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ABSTRACT: We report the electrochemical performance of Si nanotube vertical arrays possessing thin porous sidewalls for Li-
ion batteries. Porous Si nanotubes were fabricated on stainless steel substrates using a sacrificial ZnO nanowire template method.
These porous Si nanotubes are stable at multiple C-rates. A second discharge capacity of 3095 mAh g~' with a Coulombic
efficiency of 63% is attained at a rate of C/20 and a stable gravimetric capacity of 1670 mAh g~' obtained after 30 cycles. The
high capacity values are attributed to the large surface area offered by the porosity of the 3D nanostructures, thereby promoting

lithium-ion storage according to a pseudocapacitive mechanism.
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Currently, Li-ion batteries (LIBs) are the most studied
energy storage systems because of the superior electro-
chemical performance in parameters such as high energy
density, low self-discharge, and long cycle life."” Besides their
application in electric vehicles, LIBs have become a significant
energy storage system for microelectronic devices. However,
the technology reaches a limit because of the low specific
capacity offered by graphite (372 mA.h.g™"), which is used as
anode material. Because of a low operating potential (~0.25 V
vs Li/Li*) and the highest theoretical capacity reported so far
(4200 mAh ¢™'), Si is a promising negative electrode material
for LIBs.” " Si reacts reversibly with Li* by alloying/dealloying
mechanisms according to eq 1.°

Si + xLi" + xe” 5 Li,Sifor0 < x < 44 (1)

Unfortunately, the reaction is accompanied by large volume
expansion (~400%), which results in pulverization and voltage
cutoff in the first few cycles because of the loss of electrical

7,8 . . .
contact.”” To address this concern, one-dimensional nanoma-
terials such as nanowires, nanotubes, and nanoporous instead of
bulk materials have been investigated. For example, the use of
nanostructured materials like graphite and transitional metal
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oxides’™"" have shown an improved electrochemical perform-
ance compared to their bulk counterpart. For Si-based anode
materials, it has been reported that voids between nano-objects
are beneficial in bearing the volume expansion during
cycling,">™'® which is otherwise responsible for the strong
capacity fading and the poor electrochemical cycling obtained
in the case of bulk Si.”'"”'” The particular case of silicon
nanotubes (SiNTs) offer well-defined uniform morphologies
with a demonstrated impact on reversible capacity and long
cycle life. Prior efforts have focused on sealed SiNTs (with or
without carbon layers)'®'> or rather large SiNTs (>400 nm
diameter) containing porous silica shells.”® In contrast, our
group has recently developed methods for the fabrication of
ultrathin (~10 nm) crystalline SiNTs with clearly defined
porous sidewalls.”" The morphology associated with this type
of nanotube platform is in stark difference to the other
nanotube morphologies examined previously, and warrants
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investigation in terms of capacity retention and cycling
performance.

In this work, the synthesis and electrochemical behavior of
self-supported vertical porous SiNTs fabricated by using
sacrificial ZnO nanowire array templates on stainless steel
substrate are reported. We show that these self-supported
SiNTs exhibit electrochemical properties to be of value as a
negative electrode for LIBs.

The SiNTs were fabricated by a three-step template-directed
method. First, the formation of a sacrificial ZnO nanowire
template was carried out on stainless steel substrates. This
involves initial deposition of a ZnO nanocrystal seed layer on
stainless steel, followed by annealing at 300 °C. ZnO nanowire
arrays were grown from these seed layers by a hydrothermal
process at 95 °C using 0.02 M Zn(NO;), and 0.02 M
hexamethylenetetramine as precursors. Then, deposition of Si
onto the ZnO nanowires was performed using sample exposure
to SiH, (0.5% in He) at 530 °C in a dilute He atmosphere.
Finally, packed arrays of SiNTs were obtained by removal of
the ZnO nanowire template in NH,Cl vapor at 450 °C.”'
These SiNTs were characterized using a JEOL JSM 7100FT FE
SEM as well as a JEM 2100 TEM with EDAX elemental
analysis.

