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Abstract: Silicon-based anode fabrication with nano-scale structuration improves the energy
density and life cycle of Li-ion batteries. As-synthesized silicon (Si) nanowires (NWs) or
nanoparticles (NPs) directly on the current collector represent a credible alternative to
conventional graphite anode. However, the operating potentials of these electrodes are below
the electrochemical stability window of all electrolytes used in commercial Li-ion systems.
During the first charging phase of the cell, partial decomposition of the electrolyte takes place,
which leads to the formation of a layer at the surface of the electrode, called Solid Electrolyte
Interphase (SEI). A stable and continuous SEI layer formation is a critical factor to achieve
reliable life-time stability of the battery. Once formed, the SEI acts as a passivation layer that
minimizes further degradation of the electrolyte during cycling, while allowing lithium ions
diffusion with their subsequent insertion into the active material and ensures reversible
operation of the electrode. However, one of the major issues requiring deeper investigation is
the assessment of the morphological extension of the SEI layer into the active material which
is one of the main parameters affecting the anode performances. In the present study, we use
electron tomography (ET) with low electron dose to retrieve three-dimensional information on
the SEI layer formation and its stability around SiNWs and SiNPs. The possible mechanisms
of the SEI evolution could be inferred from the interpretation and analysis of the reconstructed
volumes. Significant volume variations in the SINW and an inhomogeneous distribution of the
SEI layer around the NWs are observed during cycling and provide insights of the potential
mechanism leading to the generally reported SiNWs anodes capacity fading. By contrast,
analysis of the reconstructed SiNPs’ volume for a sample undergoing one lithiation-delithiation
cycle evidence that the SEI remains homogeneously distributed around the NPs that retain their
spherical morphology and points to the potential benefit of such nanoscale Si anode materials
to improve their cycling lifetime.



1. Introduction

The demand for rechargeable power sources with high electrochemical performances is
growing steadily and correlates with the society’s ever-increasing need for developing a next
generation of lithium-ion batteries (LiBs). Electric vehicles and grid energy storage
increasingly monopolize the LiBs market demands. Accordingly, considerable efforts are
devoted by industry and academia actors to develop high capacity and long-cycle life electrode
materials at lower cost. 13 Carbonaceous anode materials, such as for instance traditional
graphite, a component used in conventional commercial LiBs, offers a limited theoretical
capacity of 372 mAh g*. 5 The main goal for next-generation LiBs is to promote new electrode
materials with better electrochemical properties, including (i) a high theoretical specific
capacity, (ii) a fast Li*-ion diffusion path for improving the intercalation/ de-intercalation rate,

and (iii) a stable structure.®

Among the various anode materials studied in literature, silicon (Si) has attracted
extensive attention due to its high theoretical capacity of 4200 mAh g and its abundance in
the earth’s crust.” The main drawback for use of Si as a LiB electrode relates to the dramatic
volume variation (up to 300%) upon cycling, leading to the creation of microcracks and to
severe pulverization of the material. This results in a degradation of the battery performance,

hindering its potential commercialization. 89

To hamper these shortcomings, new designs of Si structures have been proposed, such
as thin films 1211 hybrid structures 127, composites 1%° and nanostructured Si-based materials.
20-27 In general, replacing a bulk material with a nanostructured one helps mitigation of the
volume changes of the active material and, thus, tempers the mechanical pulverization and
subsequent structural degradation. Accordingly, designing nanostructured Si anodes, such as
nanowires (NWs) 232 or nanoparticles (NPs), 3227 can dramatically improve the

electrochemical performances of the battery and may become a credible alternative to graphite.



Indeed, NWs have attracted great attention for their application as anodes in LiBs due to several
advantages provided by their specific morphology. The one-dimensional (1-D) structure allows
the accommodation of the important volume changes during repeated lithiation/ delithiation
processes without cracking. Moreover, the structure offers a direct 1-D electronic pathway for
rapid charge transport and affords effective lithium insertion and extraction due to the increased
specific surface area for Li*-ions exchange. Additionally, direct synthesis of NWs on a current

collector highly improves the electrical conduction of the electrode. 2838

On the other side, the recent development of new nanoparticles anode design is
gathering increased attention because the volume variation and the pulverization issues of the
Si anode could be effectively buffered by downsizing the Si particle to a nanometric scale. 24
An alternative electrode design that includes both silicon nanoparticles (SiNPs) and vertically
aligned carbon nanotubes (VACNTS) has recently gained a lot of interest thanks to its ability
for improving the overall charge capacity in LiBs. 1-D directional-electron-transport through
VACNTSs anchored on top of a macroscopic substrate ensures an optimal current collection for
large assemblies of SiNPs thus resulting in high active material areal loading. On one hand
silicon at nanoscale enhances the accommodation of the large volume changes without
mechanical degradation and on the other hand the VACNTSs conductive matrix eliminates the
use of carbon additives or binders which add additional weight and lower the overall specific
capacity of the electrode. 144041 Alsg, it is important to note that the fabrication of VACNTSs
decorated with SiNPs (i.e. SINPS@VACNTS) electrode is compatible with the roll-to-roll

manufacturing techniques and can allow large-scale production of Si anodes for LiBs. %2

Another major drawback for the use of any Si-based electrode in commercial LiBs is related to
the instability of the Solid Electrolyte Interface (SEI) layer formation 43 and improving the
electrode design thus remains a challenge. In this context, probing the reaction kinetics and the

microstructural evolution during battery operation may provide extremely useful information



for the formation of the SEI layer. A thorough investigation of the morphological evolution of
the SEI on SiNWSs and SiNPs is mandatory and will allow a clear understanding of the role of

the material architecture, with the final goal of the improvement of the electrode design.

