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Ordered arrays of parallel, cylindrical silicon nanotubes are obtained by aluminothermic reduction of
SiO, nanotubes generated by atomic layer deposition (ALD) on nanoporous aluminum oxide templates.
The reduction to amorphous Si (a-Si) is characterized by a combination of X-ray diffraction (XRD), solid-
state cross-polarization magic-angle spinning nuclear magnetic resonance (*°Si CP-MAS NMR), ultraviolet-
visible spectroscopy, attenuated total reflectance infrared spectroscopy (ATR-IR), and X-ray photoelectron
spectroscopy (XPS). These a-Si nanotube arrays are electrochemically active in a lithium-ion battery en-
vironment when prepared on Cu current collectors without any additives. The absence of the traditional
additive carbon black, which is an electrochemically inert conductor, increases the proportion of capacity
associated with faradaic reactions (Li incorporation) with respect to the capacitive component. Electro-
chemical impedance spectroscopy (EIS) and charge-discharge tests demonstrate that the nanotube mor-
phology yields an improved tolerance to fast cycling.

© 2021 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

A widespread use of sustainable and renewable energy sources
is needed in order to replace fossil fuel resources and reduce
greenhouse gas emissions. However, most renewable energy
sources, such as wind [1-3] and solar energy [4,5,-6] are inter-
mittent and require energy storage systems for grid management
and portable applications. Among the various storage technologies,
the lithium-ion battery is the prime choice for portable devices
and electric vehicles [7]. In presently commercial Li-ion batteries,
the graphite anode (the negative electrode) limits performance
due to its low specific capacity of 372 mAh g! [8,9]. The most
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prominent alternative to graphite, which bases on an intercalation
mechanism with finite capacity [10,11], is provided by silicon
and other group IV elements, which can alloy in Li to higher
stoichiometries [12-14]. In particular, Si presents some particularly
attractive properties: (1) The stoichiometry Lig4Si [10,15,16] yields
an extremely large theoretical gravimetric specific capacity of
4200 mAh g [13,16,17] (volumetric 9786 mAh cm3) [10,14];
(2) Its low delithiation voltage (0.2 V to 0.6 V vs. Li/Li*) [12,15],
delivers high working voltages in full cells hence increases the
energy density [10]. (3) Si is the second most abundant element
in the earth’s crust and environmentally benign [9,10,14,15,17].
Despite these advantages, the enormous volume expansion (~
300%) associated with its lithiation [9,12,16,18] inflicts such stress
and strain on the material that the anode typically cracks, breaks
and even disintegrates upon cycling, in addition to featuring an
unstable solid electrolyte interface (SEI) layer [9]. These phe-
nomena cause rapid failure of the batteries, especially under
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Fig. 1. Schematic presentation of the preparative procedures towards Si nanotubes. (a) Two-step anodization to build well ordered Al,0; nanopores with subsequent wet
chemical removal of metallic Al. The length L of the AAO membranes is defined by this step. (b) Wet chemical Al,03 barrier layer etching and pore widening (defining
the outer tube diameter D) in H3PO,4 solution. (c) ALD of SiO,, precisely defining the tube wall thickness ¢;. (d) Laser-cut of the sample before reduction of SiO, to Si and
by-product removal. ¢, is the wall thickness of Si nanotubes after reduction. (e) Sputter-coating of Au on one side of the sample and gluing with conductive Cu adhesive
tape onto Cu foil as a current collector. The photograph of one real sample is displayed, allowing one to discern the 4 mm diameter mask used to define the sample area.

fast cycling conditions. Additional limitations include the low
electrical conductivity of Si (~ 103 S cm™!) [13,19] and slow Li-ion
diffusion velocity (diffusion coefficient of 10713 to 107 cm? s71)
[10,12,13,19].

Si as an anode material can benefit of controlling its morphol-
ogy on the sub-micrometer scale in two ways. Firstly, a controlled
porosity can significantly alleviate the stress and strain on the an-
ode [20] and thus maintain a longer lifetime. Secondly, the paths
of electrons from the electrode and Li ions from the electrolyte can
be straightened and shortened, thereby giving rise to a better rate
performance of Si anodes [13]. Therefore, tremendous efforts have
been devoted to the design and development of nanostructured Si
anodes, such as 0D nanoparticles [21-24], 1D nanowires [25,26],
nanorods [27] and nanotubes [28], 2D thin films and nanosheets
[29] and 3D porous nanostructures [30-32].

