metal oxides has been investigated for
ext generation of high capacity anodes [2–10]. However, the large
olume expansion (300–400%) during metal-Li alloying or oxide-
i conversion causes pulverization of anode materials and results
n rapid decrease of high capacity. Furthermore, these powdery

etals and metal oxides must be mixed with conductive addi-
ives, binders and solvent before being pasted on current collectors.
his conventional fabrication process is not only complicated and
ostly, but also limits the electron conductivity due to lack of
irect contact of active materials and current collectors. Growing

ligned nanostructures (i.e., nanorods) of active materials on the
lectrodes represents one of the solutions for above problem. The
nterstitial space in aligned nanorods (NRs) may accommodate the
olume expansion of the NRs and provide more access sites for

∗ Corresponding author at: Savannah River National Laboratory, Materials Sci-
nce and Technology, 999-2w, Aiken, SC 29808, USA. Tel.: +1 803 507 8547;
ax: +1 803 652 8137.
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Li-ion shuttling that reduces the stress resulting in longer cycling
life. Secondly, direct contact of the NRs and electrode significantly
improves electronic conductivity, which will allow higher power
density. Finally, the direct growing of active materials on elec-
trodes eliminates multi-stepped mixing-pasting-pressing—baking
process and reduces fabrication cost and mass of materials consid-
erably. In this paper, we report the initial results of our investigation
and discuss several interesting issues associated with increasing
the cycleability of NR electrodes.

2. Experimental

A thin film of aligned aluminum NRs (Al NRs) was grown on
the substrate using glancing angle deposition (GALD). GLAD is a
physical vapor deposition technique that takes advantage of the
“shadowing effect.” If the angle between the incident vapor plume
and the substrate surface is large (∼86◦), then the random initial
nucleation points formed upon the surface of the substrate act as
seeds for nanorod growth. As additional vapor accumulates on the
substrate, its growth is restricted to those nucleation points due to
the shadow cast by those points leading to an array of nanorods
(Fig. 1). The details were reported in the previous publication [11].

A glass slide was coated with a homogenous Ti thin film as the sub-
strate in a sputtering chamber. The morphology and structure of Al
NRs were characterized by Hatichi C430 Scanning Electron Micro-
scope (SEM) and Panalytical X’Pert Pro X-ray diffractometer (XRD),
respectively. A baker cell of Li-ion battery was constructed in VAC

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ming.au@srnl.doe.gov
dx.doi.org/10.1016/j.jpowsour.2009.11.102
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due to the static charge accumulated after first discharge–charge
cycle (Fig. 9) that implies poor electronic conductivity caused possi-
bly by either Al oxidation or loss of contact of the Al NRs with the Ti
substrate. After 20 cycles, most Al NRs merged into flakes (Fig. 10).
Fig. 1. Schematic of the glancing angle deposition.

love box filled with argon. The Al NR anode coated slide and a Li foil
Aldrich) were inserted in the cell as the anode and cathode, respec-
ively. The 1 M LiPF6 in PC/DMC (propylene carbonate and dimethyl
arbonate) was purchased from Ferro and used as the electrolyte.
rinceton Applied Physics’ VersaSTAT-3 was used for measure-
ent of electrochemical properties of the new anodes. The galvanic

harge–discharge was carried out at 700 mA g−1 from 0.01 V to
.00 V. Cyclic voltammetry (CV) was measured at 0.1 mV s−1 from
.01 V to 3.00 V. After 20 and 100 cycles, the anodes were taken
ut of the cell for SEM, XRD and XPS characterization. The sur-
ace chemistry of anode was investigated by Karator AXIS HSi X-ray
hotoelectron spectroscope (XPS).

. Results and discussion

.1. Materials characterization

SEM images show that the black thin film coated on Ti sub-
trate is the aligned Al NRs. The average diameter and length of
he NRs were 100 nm and 0.5 �m, respectively (Fig. 2). The elec-
ron dispersion spectroscopy (EDS) analysis confirms the NRs are
ure Al (Figs. 3 and 4). X-ray diffraction (XRD) spectrum indicated
hat the aligned Al NRs have high textured orientation represented
y a broad baseline (Fig. 5).

.2. Electrochemical performance of the Al NRs anodes

A cyclic voltammogram of Li/Al NR cell is shown in Fig. 6. Two
ets of similar current peaks (A1–A5 and B1–B5) appear in the first
nd second CV. Following an increase of the potential, the peaks of
1 at 0.491 V may correspond to lithium reduction and formation of
i–Al solid solution. After Li+ concentration increases and exceeds
he limit of solubility (∼0.5%), the low lithium alloy of LiAl [12]

ay form resulting in appearance of the peak A2 at 0.841 V. Further
harging will move more Li-ions into the Al that transforms LiAl
o high lithium alloy as Li9Al4 [12]. The peak A3 at 0.937 V may
orrespond to that. The proposed anode reactions could be written
s

i+ + Al + e− → LiAl (1)