Amongst the various characterization techniques, such as spectroscopic ellipsometry, 4
X-ray photoelectron spectroscopy (XPS), nuclear magnetic resonance (NMR), 4" X-ray
diffraction (XRD) “ or in situ electrochemical impedance spectroscopy, #° transmission
electron microscopy (TEM)-based techniques retain clear advantages as most suited
characterizations tools due to the possibility to directly visualize the morphology and the
internal structure of the LiBs electrodes. TEM may not only provide information on the
structure of the material under study, but also on its chemical and morphological characteristics.
During the last decades, many TEM-based studies focused on understanding the mechanisms
of lithium insertion in Si-based materials by using generally conventional, two-dimensional
(2D) analysis. However, scarce studies focused on the assessment of the exact morphology of
the SEI layer. The reason for such limited number of research studies may be explained by the
inherent fragility of the layer once exposed to the electron beam inside the microscope. The SEI
layer morphology has been however investigated using the SEM technique. %51 Other groups
used more advanced in situ TEM techniques to mimic the behavior of different anodes materials
at a nanometeric scale. The pioneering work of Huang et al. has demonstrated for the first time
the “open-cell” concept creating a nano - battery inside the TEM for the observation of the
microstructural evolution of SnO2 nanowires during the electrochemical lithiation. The concept

was later extended for the study of other anode materials behavior. 852-57

In order to understand, from a morphological point of view, the process of SEI
formation and its morphology evolution in the case of more complex nanostructures such as for
instance SINWs or SINPs@VACNTS heterostructures, the analysis of classical 2D projection

images is insufficient. To this regard, over the past few years, electron tomography has become



a standard technique to visualize in three dimensions (3D) the morphology, the internal
structure or the chemical composition of a wide variety of nanostructures 861 and for an
extended range of electrode materials. 82 The approach is based on the acquisition of a series of
2D projection images collected at different tilt angles over a large angular range. 3 Moreover,
the continuous technological advancement made possible the design of specific sample holders,
such as vacuum TEM holders, cryo TEM holders or in situ holders, 455 that reach the tilt range
required for electron tomography, thus allowing for 3D studies of sensitive materials like the

electrochemically cycled SiNWs or SiNPs, without air exposure or severe beam damaging.

In this general framework of development of new materials and associated
characterization tools, the aim of the present work is to provide valuable observational evidence
on the formation and stability of solid electrolyte interphase (SEI) for two classes of
nanostructured Si-based materials which are explored as anode electrodes in LiBs. With this
objective, electron tomography studies were carried out on several NWs having undergone
three lithiation/ delithiation cycles at similar delithiation cut-off voltages and SiNPs having

undergone one complete lithiation/ delithiation cycle.

2. Methods
2.1. Synthesis of the SINWSs and the hybrid SINPS@VACNTS electrodes
2.1.1. Synthesis of SINWs electrodes

SiNWs were synthesized by a Hot-Filament assisted Chemical Vapor deposition (HF-CVD)
method according to the vapor-liquid-solid (VLS) growth mechanism. 47 The growth was
conducted directly on a stainless-steel current collector using gold (Au) as catalyst. Prior to HF-
CVD growth of SINWSs, a 3 nm thin Au film was deposited on the substrate by electron beam

evaporation. During the VLS growth, the metal catalytic film was heated to 540 °C and the



furnace was filled with Hz at a flow rate of 100 sccm for 2 minutes of pre-treatment to transform
the Au thin film into clusters. A tungsten filament was powered at 130 W to dissociate the
hydrogen (Hz) molecules. Then, silane (SiH4) gas was introduced into the furnace at a flow rate
of 20 sccm. SiHa4was mixed with the carrier gas Hz and the pressure was maintained at 7.5 mbar
during the 30 minutes growth of the SINWs. When the SiH4 molecules adsorb on the surface
of the catalyst droplets, they dissociate to form atomic Si which diffuses within the drop,
forming a liquid Au-Si alloy. As more Si atoms are added, the catalyst droplets achieve
supersaturation at the eutectic mixture and precipitation occurs at the solid—liquid interface. A
dynamic equilibrium is rapidly achieved between the continuous Si atoms incorporation in the
liquid eutectic drop and the Si atoms precipitating at the liquid—solid interface that subsequently

nucleate the solid crystalline Si phase in form of a 1-D nanostructure, i.e. SINW.
2.1.2. Synthesis of SiNPs electrodes

A two-stage process was adopted for the synthesis of the hybrid SINPS@VACNTSs electrodes.
Prior to the CNTs growth, a 50 nm aluminum oxide (Al203) barrier layer followed by a 5 nm
thick layer of iron (Fe) were deposited on a commercial Copper (Cu) foil by molecular beam
evaporation (MBE) under high vacuum (10° mbar). The CNTs growth was carried out by a
double-hot-filament-assisted chemical vapor deposition dHF-CVD technique.®® This technique
allows the growth of straight, vertically aligned CNTSs forests over a large area with excellent
uniformity in diameter, length and density. Before injecting the precursor gas molecules (i.e.
hydrogen (H2) and methane (CHa4)) for the growth of CNTSs, the system was heated to the
desired temperature (600 °C). A pretreatment step of the sample under pure, activated H2 was
performed at a flow rate of 100 sccm, pressure of 50 mbar and filament power of 180 W for 5
minutes in order to dewet the catalyst layer into small Fe NPs. Finally, a gas mixture of H2/CH4
was added into the reactor for 30 minutes at a pressure of 50 mbar. The flow rate of H2 was 50

sccm and the filament power was 180 W, while the flow rate of CH4 was 50 sccm and the



filament power was 150 W. The addition of H2 during the CNTs growth is essential as it acts

as an etching agent, limiting parasitic amorphous carbon (a-C) deposition.

Subsequently, in a second step, the deposition of SiNPs on the as-grown CNTs forest was
carried out using the previously described (SINWs synthesis) HF-CVD process using a mixed
gas flow of H2and SiH4 at 540 °C. The sample was loaded into the reactor preheated at 540 °C
and filled with Hz gas. After 5 minutes, the SiH4 gas was introduced into the reactor at a flow
rate of 10 sccm while maintaining a Hz gas flow rate of 30 sccm. The tungsten filament placed
at the Hz gas inlet was heated to 72 W (approx. 1000 °C) in order to etch the excess Si on the
surface of the CNTs. This can help the SiNPs to embed easily onto the CNTs walls. The
pressure was maintained at 7 mbar for the 6 minutes synthesis duration.
2.2. Electrochemical Characterization

The samples considered in the present work were electrochemically cycled in half-cells
configuration using metallic lithium foil as counter electrode and either SiINWs or
SINPs@VACNTS as working electrode. The coin cells were mounted in an argon-filled glove
box, using home-made electrolyte prepared by mixing 1M lithium hexafluorophosphate (LiPFe)
(1:1 by volume) with ethylene carbonate (EC) and dimethyl carbonate (DMC) as well as
fluoroethylene carbonate (FEC) as additive (5wt%). The FEC additive was chosen because it
enhances the cycling stability of Si-based electrodes, 4’ and because the SEI layer formed with
this electrolyte exhibited good stability under a low intensity electron beam (see Figure S1 in
Supporting Information).