We note that silicon in negative lithium ion battery electrodes
should be amorphous for success - this is a fact that has been
clearly established by a number of primary studies [26,33-35], and
is stated unambiguously in leading reviews in the field [13,36,37].
When crystalline Si is charged, Li ion diffusion and incorporation
is hindered. Therefore, the first charge occurs with significant over-
potential and with a larger volume expansion than if amorphous Si
is used. Subsequent discharge generates Si in its amorphous form
(a-Si), and the electrode then behaves accordingly.

Therefore, in this work, we propose a cylindrical nanotube mor-
phology for a-Si as a Li-ion battery anode. Amorphous Si is gener-
ated from SiO, nanotubes by aluminothermic reduction. The amor-
phous SiO, nanotubes are fabricated via atomic layer deposition
(ALD) on ‘anodic’ aluminum oxide (AAO), which serves as a tem-
plate. This structure has been exploited successfully for SnO,-
based anodes [38], the geometric parameters of which (length
L, outer pore diameter D, and wall thickness of ¢; of the nan-
otubes, Fig. 1) can be precisely tuned. Here, we use the parame-
ters found to be optimal in our previous work, namely L = 30 um
D = 380 nm. The tube wall thickness is adjusted by the deposition
method. 500 cycles of SiO, ALD yield 40 nm of SiO,, which then
shrink by approximately a factor three upon reduction to a-Si [39].
This reduction reaction is performed by aluminothermic means,
which is experimentally much simpler to carry out with large sam-
ples than the lithium vapor procedure used earlier. Electrochemical
characterization of this additive-free Si nanotube system points out
the differences between it and classical slurry-derived samples.

2. Experimental section
2.1. Materials

Ethanol, perchloric acid (70%), phosphoric acid, chromium(VI)
oxide, copper(ll) chloride dihydrate, hydrochloric acid (37%), nitric
acid (65%), 3-aminopropyltriethoxysilane (APTES), diethyl ether,
aluminum, aluminum chloride (AlCl3), metallic Li, 1.0 M lithium
hexafluorophosphate (LiPFg) in 50:50 (v/v) ethylene carbonate (EC)
and diethyl carbonate (DEC) solution and Cu foil were purchased
from abcr, VWR or Sigma Aldrich and used as received. Aluminum
plates (0.5 mm thick) were provided by Smart Membranes. Water
was purified in a Millipore Direct-Q System. Au target for sputter-
ing was supplied by Stanford Advanced Materials. Silicon wafers
coated with an oxide layer were from Silicon Materials Inc. CR2032
cases, stainless steel spacers and springs were purchased from MTI
Corporation. Celgard 2325 separators were from EL-Cell GmbH.

2.2. Preparation of ‘anodic’ aluminum oxide (AAO) template

A two-step anodization (Fig. 1a) was performed to fabricate
‘anodic’ aluminum oxide (AAO) membranes. Before the anodiza-
tion, aluminum plates (2 x 2 cm?) were electropolished in a cold
1:3 (v/v) mixture of concentrated HCIO4 and ethanol with stirring
at 20 V for about 5 min to gain mirror-like smooth surfaces. Sub-
sequently, these aluminum plates were anodized in 0.5 wt% H3POy,
solution for 1 h aunder+ 195 V at 0 °C at first, then anodization
was pursued in 1 wt% H3PO4 for another 23 h. During anodization,
a two-electrode system was used. Aluminum plates were sealed
between a PVC beaker with O-ring on top and a Cu plate under-
neath. The aluminum plates together with the Cu plate are con-
nected to the anode of the power supply while the PVC beaker
containing the H3PO,4 solution (the electrolyte) was covered by a
cap providing the counter-electrode (silver wire mesh) and a me-
chanical stirrer. After the first anodization, chromic acid solution
(018 M CrO3 in 6 wt% H3PO,4) was used to remove the irregularly
grown aluminum oxide nanopores for 24 h at 45 °C. The second
anodization was executed under +195 V and at 0 °C, first for 1 h in
0.5 wt% H3PO,4 and subsequently for 9 h in 1 wt% H3POy4. The alu-
minum substrate was later removed with 0.7 M CuCl, in 10 % HCI.
10 wt% H3PO, solution was used to remove the barrier layer of the
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AAO membrane (35 min from the back side) and pore widening at
45 °C (full immersion in H3PO4 for another 35 min) (Fig. 1b).

