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The influence of crystal lattice orientation on lithiation process of p-type single-crystal silicon was
investigated using cyclic voltammetry, galvanostatic cycling and electronic impedance spectroscopy.
The surfaces of electrodes following cycling were studied using scanning electron microscopy. Defects
formed during 100 charge-discharge cycles as a result of partial electrode destruction ranges from 50
to 100 nm, accounting for the cycling stability of electrodes based on silicon nanoparticles of sizes not
exceeding 150 nm.
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1. INTRODUCTION

The specific energy of modern lithium-ion batteries (LIB) is currently insufficient to provide
the desired autonomy of portable devices and electric vehicles. A significant improvement in the mass
and size characteristics of the batteries can be achieved by increasing the capacity of at least one of the
electrodes. This can be implemented by replacing graphite in the negative LIB electrode with a silicon-
based material, by which means electrode capacity can theoretically be increased by up to 10 times.

The chief obstacle to the use of silicon as the main component of the negative electrode of LIB
is the degradation of this material during reversible lithiation, which is due to significant changes in
volume and processes occurring at the interface of the electrode [1-4]. Therefore, an important task in
the development of stable silicon-based electrodes is to determine the mechanism of degradation
processes and identify the main factors affecting these processes. The obtained information will make
it possible to minimise irreversible capacity losses and ensure the long-term performance of silicon
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anodes. Single-crystal silicon can be used as a model system for studying silicon lithiation processes
and estimating the size of defects arising during delithiation [5, 6]. This will help to validate the
optimal particle size to prevent significant degradation of the silicon-based anode material upon
cycling.

The electrochemical insertion of Li into crystalline Si results in the formation of LixSi
intermetallic compounds [1-4]. The reaction proceeds along the phase boundary between crystalline
and lithiated silicon [7-11]. During the formation of silicides, a significant increase in the volume and
plastic deformation of the material occurs. The structural changes on the surface during cycling and
insertion/extraction of lithium depend on the orientation of the silicon crystal lattice [12-27], as well as
the presence of additives (dopants) that improve the conductivity of the material [28-31]. Along with
the appearance of defects, the deformation of the surface of a single Si crystal is directly dependent on
the orientation of the silicon crystal lattice [8, 9, 11, 20]. Silicon has a low conductivity, which can be
increased by using conductive additives, for example, phosphorus (electronic conductivity, n-Si) or
boron (hole conductivity, p-Si) [28-30]. The type and density of such doping can affect the structural
changes, phase transformations and interstitial extraction processes of lithium into nanosized silicon
[18].

The present work is devoted to the study of the surface degradation of a single-crystal silicon
electrode using samples doped with boron (p-type conductivity) having crystal lattice orientations
(100) and (111). For p-type silicon, the rate of interfacial insertion of lithium is low compared to that
of n-type silicon, which allows a more detailed investigation of the processes of reversible Si lithiation
[30]. In our experiments, multiple insertion/extraction of lithium covered the designed depth of 1 pm
from the surface of the single Si crystal. The influence of crystal lattice orientation on the
electrochemical characteristics of the Si electrode was revealed along with resulting changes in surface
morphology.

2. EXPERIMENTAL

2.1. Materials

Plates of boron-doped single-crystal silicon with crystal lattice orientation (111) and (100)
(OSTEK, Russia) were used as electrodes. The size and thickness of the electrodes were 1.5 x 1.5 cm?
and 200 um, respectively. To ensure good contact with the current collector, a Ti sublayer with a
thickness of 50 nm and a Cu layer with a thickness of 250 nm were deposited on one side of the single
crystal surface, according to the technique described in [32]. Copper foil tightly pressed against the
sample was used as a current collector.

2.2. Electrochemical measurements

For electrochemical measurements, three-electrode tightly-assembled Teflon cells were used.
These cells were specially produced within an argon-filled glove box. The counter electrode and
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reference electrode were made of lithium foil pressed onto a copper current collector. The electrodes
were isolated by a 25 um thick polypropylene separator PORP (Ufim, Russia). 1M LiPFg in a mixture
of ethylene carbonate and diethyl carbonate mixture (1:1, vol.) (Aldrich, battery grade) served as an
electrolyte.

A cyclic voltammogram (CV) in the potential range of 0.4-2.0 V was taken prior to
galvanostatic cycling in order to activate a sample surface; the scan rate was 0.1 mV/s.