The electrochemical performance tests were carried out in
two-electrode Swagelok assembled in a glovebox filled with
purified argon in which moisture and oxygen content were less
than 0.5 ppm. The half-cells consisted of as-formed self-
standing SiN'Ts on stainless steel (0.55 cm?®) that were used as
the working electrode and the current collector, respectively. A
9 mm diameter Li foil was used as the counter electrode and a
Whatman glass microfiber separator soaked with lithium
hexafluorophosphate in ethylene carbonate and diethylene
carbonate (1 M LiPF in (EC:DEC) 1:1 w/w) was used as
separator. The mass of the active material was ~30 pug. The
cyclic voltammetry and galvanostatic tests were done using a
VMP3 potentiostat (Bio Logic, France). The cyclic voltammo-
gram was performed in potential window of 0.01—1.75 V vs Li/
Li* at a scan rate of 0.1 mV.s~™". The galvanostatic tests of the
assembled cells were done at multiple C-rates. C/n means the
battery is fully charged or discharged up to its total storage
capacity in n hours (for this work 1 C = 42 A g™'). The
gravimetric capacity values were calculated on the basis of the
weight of the active material. For all electrochemical tests,
additives and binders were not used.

The SiNTs were structurally characterized by a combination
of field-emission SEM and TEM,; the latter technique included
high-resolution imaging along with in situ elemental energy
dispersive X-ray analysis (EDX) (Figure 1). SEM imaging
reveals dense packing of the nanotubes in a vertical fashion on
the stainless steel substrate, as desired (Figure 1a). Comple-
mentary TEM analysis reveals a thin porous nature to the
sidewalls of the nanotube, with a thickness on the order of 10
nm (Figure 1b). Pores on the order of 2—5 nm can be observed
along the length of a given tube. Statistical analysis of inner
tube diameter shows a mean value of 57 nm (+ 11 nm) with
corresponding lengths up to 2 ym. In terms of composition,
EDX analysis detects only the presence of Si and some oxygen
from surface oxide species (Figure 1c). The solid silicon regions
of the nanotube are clearly crystalline in nature, as high
magnification TEM imaging shows lattice spacings associated
with the (111) index of cubic Si (Figure 1d).

Figure 2 shows the cyclic voltammogram (CV) recorded for
first—fifth and 30th cycles. In agreement with previous
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|

Figure 1. (a) Field-emission SEM image of SiNTs. (b) TEM of SiNTs.
(c) EDX spectrum of SiNTs (from TEM analysis); small peak near
1.00 keV is associated with TEM sample grid. (d) HRTEM of SiNTs.
White circles represent crystalline domains of (111) orientation; inset:
FFT indicating sample crystallinity.
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Figure 2. Cydlic voltammogram recorded for the SiNTs in the

potential window of 0.01—1.75 V vs Li/Li* at the scan rate of 0.1 mV
-1
s

studies,” the electrochemical reactivity of the nanotubes are
confirmed by the presence of four peaks during the first
discharge. The irreversible peaks at 1.2 V vs Li/Li" are mainly
due to the decomposition of the organic electrolyte leading to
the formation of a solid electrolyte interface (SEI) at the surface
of the electrode. The lithiation of the SiNTs begins around 0.4
V and further alloying is observed at 0.1 V vs Li/Li". The peaks
at 0.38 and 0.5 V vs Li/Li* correspond to the dealloying of Si.
The small broad peaks at potential of 0.7 and 1.0 V vs Li/Li*
can be attributed to the reaction with iron oxide present in
stainless steel substrate.”” This material is known to
demonstrate poor electrochemical behavior.”***

Figure 3a shows the galvanostatic charge—discharge curves
performed at C/20 for the SiNTs. In agreement with the CV
curves for the first discharge, there are four small plateaus at
potential of 1.2V, 0.7 V, 0.4 and 0.1 V vs Li/Li* corresponding
to the organic electrolyte decomposition, the reduction of Fe®*
to Fe and the formation of Li,Si. The first discharge capacity of
4950 mAh ¢! is obtained for the SiN'Ts. The second discharge
capacity of 3095 mAh g~" with a Coulombic efficiency of 63% is
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Figure 3. (a) Galvanostatic discharge—charge profile of SINTs at C/20 and (b) their cycling performance at multiple C-rates. The inset shows the
capacity retention and the Coulombic efficiency vs cycle number at C/20.