2.3. Preparation of Si nanotubes

Deposition of SiO, via atomic layer deposition (ALD). SiO, nan-
otubes were deposited by ALD (Fig. 1c), which is accomplished
in a commercial Gemstar-6 XT ALD reactor from Arradiance. The
ALD reaction was performed at 170 °C under pressure around
800 mTorr with 3-aminopropyltriethoxysilane (APTES) as the metal
precursor while water and ozone were used as oxygen source (co-
reactants). APTES was heated up to 70 °C. Ozone was generated
in situ by an ozone generator BMT 803N with 50% power. The
gaseous precursors were transported towards the ALD reactor by
100 sccm N, flow, which acted as carrier gas. The pulse sequences
for APTES, H,0 and O3 were (0.7 s | 60 s | 120 s), (0.5 s | 50 s
| 90 s) and (0.2 s | 50 s | 90 s), respectively. The growth rate of
Si0, ALD is 0.8 Ajcycle. Si (100) wafers with native oxide layer
(~ 200 nm) were used as the indicator to monitor the thin film
growth by spectroscopic ellipsometry.

Aluminothermic reduction of SiO,. The samples of as-deposited
Si0, on AAO template were transparent and slightly milky (Fig.
S1a). The samples were laser-cut out of their Al frames with a
GCC LaserPro Spirit LS laser before performing the reduction. Si
nanotubes were obtained by an aluminothermic reduction reaction
with a mixture of Al and AlCl; tested in various mass ratios. The
reduction was carried out by assembling the sample and the re-
ductants in a tightly sealed autoclave, model 4652 from Parr In-
strument Company with a temperature controller LTR 3500 with
cTron from Juchheim, which was filled with Ar. The sample and
the Al/AICl; mixture were placed on one stainless steel sample
holder separately. The reduction was conducted in Ar atmosphere
at 400 °C for 10 h after a heating ramp of 76 °C/h. Subsequently,
the samples, which had turned black (Fig. S1b), were rinsed with
diethyl ether immediately after disassembling the autoclave, in or-
der to remove unreacted AICl3. The samples were then heated to
50 °C for a half-hour before being immersed in 10 wt% H3PO, at
50 °C for 3 min to remove all other reaction by-products (Fig. 1d).

2.4. Characterization

X-ray diffraction (XRD) with Cu Kerq radiation (A = 1.54056 A)
on a Bruker D8 Advance diffractometer equipped with a LynxEye
XE-T detector was used to investigate the crystal structure of the
samples. The measurements were performed in the regular Bragg-
Brentano geometry for porous samples. Ultraviolet-visible absorp-
tion spectroscopy were performed with OceanOptics spectrometer
DH-2000-BAL. Jasco 4100 FT-IR spectrometer from JASCO Deutsch-
land GmbH was used to record fourier transform Infrared (FT-IR)
spectra using a DLaTGS detector with 4 cm™! resolution. Solid-state
NMR spectra under magic angle spinning (MAS) were measured on
an Agilent 500 WB instrument (11.7 T) with resonance frequency
of 99.31 MHz for 29Si nuclei. All spectra were referenced indi-
rectly to sodium trimethylsilylpropanesulfonate (DSS). 29Si cross-
polarization (CP) spectra were recorded at a MAS rate of 15 kHz,
accumulating up to 4000 scans with inter-scan delay of 2.5 s. Af-
ter a 2.6 s /2 pulse on protons, the RF of protons was ramped lin-
early from 72 to 91 kHz (80 to 100%) during 5 ms, while keeping
the 29Si RF field at 77 kHz. 100 kHz 'H spinal-64 decoupling was
applied during acquisition. Scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX) were performed to
the samples with an Jeol JSM 6400 upgraded with a LaBg cathode
and SDD X-ray detector. Raman spectroscopy was carried out for
the samples with a WITec alpha-R Confocal Raman Microscope in
backscattering geometry with 532 nm excitation wavelength. X-ray
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photoelectron spectroscopy (XPS) was carried out with monochro-
matized Al Ko on a PHI Quantera II, Japan.

2.5. Si nanotube electrode preparation

The Si nanotube samples obtained after reduction were dried
in the oven, a layer of gold as the contact layer (approximately
100 nm) was then sputtered onto one side of the samples in a Torr
CRC 622 sputter coater. Samples were finally glued onto a Cu foil
as the current collector with a double-sided adhesive and conduct-
ing Cu adhesive tape (Fig. 1e).