For electron tomography characterizations, the lithiation of the SiINWs electrode was carried
out down to 20 mV and the delithiation cut-off voltages were chosen to be 0.6, 0.8 and 2 V vs
Li*/Li at C/20 current rate. For the SINPS@VACNTS hybrid electrode, the cell was lithiated up
to 20 mV and the delithiation cut-off voltage was 2 V vs Li*/Li at C/20. The cycling of the coin

cells was interrupted at the delithiated state and transferred to the glove box for disassembling



under argon environment in order to avoid any air contamination of the sample. The electrodes

were rinsed with DMC and dried in the glove box.
2.3. 2D-TEM and electron tomography characterization

For the 2D-TEM observations and the electron tomography studies, in order to avoid any air
exposure, the cycled SINWs and SINPs@VACNTSs were recovered from the coin cell electrode
inside the glove box. Once the coin cell disassembled and the anode electrode rinsed with DMC
the SINWSs and the SINPS@VACNTSs were deposited on the TEM Cu grid supporting a very
thin carbon membrane and on high tilt sample holder. Thereafter, the transfer to the TEM
microscope of this later was performed using plastic containers previously sealed inside the
glove box. Before insertion within the TEM chamber the containers were unsealed under argon
flow. The TEM observations were performed at low electron dose to avoid eventual irradiation
damages which could lead to the degradation of the SEI layer. The electron dose used for the
2D images was about 120e/A?s™. For the tomography studies, the acquisition of the tilt series
was performed in the classical Bright-Field (BF) mode of the JEOL 2100F microscope, using
the GATAN acquisition software and a 2048x2048 pixels cooled CCD array detector. The
tomography plug-in allows for an automatic variation of the tilt angle step by step, a correction
of the focus of the image and the preservation of the object under study within the field of view.
The tilt angle was varied in a range of -70° to +70°, with an image recorded every 2° using the
Saxton scheme giving a total of 100 images with a total acquisition time of about 40 minutes
using a total dose of 1200e/A? s™1. The data treatment of the tilt series for preliminary image
processing procedure was performed using the IMOD software. ¢ The volumes reconstruction
were obtained using 15 iterations of the algebraic reconstruction technique algorithm (ART) 68
implemented in the TOMOJ software.®® Using the experimental acquisition parameters and the
specimen characteristics and using the relations by Midgley et al. ° the spatial resolution of the

reconstruction was estimated to be around 1.5 nm in the directions perpendicular to the electron



beam. In the parallel direction, the resolution is worsened by a factor of 1.1 due to the limited
maximum tilt angle. Generally, we consider the information limit of 3D analysis to be about 2
nm in our case. To model the computed volume, we finally used a segmentation procedure
based on the grey-level intensities of the voxels, followed by surface rendering methods. More
details on the experimental set-up, volume reconstruction and analysis can be found

elsewhere.’1.72
3. Results and Discussions

3.1. SINWs anode material
3.1.1. General characteristics of SINWs anode material

Figure 1 shows SEM and TEM images of the SINWSs before and after cycling. Figure 1A
shows a high magnification SEM micrograph of the pristine SINWs film grown using the CVD
approach. As it can be observed, the film is very dense and consists of long and entangled NWs
presenting similar general morphology. The average length, determined by statistical analysis
of more than 200 NWs, is 2 um while their observed diameter range is between 50 and 60 nm.
From the TEM analyses, we can deduce that most of the NWs present a high crystalline order
as evidenced by the corresponding diffraction pattern shown in the inset of Figure 1A. We could
also distinguish the presence of the remaining gold catalyst droplets at the tip of the SINWSs
(see Figure 1A). Concerning the SiINWs characteristics after cycling, significant morphological
changes of the NWs can be observed. As expected, the NWSs undergo expansion during Li*-ion
insertion and their diameter expanded up to 0.2 - 0.3 um. Another typical finding in relation
with the volume expansion is the evidence of the SEI layer formation due to the partial
decomposition of the electrolyte. Typically, the SEI layer covered completely the NW surface
which evolved from a crystalline structure to an amorphous one (See Figure S1 in Supporting

Information).
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Figure 1. SEM and TEM analyses of SiNWs before (A) and after (B) the electrochemical cycles. Inset
of figure (A) an electron diffraction pattern of a SINW illustrating its highly crystalline structure. Second
inset of the figure contains a schematically representation illustrating the SINWs volume expansion after
the Li insertion is also given

Previous studies have suggested that the modification of the electrochemical cycling
parameters can improve the life cycle of the SiNWSs electrode. Thus, a considerable
enhancement of the cycling stability can be obtained either by limiting the lithiation/
delithiation capacities to restrain the Si material volume variation or by limiting the lithiation
capacity with a reduced delithiation cut-off voltage. 4’ When applying this cycling strategy, the
shape of the galvanostatic cycles performed at 1C rate with a limited lithiation capacity of 900
mAh g combined with different upper cut-off voltages of delithiation are displayed in Figure
2A. It has been found that this limited capacity can be maintained for 610, 1450 and 2300 cycles
for delithiation cut-off voltages of 0.6, 0.8 and 2 V, respectively. 4’ The origin of this enhanced
stability has not been clearly identified; however one reasonable hypothesis is that it could be
related to the SEI morphology and structure. Thus, a complete 2D and 3D TEM study has been
performed for accessing chemical and morphological characteristics of the electrode material
and to understand the improvement obtained with a reduced delithiation cut-off voltage. Figure
2 shows the TEM images recorded in the low dose mode on the SiINWs electrodes cycled at