Lithium insertion and extraction processes were studied by means of galvanostatic cycling
using a P-20X80 multichannel potentiostat (Elins, Russia). During cycling with a current density of 50
mkA/cm?, the insertion of Li* was interrupted when reaching a pre-calculated charge level (see Section
3), while extraction was ended at 2V.

Electrochemical impedance spectra were recorded on a Z-1500 P analyser (Elins, Russia)
within an AC frequency range of 0.01 Hz—10 kHz having potential amplitude of 10 mV.

2.3. Morphology characterisation

The surfaces of the silicon electrodes following cycling were examined using a scanning
electron microscope (Zeiss LEO SUPRA 25, Germany).

3. RESULTS AND DISCUSSION

During the preliminary galvanostatic cycling of Si samples at 50 mkA/cm?, no lithium
insertion/extraction processes were observed regardless of the orientation of the Si crystal lattice and
the resistance of the sample. Therefore, in subsequent experiments, a scan of the cyclic voltammogram
(CV) was taken prior to commencing the cycling procedure in order to activate the sample surface.

Fig. 1 presents cyclic voltammograms for single-crystal silicon electrodes having different
crystal lattice orientations. Here it can be seen that the CV curves for both Si samples have a similar
appearance, demonstrating cathodic (reflecting the formation of LixSi compounds) and anodic
(reflecting the decomposition of LixSi compounds) current peaks. The CV results demonstrate that, in
both cases, the lithiation of single-crystal silicon begins at 0.12 V during the first cycle. However,
during the second cycle, since the electrode surface was no longer single-crystal, the cathodic peaks
corresponding to lithium insertion shifted toward a higher potential of 0.3 V. The two anodic peaks
visible at potentials 0.35 and 0.53 V are associated with the decomposition of lithium silicides LixSi
[33-35]. A sharp increase in the peak intensities in the 2nd cycle (Fig. 1) can be explained in terms of
an increase in the fraction of the silicon crystal's electrochemically active surface.
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Figure 1. Cyclic voltammograms of single-crystal silicon with crystal lattice orientations (111) (a) and
(100) (b) (scan rate 0.1 mV/s)

According to the literature data [36], the process of silicon lithiation is similar to those of an
oxide layer formation on the Si surface. At the initial cycling stage, the increase in lithium content is
controlled by the rate of the lithiation reaction [37]. Due to the current density increasing during the
cycling, both the depth of the lithiation and the time required to transfer lithium from the surface to the
depth of the Si single crystal increase.

The intensity of the peaks for the second cycle increases significantly for both samples. The
maximum current for the sample with crystal lattice orientation (111) in the anodic region is 1.4 mA,
while in the cathodic region the maximum current is 4.2 mA,; this is almost two times higher than the
respective currents of the sample having crystal lattice orientation (100) (Fig. 1). Consequently, at the
initial stage of cycling, the surface with crystal lattice orientation (111) is more active towards lithium
insertion, which observation is quite consistent with the literature data. The increase of the peak
intensity can be explained by an increase in the electrochemically-active surface area of the silicon
crystal.

At the initial stage of single-crystal silicon lithiation, amorphisation of its working surface
occurs through the formation of lithiated amorphous silicides LixSi [38]. In the amorphous LixSi, the
value x varies within the range 0 < x < 3.75 [39, 40]. According to [41], there are two amorphous
phases: Li21Si and Liz3Si. Diffusion of lithium into these phases occurs rather quickly and deeply
through structural defects, up to pure silicon.

Following preliminary activation through two cycles of CV, galvanostatic charge-discharge
with a current of 50 uA/cm? was carried out.

According to literature data, the amorphous LixSi phase is recrystallised at potentials less than
50 mV to form metastable LiisSis [42-45] resulting in deep lithiation. The theoretical capacity of the
resulting compound is 3579 mAh/g. The resulting phase is unstable and very active, which can
manifest itself in the self-discharge of an electrode during chemical reaction with an electrolyte [46].
During delithiation, amorphous silicon is formed from the LiisSis phase according to the two-phase
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mechanism [42]. In order to prevent deep degradation of the electrode and study the surface of the
electrodes following cycling, the insertion of lithium into single-crystal silicon was carried out up to a
designed depth of 1 pum. Calculations of the necessary electric charge were performed based on
relations (1-4) and the resulting formula (5):
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(here h — depth of lithium insertion, cm; S — electrode area, cm?; p — density of silicon (2.3
g/cm®); M — molar mass of silicon (28 g/mol); F — Faraday constant (96485 C/mol).