2.6. Electrochemical measurements

The as-prepared Si nanotubes with AAO template samples were
masked by polyamide tape (Kapton®) with a defined circular
area of 4 mm diameter for electrochemical measurements. The
polyamide tape (Kapton®) is chemically resistant and electrically
insulating. For building an electrochemical cell, the Si nanotube
sample is complemented with a Li foil and a Celgard 2325 sep-
arator. 1.0 M lithium hexafluorophosphate (LiPFg) in 50:50 (v/v)
ethylene carbonate (EC) and diethyl carbonate (DEC) was added
as the electrolyte. The cell was then assembled in CR2032 coin
cell cases from MTI Corporation and sealed with the MSK-160E
crimper from MTI Corporation applying 1.0 Torr. The assembly was
realized in an Ar glovebox from Innovative Technology. The cell
was left in the Ar glovebox overnight after assembly in order to
let the electrolyte diffuse in all available volume before electro-
chemical measurements were started. Cyclic voltammetry was con-
ducted in the two-electrode configuration with an Interface 1000
potentiostat from Gamry Instruments, USA, at scan rates of 0.1 to
2 mV s! in the potential range from 0.005 V to 1.600 V (with
respect to the lithium metal counter-electrode). Galvanostatic elec-
trochemical impedance spectroscopy measurements (galvanostatic
EIS) were completed with an amplitude of 1 pA (rms) without any
DC current flow, over the frequency range of 1 mHz to 1 kHz.
Samples were tested by galvanostatic EIS before and after specific
numbers of charge-discharge cycles. The status of the interface of
the electrode was also studied by galvanostatic EIS at various po-
tentials in the vicinity of the CV peaks. For this, the sample was
charged (or discharged) at 5 1A and stopped at the desired poten-
tial. The sample was then potentiostatically held at this potential
until the measured current fell below 1 wA before galvanostatic
EIS was performed. Finally, the stability of Si nanotubes as an an-
ode material was tested at a constant current density, 7.96 pA cm2
for 100 cycles. Its cyclic performance was also characterized with
10 charge | discharge cycles at different current densities between
7.96 and 79.55 pA cm~2. The voltage profiles of Si nanotubes are
recorded by applying a constant current of 1 A during discharg-
ing process until the potential of the cells decreases to 0.005 V.
The same current is used for charging the cells until the cells are
charged up to 1.600 V. After charged with constant current, the
cells are then charged with constant voltage (1.600 V) until the
current drops to 0.1 uA, in order to accomplish further charging.

3. Results and discussion
3.1. Aluminothermic reduction of SiO, nanotubes

Industrial reduction of SiO, to Si element is performed at very
elevated temperature (1700 °C) using carbon as the reducing agent
[40]. Less extreme temperatures are rendered possible by lithium,
as published earlier [39]. However, the limited vapor pressure of
metallic Li forces the procedure to be performed at 700 °C, which
renders the handling of large brittle samples impractical. A more
practical solution is offered by the mixture of aluminum metal
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Fig. 2. X-ray diffraction patterns of pure AAO template (grey), as-deposited SiO, on
AAO template (light green), SiO, sample after reduction (olive), SiO, samples after
reduction and washed (black) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

with AlCl3, applied to powdered SiO, at 250 °C [38] to 270 °C
[41] more recently. We find that this procedure is also applica-
ble to monolithic samples, although the larger transport distances
from the Al/AICl3 mixture (present as a powder separated from the
sample by a few mm) to every point of the sample necessitate the
use of 400 °C to reach completion of the reaction. As illustrated in
Fig. S2, after the aluminothermic reduction reaction, samples turn
to be darker. A black color of the sample indicates a high degree
of conversion from SiO, to Si when a mixture of 1:5 (w/w) Al and
AlCl3 is used. The chemical identity of the product before and after
removal of the reaction by-products and excess reagents in 10 wt%
H3PO4 is demonstrated by a combination of material characteri-
zation techniques (XRD, ATR-IR, 29Si CP-MAS NMR, UV-visible ab-
sorption, SEM, EDX and Raman spectroscopy).

X-ray diffraction (Fig. 2) does not evidence the formation of
any clearly crystalline phase beyond those of Al,03 (JCPDS #10-
0414) at 26 = 35.19, 37.99, 40.29, 4359, and 51.60, as marked in
Fig. 2 [42]. Since the alumina template is amorphous and known
to stay amorphous to temperatures of at least 1000°C, the pres-
ence of a novel crystalline alumina phase is a highly likely sign
of the reduction reaction’s success (with Si and Al,03 as the two
products). Silicon, however, is not visible - at best, the XRD pattern
hints at the presence of amorphous SiO, with the very broad sig-
nal centered near 24° (before reduction, navy blue curve) [43-48],
which disappears upon reduction.