delithiation cut-off voltages of 0.6, 0.8 and 2 V while keeping the number of cycles constant at
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3. Different contrast regions can be easily distinguished at the surface of the studied NWs. The
images show that the NWs having undergone delithiation cut-off voltages of 0.8 VV and 2 V are
characterized by similar morphologies at the central region of the NW. By contrast, an
inhomogeneous SEI layer with a thickness of 83 nmand 72 nm for 0.8 V and 2 V, respectively,
covering the surface of the SINWSs, can be observed. As for the NWs having undergone a
delithiation cut-off voltage of 0.6 V, an additional lower contrast region can be identified from
the 2D-TEM images (as indicated by white arrows in Figure 2). Such light contrast or low
density region can be related to the formation of a void between the SINW and the as-formed
SEI layer during the delithiation step where the extraction of the Li*-ions takes place,
suggesting thus an irregular/ porous SEI layer formation. Another notable observation revealed
from this 2D-TEM analysis concerns the amorphous structure of the analyzed cycled NWs that
additionally confirms that they were actively subjected on the lithiation / delithiation process
(see also Figure S1 in Supporting Information). A striking observation originating also from
the 2D-TEM micrographs concerns the apparent thickness of the SEI layer as compared to the
estimated diameter of the NWs. It is thus observed that NWs diameter increases whenever the
electrode is submitted to a higher cycling number, resulting in an irregular accumulation of the
SEI around their surface and is accompanied with the establishment of more irregular wire

morphology (See Figure S2 in Supporting Information).
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18 ¢ D) —cut-off2V
16 C) —cut-off 0.8V
14 B) —cut-off 0.6 V

Figure 2. A) Cycling at 1C of SiNWs electrode vs Li in EC/DMC + LiPFs 1M + FEC 5 wt%. Lithiation
was done to 900 mAh g and delithiation to 0.6 V, 0.8 V and 2 V. Shape of the third charge/discharge
cycle. 2D-TEM micrographs of different SiNWs cycled using the delithiation cut-off voltages
represented in (A) and using the same cycling numbers B) 0.6 V — 3 cycles, C) 0.8 V — 3 cycles and D)
2V — 3 cycles.

3.1.2. Morphology of SINWs anode materials by 3D-TEM

In order to reveal the spatial distribution of the SEI layer with respect to the initial
SiNWs structure and to confirm the assumptions made from the 2D-TEM observations as
illustrated in Figure 1, electron tomography (ET) analyses were performed on several NWs
having undergone three lithiation/ delithiation cycles at similar delithiation cut-off voltages as
those illustrated in Figure 2. More exactly, for each delithiation cut-off three representative
SiNWSs objects were considered for ET studies. First, an ET study was performed on NWs
cycled with a delithiation cut-off voltage of 0.6 V. Figure 3A displays two classical 2D-TEM
micrographs of the as-cycled NWs, extracted from the tilt series used to reconstruct the volume,
on which one can easily identify two different contrast regions corresponding to the SINW and
respectively the surrounding SEI layer with a marked apparent roughness. By analyzing the
projection series recorded for three different NWs (see Figure 3A and multimedia file MovieS1

and MovieS2 in Supporting Information), one can easily observe that the morphology of these
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cycled NWs exhibits a marked difference at high tilt angles in respect to that at low tilt angles
(see Figure 3A). We can estimate a NW diameter of 90 nm at -70° tilt whilst the estimated
diameter is 142 nm at 0° and +45° tilt, with a certain roughness at NW’s surface which can
reasonable be originated from the presence of the as formed SEI layer. A more detailed analysis
of the projections recorded at low tilt angles, on which the presence of the two contrasts is
clearly visible, allow us to unambiguously conclude, that the NWs are covered by a SEI layer
on both sides with a thickness that can be estimated to about 35 nm. Representative sections
through the volume of the NW obtained by reconstruction are presented in Figure 3B. A quick
visualization of the volume slice by slice clearly points out to an inhomogeneous distribution
of the SEI layer around the NW. This important observation is even more obvious when the
volume is visualized in the direction perpendicular to the NW axis. We can clearly observe that
the SEI layer is not entirely covering the NW, as suggested by the 2D projections. Also, very
importantly, that this layer is not in direct contact with the NW along its entire periphery but
remains attached by two preferential anchorage points symmetrically situated with respect to
the tube axis, indicated by the yellow arrows in the XZ slices. Furthermore, a quantitative
analysis of the reconstructions allowed us to estimate the void gap between the NW and the as-
formed SEI layer to about 15 nm. Figure 3C shows a 3D model of the analyzed NW, where the
red part corresponds to the SINW and the blue part corresponds to the SEI layer. This model
highlights the irregular distribution of the SEI layer around the NW as well as its external and
internal roughness. Additionally, from a quantitative point of view by counting the pixels
contained within the as-formed SEI layer part we were able to estimate a total volume of about
34.22*10¢ nm3 covering the 2 sides of the SINW. By analyzing the reconstructed volume, i.e.,
by selecting the pixels contained at the interface of the SEI surface with the SINW we were
able to determine the total contact surface between the two components to be about 0.119 108

nm2.
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Orthoslices

Figure 3. Electron tomography analyses of SiINW cycled using a delithiation cut-off voltage of 0.6 V
that undergone 3 cycles. A) Projections acquired at two different tilt angles (-70° and + 45°) from the
tilt series used to calculate the reconstruction. B) Transversal and longitudinal slices acquired at different
depths and orientations through the reconstructed volume, illustrating that the SEI is not fully covering
the SINW. C) 3D Model of the analyzed NW; the NW is represented in red and the SEI layer in blue.

Similar ET studies were performed on several NWSs resulting from electrodes that have
undergone delithiation cut-off voltage of 0.8 V and 2 V respectively. The results for two
representative NWs are illustrated in Figure 4 A-C for 0.8 V and Figure 4 D-F for 2 V
delithiation cut-off voltages (see also Supporting Information multimedia file Movie S3, S4,
S5, S6). SINWSs with diameters of about 110 nm and 220 nm for 0.8 and 2 V, respectively, can
be observed which also appear to be covered with a SEI layer of irregular thickness. The slice-
by-slice analysis of the corresponding reconstructed volumes in the direction perpendicular to
the electron beam allowed us to estimate a maximum SEI layer thickness of about 45 nm for
the NW that had undergone delithiation cut-off voltage of 0.8 V and 40 nm for the one that

undergone delithiation cut-off voltage of at 2 V, respectively (see Figure 4B and E).
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Figure 4. Electron tomography analyses of the SINWSs cycled using a delithiation cut-off voltages of
0.8V (A-C)and2V (D - F) which were submitted to 3 cycles. A) and D) Projections taken at different
tilt angles from the tilt series used to calculate the reconstructed volume. B) and E) Transversal and
longitudinal ortho-slices extracted at various depths and orientations through the reconstructed volume
illustrating that the SEI layer is not fully covering the SiNW structure. C) and F) 3D model of the
analyzed NWs with the NW in red and the SEI layer in blue. The green arrows indicate the presence of
the void between the two components of the sample.