Li+ + 5e− + 4LiAl → Li9Al4 (2)

In the reverse process, the peak A4 and A5 may represent Li+

xidation when the potential was decreased gradually. The second
V repeats similar peaks B1–B5 that is evidence of the reversible
i+ redox reactions. According to the reaction (2), the Al anode
as 1411 mAh g−1 of theoretical capacity. In our case, the Al NR
node demonstrated 1243 mAh g−1 of capacity in the first discharge

Fig. 7) that is close to its theoretical prediction. It exhibits the
otential of Al NRs as the high capacity anodes with low cost. How-
ver, the charging capacity decreased to 440 mAh g−1 in the second
ycle. After 10 charging–discharging cycles, the reversible capacity
ecreased to 100 mAh g−1 (Fig. 8).
Fig. 2. (a) SEM image of the aligned Al NRs (15,000×) and (b) SEM image of the
aligned Al NRs (100,000×).

3.3. Mechanism of capacity decay of Al NR anode

To understand the causes of the capacity decay, the SEM, XRD
and XPS investigations were conducted. It was found that the Al NRs
maintain their original aligned character, but the image was blurred
Fig. 3. EDS Al-line scan of the aligned Al NRs (50,000×).



M. Au et al. / Journal of Power Sources 195 (2010) 3333–3337 3335

Fig. 4. EDS Al-map of the aligned Al NRs (50,000×).
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Fig. 7. The first discharge of Li/Al NRs cell.

or by impurity of electrolyte. The surface oxidation may contribute
little to large capacity decay.
ig. 5. X-ray diffraction (XRD) spectrum indicated that the aligned Al NRs have high
extured orientation represented by a broad baseline.

fter 100 cycles the original high capacity had almost diminished
Fig. 11) and the SEM image indicates that the Al NRs had collapsed

nto net like domains (Fig. 12). The cross sectional SEM shows that
he Al layer was separated from Ti substrate that lost direct elec-
rical contact (Fig. 13). XRD shows disappearance of the texture of
ligned NRs and appearance of typical crystalline Al metal (Fig. 14).

Fig. 6. A cyclic voltammogram of Li/Al NRs cell.
Fig. 8. The 10 charge–discharge cycles of Li/Al NRs cell.

It is well known that the nanostructure is metastable configuration
thermodynamically. The nanostructure tends to agglomerate for
reducing of its surface energy when the conditions are favorable.
The unfavorable morphology and structure change results in poor
electrical contact of Al and electrode and reduction of surface area.

XPS analysis shows that the surface of Al anode was oxidized.
The Al peak shifted from 74.442 eV to 74.4 eV (Fig. 15). The oxida-
tion could be caused by short exposure to air during sample transfer
To increase adhesion of Al with substrate and prevent Al NR
layer from peeling off, the Ti substrate was replaced by other mate-
rial. The galvanic cycling of Al NRs on new substrate shows that

Fig. 9. SEM image of the Al NRs after first cycle (100,000×).
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Fig. 10. SEM image of the Al NRs after 20 cycle (15,000×).
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Fig. 13. The cross section of the Al NRs on Ti substrate after 100 cycles (15,000×).

Fig. 14. XRD of the Al NRs on Ti substrate after 100 cycles.
Fig. 11. The capacity decay of Al NRs in 100 cycles.

he first discharge and charge capacities were 1200 mAh g−1 and
00 mAh g−1, respectively (Fig. 16). In contrast, the first charge
apacity of Al NR on Ti substrate was 400 mAh g−1 (Fig. 17). After

−1
0 cycles, the Al NR on new substrate retained 500 mAh g of dis-
harge capacity (Fig. 16), while the Al NRs on the Ti substrate only
ischarged 100 mAh g−1 (Fig. 17). The SEM of the cross section of
l NRs on new substrate shows no peel-off or detachment (Fig. 18)
esulting in a better cycleability. It is obvious that the selection of

Fig. 12. SEM Image of the Al NRs after 100 cycles (15,000×).

Fig. 15. XPS of Al NRs anode after 100 cycles.

Fig. 16. Ten cycles of Al NRs on new substrate.
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Fig. 17. Ten cycles of Al NRs on Ti substrate.
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4. Conclusions

The anodes made by aligned Al NRs grown on electrodes directly
demonstrated high discharge capacities of 1243 mAh g−1 at the
rates of 0.5 C in the Li-ion rechargeable cells, which is close to
the theoretical electrochemical capacity (1411 mAh g−1) of a Li/Al
battery. The high capacity initially observed decreased rapidly
in charge–discharge cycling. It was found that the changes of
crystalline structure and morphology might be partially respon-
sible for the capacity decay. Further investigation revealed that
changing the material of the substrates improved cycleability
significantly. The optimal selection of substrate materials will
lead to sustainable high capacity for thin file of nanostructured
anodes.
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