More unequivocal evidence for the chemical identity of the
reduced samples is delivered by a combination of spectroscopic
methods, Fig. 3. The lustrous black color of the samples obtained
after reduction and by-product removal (Fig. S1) and quantified
by UV-visible absorption spectroscopy (measured in reflectance,
Fig. 3a), qualitatively indicates the success of the reaction. 2°Si CP-
MAS NMR analysis proves its completeness within the accuracy
limits of the method, since the SiO, peak at -110 ppm (Si(OSi),4
or “Q4” sites) [49,50] disappears fully (Fig. 3b). The tiny shoul-
ders at -101 ppm and -93 ppm [49] indicate the presence of
small amounts of silanol groups, (Si(0Si)3(OH) (or “Q3” sites) and
(Si(OSi),(OH), (or “Q2” sites), respectively. As hydroxyl-containing
silica groups are overestimated in Cross Polarization spectra, the
295j CP-MAS NMR spectrum of as-deposited SiO, nanotubes proves
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a high degree of condensation of SiO,. These conclusions are cor-
roborated by the ATR-IR spectra shown in Fig. 3c. A prominent ab-
sorption band at 1073 cm™! (with a shoulder at 1197 cm™!) ap-
pears in the sample before reduction and reveals the existence of
Si0,, associated with the asymmetric stretching vibrations of the
SiO—Si moiety in tetrahedral geometry [51,52]. Minor bands near
793 cm~! and 913 cm! are assigned to the bending vibration of
SiO Si [53], and some silanol groups [48,51], respectively. In our
case, it should be related to Si—OH stretching vibration [52]. These
peaks vanish after reduction, proving again that the conversion is
complete. Only one band at 1128 cm™! exists after reduction, which
is related to AlO stretching mode of y-alumina [54]. It is not de-
tectable in the sample before reduction since it overlaps with the
band at 1197 cm™!.

SEM micrographs (Fig. 4a, b) document the morphology of Si
nanotubes after reduction. Close inspection of Fig. 4a reveals that
the pores of the AAO template are filled with excess reagents
and/or by-products after reduction. After the sample has been
rinsed with diethyl ether and dipped in 10 wt% H3PO,4 at 50 °C
for 3 min, the pores are open again, as shown in Fig. 4b, with
some roughness remaining on the pore walls. This conforms with
the disappearance of the Cl signal (from AlCl3) in EDX after H3POy4
washing (from Fig. 4c¢ to Fig. 4d).

An additional piece to the analysis puzzle is provided by Ra-
man spectroscopy. A sapphire wafer (grey curve in Fig. 5) is used
as a substrate here. The sample after reduction (olive curve in
Fig.5) yields a relatively broad band centered at 481 cm~! (high-
lighted in yellow), which reveals the existence of amorphous Si
[55-57]. Other peaks, marked with squares are contributed by
Al,03 [58,59]. They are slightly shifted compared to the peaks
from sapphire, which is due to the presence of some alumina in
the sample as a by-product of the reduction reaction (in addition
to the sapphire substrate). Consistent with this, these peaks are ab-
sent from the Raman spectrum of the sample with SiO, nanotubes
in the amorphous AAO matrix [60].

Final proof for the chemical identity of as-deposited SiO, tubes
and of the sample after aluminothermic reduction is provided by
X-ray photoelectron spectroscopy (XPS): Fig. 6 presents the XPS
spectra of these two samples in the Si 2p, O 1s and Al 2p re-
gions. The corresponding survey spectra are accessible in Fig. S3,
and they disclose the expected elements in addition to some mi-
nor contamination by the stainless steel sample holder. More in-
terestingly, the Si 2p signal, which consists of a single SiO, peak
after ALD, changes completely after reduction. Its very large shift
in binding energy, from 103.5 eV (Si** in Si0,) [61] to 98.6 eV
(Si%) [62-64], reveals the oxidation state change of Si to its el-
emental form. Of course, a layer of native oxide (102.1 eV, SiOyx)
[65] is formed upon sample transfer to XPS but is sufficiently thin
that the underlying amorphous Si is still clearly observable. Other
elements also exhibit the transformations associated with the re-
duction reaction. The O 1 s spectrum before reduction shows a per-
fect single peak generated by the SiO, ALD coating (532.8 eV).[66]
After reduction, the main O 1s signal is found at 531.5 eV and is
associated with the Al,03 generated as the by-product (in addition
perhaps to the AAO matrix) [67], in addition to the small amount
of SiO, generated by aerobic oxidation at 533.0 eV [66]. Remem-
ber that 29Si NMR detects no bulk amounts of silicon oxide after
reduction (Fig. 3b).