Table 1. Comparison of the Electrochemical Performance of Various SiNTs

working first discharge capacity (mAh first irreversible discharge capacity after (n) capacity retention (%) Coulombic efficiency (%)
electrode g ') at Crate capacity loss (%) cycle (mAh g™') after (1) cycles after (1) cycles
self-supporting 4950 (0.05C) 63 1670 (30) 99.26 (30) 84.6 (30)
SiNTs
SiNTs>’ 1924 (0.5C) 80 1158 (10) NA 60 (10)
SiNRs*® 3285 (0.05C) 483 1398 (20) NA 98.6 (20)
SiOC—CNT** 841.8 (0.1C) 67.1 686.3 (40) 81.5 (40) 99.6 (40)
carbon-coated 3344 (0.15C) 86 1326 (40) NA 95 (40)
SiNWs*
DW SiNTs> 1780 (0.2C) 99.9 1566 (6000) > 99.9 (6000) > 99.9 (6000)

attained. The capacity fading is attributed to the formation of
the SEI layer and the irreversible reaction of Li* with iron oxide.
Lithium ions react with iron oxide according to a conversion
reaction mechanism to give metallic iron and Li,0.”**° The
formation of Li,O is irreversible and is also responsible for the
large capacity loss during the first cycle. Although the capacity
values decrease further, a stable value around 1670 mAh g_1 can
be observed after 30 cycles with capacity retention of 54%.
These values are better than that reported for other selected Si
nanostructured anodes,”®*’ but not as high as large double-
walled SiNTs.® To place these results in the proper
perspective, a comparison of the electrochemical performance
of these SiNTs with previously reported literature results are
shown in Table 1.

To study the operational stability of the SiNTs, the cycling
life performance has been studied at multiple C-rates (Figure
3). At high current density (1C), a gravimetric capacity of 450
mAh g~ is observed; when the C-rate is subsequently restored
to a lower value (C/10), the capacity values reach 800 mAh g™
suggesting that the microstructural features are partially
preserved beyond 180 cycles (Figure S1). These results
confirm that the porous three-dimensional geometry of the
nanostructured Si electrode is beneficial to tolerating the large
volume expansion during alloying/dealloying reactions. The
inset in Figure 3b shows the capacity retention and the
Coulombic efficiency. Apart from the first three cycles, a
capacity retention of more than 97% has been observed,
whereas the Coulombic efficiency of more than 75% has been
obtained for the first few cycles. It should be noted that during
cycling, the Coulombic efliciency increases slightly to reach
85% at the 30th cycle, but still remains lower than those
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obtained for double-walled SiNTs,* carbon-coated SiNTs,*
and prelithiated SiNWs.*

The relatively high specific capacity value after 30 cycles and
the excellent capacity retention of the SiNT's can be attributed
to the high surface area of the porous nanotubular morphology.

The high surface to volume ratio offers more active sites for
lithium storage owing to the larger electrode/electrolyte
interface and promotes the storage of charges at the surface
of the electrode according to a pseudocapacitive effect. This
mechanism storage of charges can be verified by the presence of
small plateaus and slopes in the charge/discharge profile.

To explain the origin of the capacity fading and the relatively
low Coulombic efficiency, post-mortem SEM and EDS analysis
were carried out (see Figures S1 and S2). EDS analysis revealed
the presence of F, C, and O confirming the formation of a SEI
layer. This effect could be avoided in principle by using a solid
electrolyte. In addition, it can be observed that SiNTs are
partially broken and detached from the substrate after cycling.
Hence, the relative poor adhesion of nanotubes to the substrate
leads to the loss of the electrical contact; in the future, this
effect could be reduced by depositing a thin layer of Cr on
stainless steel. Such a thin Cr layer could also be used to avoid
the reaction of Li ions with iron oxide and the subsequent
formation of Li,O that also hinders electron transfer.

A ZnO nanowire sacrificial template method, in conjunction
with dilute Si reactant concentrations, was used to fabricate
vertical arrays of Si nanotubes with thin porous sidewalls. The
as-grown self-supported nanostructures have been used as a
working electrode in LIB-half-cell tests. The electrochemical
characterizations revealed good, stable electrochemical per-
formance that can be attributed to the morphological properties
of the material. In spite of the large volume expansion and the
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SEI formation associated with the use of Si, 54% initial capacity
is retained (1670 mAh g™') after 30 cycles and the capacity
value of 800 mAh g™ is attained after 180 cycles at C/10. With
additional refinement of interfacial chemistry between nano-
tube and substrate, improvement of both capacity and efficiency
is anticipated.
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