Notably, a simple visualization of the 2D projections from the tilt series recorded
between +70° (see Figure 4A) already allows one to point out to a SEI thickness variation from
the center of the NW to its borders. This observation is in agreement with our previous finding,
deduced for the first type of NW (delithiation cut-off voltage of 0.6 V), that the SEI is not fully
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covering the NW structure. The analysis of some typical slices taken at different depths and
orientations through the corresponding reconstructed volume confirm this behavior. As
highlighted in Figure 4B and E, the presence of void gaps is well present for the SINW
delithiated at a cut-off voltage of 0.8 V, whilst no such voids could be identified for the SINW
delithiated at a cut-off voltage of 2 V. The 3D model shown in Figure 4E depicts also the notable
absence of the void gaps between the SEI layer and the SINW delithiated at 2 V. For these
samples, a quantitative determination of the total volume of the SEI layer has also been
performed using the same tomography analysis. According to the results, a relative volume of
4.732*10°% nm?3 for the sample delithiated at 0.8V and 11.484*106 nm? for the sample cycled at
2V was determined. Moreover by counting the pixels located at the interface of the SEI layer
and the SINW surface we were able to estimate a total surface contact of 0.0793*10° nm? for

the SINW delithiated at 0.8 V and 0.163*10° nm? for the SiNW delithiated at 2 V respectively.

3.1.3. Discussions on the SEI formation mechanism

The analysis and comparison of these first series of tomographic data highlights the general
trend of an inhomogeneous distribution of the as-formed SEI layer around the NWs structure
and its preferential localization on opposed sides of the NW. Furthermore, stark differences can
be identified when the SiINWs delithiation cut-off voltage is modified. The first one that can
easily be observed from a simple visualization of the 3D models, points out an important
increase of the SEI layer roughness which is clearly higher for the sample delithiated up to 2
V. The SEI layer appears to form from small agglomerates whose presence is clearly less
distinguishable when the delithiation voltage is lowered. Another marked difference, easily
distinguishable in Figures 3 and 4 A) — C), highlights the occurrence of a void gap between the
as-formed SEI layer and the underlying NW. This gap that is undoubtedly visible for samples
delithiated up to 0.8 V and 0.6 V, cannot be evidenced on the sample delithiated up to 2 V.

Based on the information obtained from the ET studies, we propose in Figure 5 a schematic
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model for the geometrical characteristic of the SEI layer for each of the considered samples.
The observation of such marked morphological features can be associated to the important
volume changes of the NWs during the electrochemical cycling which makes difficult the
formation of a morphologically stable and uniformly distributed SEI layer. As the SINW
undergoes outwards expansion, i.e. towards the electrolyte, upon lithiation and inwards
contraction during délithiation, accounting for the results obtained by ET, we can reasonable
presume that the SEI layer formed in the lithiated (expanded) state may easily undergo some
micro-cracking during the delithiation state when the NW shrinks substantially see images
Supporting Information part S3). Through the next electrochemical cycle, i.e., at micro-cracks
level, the fresh electrolyte-exposed SINW surface would undergo fresh SEI formation, resulting
in a thicker and thicker SEI layer upon subsequent charge/discharge cycling (see images G)-H)
Supporting information part S2). This sequential behavior can explain the 3D distribution of
the SEI layer on the SINW which we determined from the analysis of the reconstructed
volumes. At this point, we cannot totally exclude the possibility that the sample preparation,
particularly the rinsing of the electrode with DMC, may induce a partial dissolution of some
local parts of the as-formed SEI layer inside the electrochemical cell. Nevertheless, such event
is expected to be local and incidental whilst through all our observations, the SEI layer appeared
firmly attached to the underlying NW, mainly through two contact points located on both sides
of the NW, making a significant part of the underlying NW” surface less protected. In these
areas, we may reasonably assume that the SEI layer is less protective and does not acts as a
perfect surface passivation layer. Consequently, during the next cycle to low potentials, the
electrolyte can be in direct contact with the NW” Si core surface which triggers its degradation
through fresh SEI formation. When further cycling is carried, this mechanism leads to an
irregular accumulation of the SEI around the NWs, as could be evidenced by the analysis of a

sample that had undergone 20 cycles (see Supporting Information part Figure S2). It is
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important to note that these observations are in good agreement with the previously reported
SEM characterization of cycled SiINW electrodes that underline an important accumulation of
the SEI on the electrode upon cycling. Our observations revealed that the low delithiation cut-
off voltages (i.e. 0.6 V and 0.8 V) tend to induce the formation of void gaps between the SINW
and the as-formed SEI layer with the latter exhibiting irregular thickness. Inherently such void
gaps trigger further core SINWs degradation through fresh SEI formation and accumulation
upon cycling and may explain the generally reported capacity fading of SINWSs electrodes. A
potential route to mitigate such degradation mechanism appears in using a higher delithiation
cut-off voltage of (i.e. 2 V) in accordance with the previously reported studies. 4’ Other potential
mitigation paths could be the use of smaller volume SiNPs that hold potential for better
accommodation of the morphological changes induced upon cycling. To this respect a
binders/additives free, hybrid SINPS@VACNTSs architecture, appears as one of the most

suitable morphology. 44!

Figure 5. Cross-sectional representations of the reconstructed volume and of the 3D models, deduced
from the 3D-TEM analysis, evidencing the contact surface between the as-formed SEI layer and the
underlying SiNW for each studied specimen, cycled using a delithiation cut-off voltage of A) 0.6 V, B)
0.8 V and C) 2 V. Scale bare in the cross-section is 100nm.