In order to analyse the processes occurring on the charged electrode and compare the data
obtained for samples with different crystal lattice orientations, the electrochemical impedance spectra
of charged and discharged electrodes were recorded. It was established that the electrode resistance is
practically independent of the orientation of the silicon crystal lattice. The impedance of both samples
under investigation contains three main components: electrolyte resistance, Faraday impedance and
diffusion impedance (Fig. 2).
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Figure 2. Impedance spectra of charged electrodes with crystal lattice orientation (111) (a) and (100)

(b) (high-frequency spectra on the insets)
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On the 14™ charge cycle, the electrodes demonstrated an inductive-like feature, which became
more pronounced as the number of cycles increased. This phenomenon can be associated with the
formation of a developed silicon surface during its destruction, on which an unstable solid electrolyte
interface (SEI) is formed. The lithium-containing compounds appeared during the formation of SEI as
a result of the interaction of lithium with silicon. In this case, chemical decomposition of the sample
surface results in changes in the activity of electrochemically active components in the near-electrode
layer, leading to the appearance of an inductive-like feature.

At the 16" cycle for the Si (100) sample and the 20" cycle for the Si (111) sample, there is a
sharp increase in electrode resistance associated with the delamination of silicon particles. The
destruction of the surface of the electrode based on Si (111) occurs more slowly, since in this case the
lithiation rate is lower than for the Si (100) electrode [9, 11, 21, 47].

Si (100)

| = ‘ L
m cross cleavage m cross cleavage

a

Figure 3. SEM images of Si monocrystal electrodes with crystal lattice orientation (100) (a) and (111)
(b) after 25 cycles

Nevertheless, the intensity of the Si (111) peaks in the cyclic voltammograms is higher than
that of Si (100) (Fig. 1). This may be due to the processes that occur during the activation stage: the
surface of the Si (111) sample is destroyed faster, after which the structure is stabilised, leading to a
decrease in the lithiation rate. For electrodes based on both Si (100) and Si (111), after 12-13
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galvanostatic charge-discharge cycles, irreversible changes in the structure of the surface were noted.
Such behaviour can be attributed to the destruction of contact between silicon particles.

To determine average particle size on the surface of the electrodes, SEM-images were made
after 25 (for Si (111) and Si (100)) and 100 (for Si (100)) charge-discharge cycles at 50 mkA/cm?.
Microscopic studies of the samples following 25 charge-discharge cycles showed that the morphology
of silicon particles is significantly determined by the orientation of the crystal lattice (Fig. 3), which is
consistent with the literature data [33].

During lithiation, defects are formed on the surface, with amorphization occurring on a layer-
by-layer basis [21]. Upon lithiation (100), cracks are observed on the surface of the single crystal,
while complex vein-like microstructures of LixSi are formed in the crystalline silicon matrix; however,
some areas retain the original structure. The formation of the crystalline phase of LiisSis in the (100)
samples can cause localised tensile stresses, which lead to surface cracking and an increase in the rate
of diffusion of lithium into silicon. As it was shown in [20], in the bulk of lithiated silicon (100), there
Is a network consisting of LixSi layers with a thickness of the order of several hundred nanometres,
penetrating into the depth of the wafer surface by ~ 6 um.

Fig. 4 provides a SEM image of Si (100) electrode surface after 100 charge-discharge cycles to
a calculated depth of 1 pm.

Figure 4. SEM image of Si (100) electrode after 100 cycles (designed lithiation depth of 1 um)

The results demonstrate that the characteristic size of fragments that are not destroyed due to
prolonged insertion-extraction of lithium into silicon is ~ 50-150 nm. This explains the cycling
stability of crystalline silicon nanomaterials less than 150 nm in size [1, 48-51].

4. CONCLUSION

The orientation of the crystal lattice does not influence the initial lithiation potential of single-
crystal silicon: the process begins at a potential of ~ 0.12 V for both Si (111) and Si (100) electrodes.
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However, at the initial stage of cycling, the surface of Si (111) is more active against lithium than the
surface of Si (100). Upon cycling, the resistance of charged and discharged electrodes is practically
independent of the orientation of the crystal lattice. The characteristic size of fragments formed on the
surface of the single silicon crystal following 100 charge-discharge cycles as a result of its partial
destruction ranges from 50 to 100 nm. This helps to account for the well-attested cycling stability of
electrodes based on silicon nanoparticles having a size not exceeding 150 nm.
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