4. Electrochemical performance

Together, all materials characterization results presented above
demonstrate unambiguously that amorphous Si nanotubes are suc-
cessfully obtained. Let us now proceed to the electrochemical per-
formance of these samples. The samples will be characterized
by cyclic voltammetry, galvanostatic cycling and electrochemical
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Fig. 3. Characterization of as-deposited SiO, nanotubes in AAO matrix (light green) and Si nanotubes (olive) obtained after reduction by (a) UV-visible absorption spec-
troscopy and (b) 2°Si CP-MAS NMR, while (c) shows ATR-IR spectra for these two samples (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).
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Fig. 4. SEM micrographs for cross sections of the samples (a) immediately after reduction and (b) after reduction plus washing with 10 wt% H3PO,4. The scale bars represent
2 pum length. The element analyses of samples shown in (a) and (b) are illustrated by EDX spectra (c) and (d), respectively.
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Fig. 5. Raman spectra of: sapphire serving as substrate for samples measuring Ra-
man spectroscopy, grey; as-deposited SiO, nanotubes in AAO matrix, light green; Si
nanotubes in AAO matrix, olive, with the peak associated with amorphous Si high-
lighted in yellow color (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).

impedance spectroscopy, with the goal of contrasting the behav-
ior of our simplified model system with classical electrodes that
consist of powders and include additives (binder, carbon). Our Si
nanotube samples only need sputtering a gold layer as the electri-
cal contact without any extra additives to be turned into functional
electrodes. They are complemented with Li foil in CR2032 button
cells for measurements.

Fig. 7 presents eight cyclic voltammetry cycles of our Si nan-
otube electrode. A blank anodic alumina sample presented for
comparison behaves purely as a capacitor (dashed line). In contrast
to this, the Si nanotube electrode features well-defined peaks orig-
inating from the lithiation and delithiation of a-Si. During the very
first cathodic sweep, a large charge flows into the irreversible reac-
tions associated with the formation of a solid-electrolyte interface
(SEI) on the electrode surface, with a distinctive peak at 0.747 V
[22,23,68]. This peak vanishes in the subsequent cycles. The main

(a) before reduction
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Fig. 7. Cyclic voltammograms of a Si nanotube electrode recorded at a scan rate of
0.1 mV s™! in the potential range from 0.005 V to 1.600 V. A blank sample with-
out SiO, ALD but otherwise submitted to all preparative steps is also measured for
comparison (black dashed line).

reversible lithiation peak is found at 0.1 V during the first cycle and
then slightly shifts to 0.03 V-0.04 V[23] over the subsequent four
cycles, where it then stays as a beautifully sharp signal [68]. This
sharp shape indicates an excellent accessibility of all electroactive
material from the electrolyte. The slight shift over the first few cy-
cles is usually interpreted as an increase in the maximum lithi-
ation stoichiometry accessible [69]. The potentials corresponding
to delithiation back to amorphous Si can be noticed at 208 mV,
261 mV, 396 mV and 560 mV during anodic sweeps [23,68,70-72].

In classical silicon-based electrode materials, the presence of
large amounts of carbon cause a significant portion of the elec-
trochemical response to be purely capacitive (as opposed to the
Faradaic current generated by lithiation and delithiation). Insight
into the contributions of capacitive and Faradaic currents to the
overall response is provided by an analysis of the scan rate depen-
dence of the voltammograms (Fig. 8) [73-75]. Indeed, the kinetics
of the associated reactions are quite distinct for both cases (capac-
itive current depends linearly on scan rate, whereas Faradaic reac-
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Fig. 6. X-ray photoelectron spectra of Si 2p, O 1s and Al 2p of samples (a) as-deposited SiO, with AAO matrix (before reduction) and (b) a reduced sample with AAO matrix.
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tions yield a square root dependence on it). In the literature, two
methods have been used to separate both contributions from the
experimental data.

In the first method, an empirical description of the current is
expressed by Eq. (1),

i(V) = ibattery + icapacitance = an (1)
or in logarithmic form,
logi(V) =loga + blog v (2)

Here, i(V) is the current measured at a certain potential (V) at
scan rate v (mV s7!). Both a and b are determined empirically
from a linear fit, and b encodes the desired information [75,76].
A b value close to 0.5 represents a battery material dominated by
diffusion-controlled Faradaic reactions. A b value close to 1.0 stands
for a capacitive or pseudo-capacitive behavior. Fig. 8b shows that
in our system, b strongly depends on the potential in a manner
very consistent with this interpretation. At a potential close to the
cathodic peak (0.005 V) we obtain b = 0.50 within uncertainty, in-
dicating that all current is caused by lithiation. If the analysis is
performed in potential regions remote from all peaks, b drifts to
0.96.