3.2. SINPs@VACNTSs anode material
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Using similar TEM-based characterization approach used for the SINWs system we have
investigated the morphology evolution and the 3D architecture of the second system, the
SINPs@VACNTS hierarchical hybrid nanostructure.

3.2.1. General characteristics of the SINPS@CNTSs hybrid anode material

The structure of the SINPS@VACNTs hybrid nanostructure before and after
electrochemical cycling was firstly characterized by classical TEM (see Figure 6 A and B).
Marked morphology change of the two systems is clearly evidenced. Homogeneous SiNPs
deposition on the CNTSs sidewalls is highlighted in the TEM micrograph in Figure 6A( see also
the SEM micrographs in figure S6 in Supporting Information). The as-synthesized SiNPs
exhibit a rather spherical shape with a homogenous size distribution of 15 + 2.5 nm. The high-
resolution TEM (HR-TEM) micrograph (inset in Figure 6A) indicates the typical amorphous
structure of the SiNPs. Energy dispersive EDS line-scan chemical analyses showed in
Supporting Information, Figure S4, reveals the chemical composition of the SiNPs. The NPs
are mainly composed of elemental Si enclosed by a thin O rich layer (2 nm) at the surface which
most probably appeared due to ambient exposure during the transfer from the CVD reactor to
the microscope chamber.
Subsequent to the electrochemical cycling of the SINPS@VACNTS electrode, the CNTs appear
completely covered with SiNPs, leading to a rougher external surface indicative of the presence

of an SEI layer, as indicated by the TEM micrograph in Figure 6B.
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Figure 6. Typical TEM images of SINPS@VACNTSs before (A) and after (B) electrochemical cycling.
Inset in (A) shows a high-resolution TEM image of a SiNP and its corresponding FFT which strongly
suggest the presence of an amorphous structure. Inset in (B) shows a magnified TEM image of
SiNPs@VACNTSs illustrating their new morphology after cycling.

ET studies performed in the conventional TEM mode provided once again a complete
3D characterization of these nanostructures. A closer investigation of the general structure,
reveals notable information in particular on the homogeneity of the CNTs decoration and the
NPs anchoring characteristics with respect to the outer shell of the CNTs support. For example,
we were able to verify whether there is a preferential position of SiNP anchoring with respect
to the CNT support. Figure 7A presents one of the typical 2D-TEM projections from the tilt
series used to reconstruct the volume of a SINPsS@VACNTS assembly obtained after 5 minutes
of exposure to the SiH4 precursor; where the roughly spherical morphology of the SiNPs can
be recognized. The homogeneous distribution of the SiNPs along the nanotube sidewalls is
confirmed through the analysis of representative slices taken at different depths and orientations
through the reconstructed volume. Remarkably, by individually analyzing several CNTs

present in the reconstructed volume, we can clearly evidence that the attachment of the NPs to
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the tube occurs only at some specific locations on the surface, via the so-called anchoring points

(see Figure 7C).

Contact point

1

Vv C}p’
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Contact point

Figure 7. 3D reconstruction of a typical SINPS@VACNTS obtained after 5 minutes of exposure of the
CNTs to the SiH4 precursor. (A) 2D-TEM projections extracted from the tilt series used to calculate the
volume, (B) top: typical ortho-slices extracted from the reconstructed volume, (C) zoom on four SiNPs
from the reconstructed volume of the analyzed assembly evidencing their attachment to the tube sidewall
via the anchoring points.

The presence of such localized anchoring points suggests the presence of some
structural defects in the graphitic structure of the tubes’ outer walls. Such local defects exhibit
a highly increased reactivity of the tube surface towards SiHs molecules and thus provide
preferential nucleation sites for the Si seeds as compared to a defect free nanotubes surface.
This mechanism is consistent with further ET studies performed for SiINPS@VACNTS

nanostructures obtained by 10 and 15 minutes exposure to SiHa4, which are summarized in
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Supporting Information part Figure S5 and Figure S6. The detailed analyses of the
corresponding reconstructions reveal that the size of the as-deposited SiNPs continuously
increase upon the increase of the gas exposure time and the morphology evolves towards a full
nanotubes’ side walls coverage for large deposition time . For 10 minutes exposure time, larger
SiNPs with diameters up to 25+ 2.5 nm are observed to be attached to the CNTs side walls.
However, as illustrated in Figure S5 in Supporting Information, in this case the attachment of
the SiNPs evolved from local anchoring points towards larger anchoring area covering their
whole underlying surface. Along with the NPs volume increase, such morphology obviously
reduces the overall specific surface of the as-deposited active Si material. For a larger
deposition time, we observed further lateral growth of the NPs along the nanotubes’ walls which
coupled with further inter-particles Si deposition, gradually lead to full nanotubes coverage
with a Si thin film. The 3D reconstruction of a sample obtained after 15 minutes of exposure to
SiH4 (see Figure S6 in Supporting Information) illustrates that the full external surface of the
nanotube is now covered by a Si layer with a homogeneous thickness of 30 nm, the resulting
hybrid structure having an external morphology similar to a SINW. In addition, in this last case
a detailed analysis of the reconstructed volume along the tube axis demonstrates that the Si
layer is tightly bonded to the tube external surface, with no interfacial gaps being observed. In
this case, the specific surface of the Si active material is furthermore reduced compared to the
previous two samples and it approaches that of a SINW of equivalent diameter.
3.2.2. 3D-TEM Morphology of the cycled SINPS@VACNTSs anode

Accounting for the ET studies presented above and our previous reported studies, we focused
the 3D-TEM morphology study of the SINPS@VACNTSs system on the electrodes obtained
upon 5 minutes of exposure to a SiH4 and subsequent electrochemical cycling with 0.020 V

cut-off voltage (please see also cycling data available in supporting information in Figure S8).
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In this regard, and in order to facilitate the SEI layer observation, we submitted the as-
synthesized SINPS@VACNTSs to one full lithiation-delithiation. For the 2D and 3D-TEM
analyses several SINPS@VACNTSs assemblies were considered. Figure 8A presents three
different projections extracted from one of the tilt series acquired in TEM using a very low
electron dose in order to avoid the degradation of the SEI layer. As readily observed, the carbon
nanotube shape and the spherical morphology of the attached SiNPs are still well discernable
in some of the projections and appear to be fully covered by a thin SEI layer whose precise

thickness is difficult to quantify due to the low contrast between the SiNPs and the SEI.