A second method of performing the rate dependence analysis
consists in considering the current at any given potential as the
sum of both contributions, Eq. (3) [73,75,77],

i(V) = kv + kov'? (3)
Converting it to
i(V)/v12 = ku'2 + ky (4)

allows the experimentalist to extract the coefficients k; and k;
from linear plots of i(V)/v!/2 versus v!/2. The absolute current con-

tributions are presented for one scan rate (0.1 mV s™!) in Fig. 8¢,
and after integration over the whole cycle the Faradaic contribu-
tion quantifies to an overall 92% of the electrode’s total capac-
ity. Of course, the relative contribution of Faradaic processes de-
creases upon increasing scan rate, yet is still 71% at 2.0 mV s!
(Fig. 8d). These extremely large values stand in stark contrast to
typical Li-ion battery electrodes, which have never exceeded the
80% mark, and have never exceeded 50% in the presence of ad-
ditives [73,76,78-80]. This exceptional behavior demonstrated here
establishes our Si nanotube electrode as a near-perfect model sys-
tem in which the lithiation and delithiation reactions can be stud-
ied in the absence of undesired artefacts associated with the addi-
tives.

An alternative investigation of the kinetics of electrochemical
reactions is provided by electrochemical impedance spectroscopy
(EIS). Galvanostatic EIS measurements are presented for a pristine
electrode and at 1.60 V after running 20 to 25 CV cycles over
the frequency range 100 mHz-100 kHz in Fig. 9a. (EIS datasets
recorded at various potentials are presented in the Supporting In-
formation, Figs. S4,S5, Table S1.) For the pristine sample, a semicir-
cle in the higher frequency range is complemented with a straight
line at lower frequencies, which can be modeled using a simple
equivalent circuit (Fig. 9d). After 20 cycles of CV measurements, a
broader semicircle is formed, which can be interpreted as the over-
lap two smaller semicircles associated with impedance of charge
transfer at the solid surface and across the solid electrolyte inter-
face (SEI, Fig. 9e). Table 1 summarizes the values obtained from
the fitted EIS data. Inspection of these values elicits several com-
ments. First, the series resistances are high, due to the absence of
the electronically conducting additive. Second, Fig. 9b,c reveal that
the charge transfer resistance (R.) continuously increases upon cy-
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solid electrolyte interface (SEI) layer; W: Warburg diffusion; Rs: series resistance.

Table 1

Parameters fitted from EIS spectra in Fig. 9 recorded after various numbers N of CV cycles
(N =0, 20, 21, 22, 23, 24 and 25). A single CPE element is used to describe diffusion for
the EIS spectrum before CV: Q, = 126 (£1) uS s%; o = 0.8. Capacities are reported here for
the CPE elements for the purpose of comparison and have been determined from the fitted

values using a published procedure [82].

N R/ Q Csgr [ nF Rsgr | Q Ca [ DF Ry [ Q W/ps s0>
0 19.2 £ 1.1 NA NA 208 + 2 958 + 14

20 30.8 + 1.7 549 4+ 4.2 557 + 92 557 + 80 1300 + 110 272 +£5
21 31.7 £ 1.6 574 + 44 580 + 100 459 + 64 1430 + 130 259 + 4
22 31.8 £ 1.6 559 + 4.0 660 + 140 441 + 67 1420 + 160 246 + 4
23 322+ 1.7 55.8 + 3.8 710 £+ 180 410 + 66 1420 + 210 239 + 4
24 325+ 1.7 62.6 + 5.0 640 + 220 298 + 43 1490 + 240 239 + 4
25 33.0+ 1.6 731+ 74 530 + 230 210 + 26 1640 + 260 229 + 4

cling, whereas Rgg; stabilizes. These results hint at a limited stabil-
ity of our electrodes.

Further insight into the often cited permanent instability of the
SEI of Si electrodes [81] is provided by the comparison of equiva-
lent circuit element values recorded not over the very first cycles
but between 20th and 25th cycles. Carbon-based electrodes give
rise to EIS parameters that change over the first 10 or so cycles but
then tend towards stable values. Table 1 shows that instead, both
Rgg; and R vary from cycle to cycle in a manner that is not even
monotonic. The value of R is affected by the formation of the SEI
layer since the interface changes from Si/electrolyte to Si/SEI, but
this qualitative change cannot explain further variations in R¢ at
N > 20. The fact that Cg also varies hints at a non-stable geomet-
ric interface area. This could most likely be due to a roughening of

the interface generated by the constant volume changes occurring
upon cycling. Further changes in these values might be associated
with the swelling of the SEI layer and its reorganization at every
cycle, which affects the transfer of lithium ions.