Figure 8. 3D reconstruction of cycled SINPS@VACNT. (A) 2D-TEM projections at three tilt angles
extracted from the tilt series used to calculate the reconstruction, (B) sequence of three typical ortho-
slices extracted from the reconstructed volume.

Further investigations on the evolution of the SEI thickness could be inferred from analysis

of the reconstructed volumes. Figure 8B depicts a sequence of several sections extracted from
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the reconstructed volume in which the supporting nanotube is marked by white arrows. The
edges of some chosen SiNPs, appearing with dark contrast in the sections, are marked by fine
white lines for highlighting their respective surface contour, while the as-formed SEI layer is
noted by light blue color. The as-formed SEI layer is observed to be present all around the
anode material surrounding not only the SiNPs but also the space between the Si nanoparticles
and has an inhomogeneous thickness. According to the investigation of the impact of SiNPs
deposition time discussed above, this observation suggests that although for 5 minutes SiH4
exposure time, generally SiNPs preferentially nucleated and grown on the nanotubes side-walls,
some silicon deposition (at much lower rate) may occurs on the inter-particles nanotube surface.
Such inhomogeneous initial thickness may lead to an inhomogeneous density distribution of
formed SEI. However, the thickness of the Si layer deposited on the inter-nanoparticles
nanotube surface appear as extremely thin as evidenced from Figure 7 and cannot fully explain
the observed morphology of the as-formed SEI layer. We can thus further consider that during
the lithiation step, the SiNPs are outwards expanding, i.e. towards the electrolyte, allowing for
the decomposition of the electrolyte with subsequent formation and growing of the SEI layer
all around the SiNP surface. As the lithiation pursue, the layer thickness increases and covers
all NPs while partly filling also the space between the NPs. Importantly, as the SINPs contract
during the delithiation step, the as-formed SEI layer appear to remain firmly attached to the
SiNPs surface, acting as a perfect passivation layer. Such a behavior is in contrast with the
observed evolution for the pure SINWSs and suggests a promising approach to improve the

cycling lifetime of Si anodes when used in the form of hybrid SINPS@VACNT nanostructures.

4. Conclusions
A comprehensive 3D tomographic analysis was performed on two types of binders and

additives free Si-based anode materials, i.e. SINWs and SINPS@VACNTS, subsequent to their
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electrochemical cycling in the presence of an electrolyte containing FEC as additive. The
approach allowed retrieving structural information about the nano-Si material morphological
evolution and the corresponding SEI layer formation and its distribution upon the samples
cycling. The detailed analysis of the reconstructed volume corresponding to each studied SINW
highlighted the occurrence of inhomogeneous distribution of the as-formed SEI layer around
the underlying SINW. The as-formed SEI layer exhibits preferential localization on opposite
sides of the SINW and different morphologies depending upon the cut-off delithiation voltages
(0.6 V, 0.8 V and 2 V). The 3D model clearly indicates that the roughness of the SEI layer is
more important for the sample delithiated up to 2 V. In contrast with the sample delithiated to
2 V, ET studies highlighted the occurrence of voids between the SEI layer and the NW for the
samples delithiated down to 0.8 V and 0.6 V, thus leaving exposed part of the Si core in contact
with the electrolyte. Inherently, such void gaps can trigger an increase in the SiNWs’ core
degradation through fresh SEI formation and accumulation upon further cycling and may
explain the generally reported capacity fading of SINWs electrodes. Potential routes to mitigate
such degradation mechanism appear to be the use of a higher délithiation cut-off voltage of (i.e.
2 V) in accordance with the previously reported studies and/or the use of smaller volume SiNPs
as hybrid SINPS@VACNTS architecture.

ET analysis of the SINPS@VACNT hybrid heterostructures, provided direct information on the
distribution and the localization of the SiNPs at the surface of the CNTs skeleton. We now are
able to see that the as-grown NPs appear to preferentially nucleate and grow attached to the
nanotubes’ graphitic planes via some “contact points” whose localization can be assigned to
the existence of local defects within the graphitic structure. As revealed by the ET studies for
increasing deposition time, the resulting structure undergo continuous morphology change from
discreet nanoparticles attached to CNTs walls up to full external surface coverage of the

nanotube by a Si layer with homogeneous thickness. Thus the resulting hybrid structure mimics
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an external morphology similar to a SINW system. Analysis performed subsequent to
electrochemical cycling of the SINPS@VACNT specimens nanostructures, revealed that the as-
formed SEI remain firmly attached to the underlying SiNPs’ surface. Such configuration
potentially can alleviate the void gaps triggered degradation mechanism observed for the pure
SiNWs structures which led us to conclude that the SiNPs morphology is probably much more
suitable to be considered as active material for LiB anodes with improved cycling life-time.
We believe that these results provide valuable information for the electrochemical
community. Further experiments using liquid cells inside a TEM coupled with spectroscopy
techniques are needed to observe the dynamics of Li*-ion insertion and extraction and thus the

real-time degradation mechanism of the SEI layer.

Supporting Information

Movie S1: Projection tilt series corresponding to the SiINW cycled using a delithiation cut-off
voltage of 0.6 V and that suffered 3 cycles;

Movie S2: 3D-Model of the SINW cycled using a delithiation cut-off voltage of 0.6V and that
suffered 3 cycles;

Movie S3: Projection tilt series corresponding to the SINW cycled using a delithiation cut-off
voltage of 0.8 V and that suffered 3 cycles;

Movie S4: 3D-Model of the SINW cycled using a delithiation cut-off voltage of 0.8V and that
suffered 3 cycles;

Movie S5: Projection tilt series corresponding to the SINW cycled using a delithiation cut-off
voltage of 2 V and that suffered 3 cycles;

Movie S6: 3D-Model of the SINW cycled using a delithiation cut-off voltage of 2V and that
suffered 3 cycles;
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Movie S1: Projection tilt series corresponding to the SINW cycled using a delithiation
cut-off voltage of 0.6 V and that suffered 3 cycles;

Movie S2: 3D-Model of the SINW cycled using a delithiation cut-off voltage of 0.6V and
that suffered 3 cycles;

Movie S3: Projection tilt series corresponding to the SINW cycled using a delithiation
cut-off voltage of 0.8 V and that suffered 3 cycles;

Movie S4: 3D-Model of the SINW cycled using a delithiation cut-off voltage of 0.8V and
that suffered 3 cycles;

Movie S5: Projection tilt series corresponding to the SINW cycled using a delithiation
cut-off voltage of 2 V and that suffered 3 cycles;

MovieS6: 3D-Model of the SINW cycled using a delithiation cut-off voltage of 2V and
that suffered 3 cycles;
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S1: TEM images and its corresponding electron Diffraction pattern of a cycled SINW
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S2: 2D-TEM micrographs of different SINWs which were cycled under different
number of cycles for 0.6V delithiation cut-off voltages: A)-C) 1 cycle; D)- F) 3cycles; G)-
J) 20cycles

As it can be observed after first cycle the SEI follows the SINWs pristine morphology figure
A-C) fully covering the NW surface in an inhomogeneous manner and presenting a rough
surface. After 3cycles the nanowire morphology can still be distinguish in the middle with SEI
at its surface presenting an inhomogeneous covering. For some cycled SINWs one can clearly
see the SINWSs core (see figure D) and F). Moreover as the number of cycles increases to 20
(figure G-J) the morphology of the cycled systems dramatically changes, and the wire
morphology is completely hidden by the inhomogeneous SEI covering.
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S3 : 3DTEM study of a typical SINW that undergone 1cycle at a delithiation voltage of 0.6V

Electron Tomography analysis of SINW cycled using a delithiation cut-off voltage of 0.6V that undergo one
cycle. A) Projections taken at two different tilt angles from the tilt series used to calculate the reconstructed
volume. B) Transversal and longitudinal slices taken at different orientations of the reconstructed volume
illustrating the homogenous distribution of the SEI all around the NWs with the presence of some micro-cracks.

S4: STEM-EDS line scan analyses on an nanostructured Si NPs@VACNTS assembly
obtained for 5 minutes exposure to SiH4 gas

Silicon

Carbon

pR——

HAADF MAG: 640000 x

Figure S4: left) STEM-HAADF image of Si NPs@VACNT assembly; right top) HAADF-
STEM image of Si NPs@VACNTSs assembly where a line scan along the direction indicated
by the green arrow was performed; right bottom) corresponding line-scan spectrum showing
the variation of the Si (blue) C (red) and O (green) content along the scanning direction.
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S5: 3ADTEM study of a typical SINPsS@VACNTS that undergone 10minutes of exposure of
the CNTSs to the SiH4 precursor.

Figure S5: 3D reconstruction of a typical SINPS@VACNTSs sample that had undergone 10 minutes of exposure
of the CNTs to the SiH4 precursor: a) 2D-TEM projections extracted from the tilt series used to calculate the
object volume; b) typical ortho-slices extracted from the reconstructed volume.

S6: 3DTEM study of a typical SINPsS@VACNTS that undergone 15minutes of exposure of
the CNTSs to the SiH4 precursor

Figure S6: 3D Reconstruction of a typical Si NPsS@VACNTS that undergone 15minutes of exposure of the
CNTs to the SiH4 precursor: a) 2D-TEM projections extracted from the tilt series used to calculate the object
volume; b) typical orthoslices extracted from the reconstructed volume; c¢) 3D model illustrating the
nanostructure architecture obtained by data segmentation procedure.

S7 : SEM micrographs on SINPS@VACNTS carpets
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S8: Cycling at 1C of SiINPs @VACNTSs electrode vs Liin EC/DMC + LiPF6 1M + FEC 5
wt% between 20mV-2V.
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S9: Electrochemical performances of SINWs and SINPS@CNTSs anodes

The electrochemical performances of SINWs and SINPs@VACNTSs nanostructured
electrodes were evaluated in half-cells. Galvanostatic lithiation/ delithiation curves between
0.02 and 2 V are shown in Figure S9A) and B). The mass of Si was determined before and after
Si deposition was found to be 0.25 mg cm and 0.3 mg cm?for SiNWs and SiNPS@VACNTSs,
respectively. For SINWs (Figure S8A), the first lithiation and delithiation capacities were 4160
and 3236 mAh g, respectively, with a Coulombic efficiency of 78% at C/20 rate. From the
second cycle onwards, a 1C rate was applied. The capacity rapidly drops to 2200 mAh g* due
to the application of a higher current (160 pnA). Then, it slightly increases to reach about 2600
mAh g after 43 cycles, which can be attributed to the activation of more Si atoms reacting
with Li*-ions. At the end of the 80" cycle, a capacity close to 2270 mAh g is obtained with a
Coulombic efficiency of 99%, which is more than six times that of commercial graphite anodes.

For SINPs@VACNTSs, the first Li insertion capacity was 4220 mAh g1, while the first Li
extraction capacity was 3620 mAh g1, which yielded a first cycle coulombic efficiency of 86%.
Interestingly, SINPS@VACNTSs offered a cycling stability of 932 mAh g over 80 cycles at a
higher current of 1 mA compared to the 160 pA of the SINWS. The SINPS@VACNTS electrode
delivered a specific capacity that is more than two times higher than the theoretical capacity of
graphite. It has been reported that the capacity retention of cells operating at high C-rate is
affected by the diffusion kinetics of charged particles that is influenced by the electrode
thickness. For this reason, the electrode thickness is limited to 50 pm in current high-power
batteries.(W. Li, G. Zheng, Y. Yang, Z.W. Seh, N. Liu, Y. Cui, High-performance hollow sulfur
nanostructured battery cathode through a scalable, room temperature, one-step, bottom-up
approach., Proc. Natl. Acad. Sci. USA. 110 (2013) 7148-7153). The thickness of the
SINPS@VACNTSs electrode used here is about 60 um, and it is expected to show a similar
stability even if its thickness significantly increases (i.e. of VACNTSs were significantly longer),
because the ions and electrons diffusion is ensured throughout the 1-D pathway. It is worth
mentioning that conductive additives and even binders are avoided in this electrode fabrication
method compared to the traditional one alleviating the weight of the battery.
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Figure S9. Lithiation/ delithiation capacities and Coulombic efficiency of SiNWs (A) and
SiNPs@VACNTS (B) electrodes during 80 cycles.
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