All the effects highlighted by the fundamental investigative
techniques shown above determine the functional performance of
the cells, defined by charge-discharge curves recorded at constant
current density. The voltage profiles obtained for Si nanotube elec-
trodes under 1 A (7.96 nA cm2) between 0.005 V and 1.600 V
are presented in Fig. 10 and Fig. S6. The irreversible side-reactions
that occur during the first cycle (Fig. 7) are visible here, as well.
The plateau found around 0.2 V to 0.3 V for the first charging curve
becomes weaker in the following cycles and is due to SEI layer for-
mation. The curve shape is in line with the voltammetry shown in
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Fig. 8, with slightly more prominent plateaus than typical in the
Si literature, corresponding to the sharper than usual voltammetry
peaks.

The stability of the electrode upon subsequent cycles is quan-
tified over a larger number of cycles as illustrated in Fig. 11. The
large capacity loss over the first cycle (Coulombic efficiency 41%)
is the most significant, and the Coulombic efficiency stabilizes af-
ter approximately seven cycles, albeit not at 100%. Accordingly, the

intensity / a.u.
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Fig. 12. Cyclic performance of the Si nanotube electrode at various current densi-
ties: 8.0, 15.9, 39.8, 79.6 and back to 8.0 uA cm2. 10 cycles of charge | discharge
are recorded under each current density.

capacity continuously fades, with a retention of 51% after 100 cy-
cles.

The rate performance of the Si nanotube electrode is evaluated
under different current densities, Fig. 12. The data reveal that in-
creasing the current density by a factor 10 only causes a capacity
loss of 44%. This is a rather small loss for silicon [19,22,32,83], and
it indicates that the very homogeneous nanotube morphology ren-
ders all electroactive material accessible to the lithium from the
electrolyte. Furthermore, the capacity loss is not irreversible, indi-
cating that no material loses electrical contact as a results of sili-
con’s drastic volume variations.

Fig. 13 presents the analysis of a sample after electrochemical
measurements. The overall morphology of the a-Si nanotubes in
the AAO matrix is retained, as well as the elemental composition.
The comparison with Fig. 4 indicates that the surface roughness
has increased due to the volume variations upon charge and dis-
charge. However, no pulverization is observed.

5. Conclusions and outlook

This study establishes a method for the reproducible generation
of electroactive silicon nanotube samples of well-defined shape
and area. The method relies on atomic layer deposition of amor-
phous SiO, nanotubes onto the inner pore walls of anodized alu-
mina templates. The key step is the subsequent aluminothermic
reduction reaction performed with a mixture of Al and AlCl; at
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Fig. 13. (a) SEM micrograph and (b) EDX spectrum of the Si nanotube sample after stability and cyclic performance tests.
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400 °C. Not only the black color of the sample obtained after re-
duction but also extensive characterization performed by XRD, 29Si
NMR, UV-visible absorption spectroscopy, ATR-IR, and XPS, prove
the formation of amorphous Si in the shape of parallel, straight,
vertical nanotubes embedded in an inert alumina matrix.

The electrochemical tests reveal that this material behaves as a
‘pure’ model system for the use of silicon as a lithium ion battery
electrode material. Its poor stability is in line with the literature.
However, its high rate stability and almost perfect Faradaic behav-
ior are in stark contrast to most papers associated with silicon. The
reason is the particulate nature of silicon used for those papers.

Firstly, unconnected particles necessitate the presence of ad-
ditives: carbonaceous conductive material and polymeric binders
contribute significant pseudocapacitive currents which complicate
the analysis of results. The straight and direct contact provided to
the current collector by our nanotube system circumvents the need
for additives, and therefore allows for an unhindered insight into
the pure material’s behavior. Secondly, particles of roughly spher-
ical shape give rise to long transport distances inside the solid,
whereas the thin walls of our nanotubes enable fast charging and
discharging.

Based on this well-characterized pure material, engineers can
adapt it to any desired set of functional performance parame-
ters by combining it with other electroactive materials, in partic-
ular carbon. This designer approach based on a fundamental un-
derstanding of each component differs from the trial and error
method that has often prevailed.
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