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The use of silicon (Si) in the form of nanoparticles is one of the
most promising routes for boosting the capacity of modern Li-
ion batteries. Many parameters influence the performance of Si
making the comparison of materials complicated. The present
work demonstrates a direct comparison of Si nanoparticles with
amorphous and crystalline structures prepared through the
same chemistry with the same particle size and morphology.
The amorphous Si nanoparticles with an average diameter of
100 nm were synthesized through silane pyrolysis, and their
crystalline analogues were obtained through subsequent
annealing not altering size or morphology of the nanoparticles.
Such direct comparison allows evaluation of the specific impact
of crystallinity on the material’'s performance. From electro-
chemical analysis of these materials, the electrodes prepared
from amorphous nanoparticles were found to exhibit improved
cycle life compared to electrodes prepared from crystalline
nanoparticles when the delithiation capacity of the anode was
limited to 1000 mAh/gs;.
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Rechargeable Li-ion batteries (LIBs) offer a great energy storage
solution for clean transportation, local energy storage systems,
portable power and electronic devices."? However, the increas-
ing demands in such applications require new materials which
can deliver high energy densities, higher capacities and longer
cycle life compared to the present state-of-the-art. The high
theoretical gravimetric energy storage capacity (3572 mAh/g for
Li,sSi, phase) and theoretical volumetric energy storage
capacity (2081 mAh/cm?) of silicon (Si) has made it an attractive
anode material for LIBs to replace the commercial anode
material-graphite.” However, Si-based anodes generally exhibit
rapid degradation during cycling, partly due to fracturing of
active material caused by the large volume changes occurring
during lithiation and delithiation.*® The cracking causes
delamination and loss of adhesion between the anode material
and the current collector and destroys the conductive network
within the electrode, increasing the impedance of the
electrode.™ Wetjen etal. has also reported that Si particles
gradually transform into a nanoporous Si network during
cycling.” These processes continuously generate fresh surfaces
which become exposed to the electrolyte resulting in the
formation of a solid-electrolyte interphase (SEI) which will
continue to grow as long as new surfaces are exposed to
electrolyte.® Despite the important function of the SEI layer in
passivating the active material surface from electrolyte decom-
position, its constant formation results in continuous consump-
tion of lithium and electrolyte which are of limited supply in the
cell® This process represents a primary failure mechanism of
the Si-based anodes." To overcome this challenge, the use of
nanoparticles was introduced to minimize the stresses caused
by volumetric changes, thus preventing further fracturing, and
by that mitigate the degradation. However, even at the nano-
scale the electrode is therefore still prone to the surface-centred
degradation mechanisms.""

Two types of Si nanoparticles have been separately
evaluated in the literature - crystalline and amorphous,
characterized by different critical size of the particles - a
maximum particles size allowing to avoid particle’ cracking
during lithiation.®'? In addition, multiple strategies have been
suggested to improve the stability of Si nanoparticles mostly
focused on the crystalline material due to its availability. Such
modifications include various coatings, yolk-shell structures!*'¥
and growth of the oxide."*'® Overall, a wide variety of chemical
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modifications and strategies have been demonstrated on differ-
ent Si materials to improve their cyclability."”?” However,
different sources of Si materials, variations in particle size and
particle size distributions, crystallinity, morphology differences
between the reported materials limit the direct comparability of
electrochemical performances. In the present work we provide
a direct comparison of the pristine amorphous and crystalline Si
nanoparticles of the same size and morphology in view of their
electrochemical performance in the electrodes of LIBs.

For the present work the amorphous Si nanoparticles (a-Si
NPs) were prepared through silane pyrolysis — a convenient and
scalable process which allows the growth of spherically shaped
Si nanoparticles in the gas phase.”” The pyrolysis led to a
formation of Si NPs in a form of aggregates with a primary
particle size averaging at 100 nm (Figure S1 in supporting
information). Crystallization of the NPs was performed by
annealing the materials at 1000°C in a tube furnace under
argon atmosphere. Such annealing resulted in the formation of
crystalline material (c-Si,, NPs), the crystallinity of which was
confirmed by X-ray diffraction (Figure S2 in supporting informa-
tion). A high resolution TEM (HRTEM) image of c-Si,, NP is
shown on Figure 1a, additionally confirming the crystal struc-
ture. Importantly, the morphology of the particles has been
preserved through the crystallization process. The elemental
composition of the NPs was confirmed by the elemental
analysis demonstrating the loss of residual hydrogen from
synthesis after thermal treatment. The surface composition of a-
Si and c-Si,, was characterized by XPS as shown on Figure 1b
(survey spectra are shown in Figure S3 with the summary of
analysis listed in Table S1 of supporting information). A few
major chemical changes are noticeable when analysing the
differences between the materials before and after crystalliza-
tion. Specifically, the XPS analysis revealed the changes of
elemental composition at the surface of particles after crystal-
lization. As prepared, a-Si contains approximately 3% of oxygen
by weight due to formation of native oxide. When crystallization
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Figure 1. (a) TEM image of Si particles crystallized in inert atmosphere,

(b) XPS spectra of Si samples, showing the increase of silicon oxide from a-Si
(top) to ¢-Si,, (middle) and c-Sig, (bottom). The intensities have been
normalized to the peak maximum of the pure Si component to facilitate
comparison. Some peak broadening and shifts to higher binding energy can
be observed in the oxidized samples due to challenging charge neutralisa-
tion conditions.
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is conducted in inert atmosphere, the total amount of oxygen
does not change, as it was confirmed by the elemental analysis
determined from pyrolysis method (Table S2, supporting in-
formation). However, XPS analysis demonstrated the changes in
the ratio of silicon/oxygen at the surface after the crystallization
was completed (increased oxygen content). We believe such
surface changes are caused by the redistribution of oxygen
within surface oxide layer during crystallization, where the
formation of c-Siy, resulted in abrupt interface between the SiO,
and Si. The distribution of oxygen was additionally confirmed
through TEM analysis combined with EDS mapping (shown on
Figure S4 of supporting information).

Therefore, to better separate the changes in the electro-
chemical performance occurring due to the crystallization
effects from the formation of the distinct oxide shell, a separate
sample was prepared by annealing at the same temperature,
but in the presence of air (c-Sig NPs). As expected, such
treatment resulted in increased amount of oxygen at the
surface of the particles (Figure 1 b). Noteworthy, the pristine
samples contained small amount of hydrogen embedded in the
structure, originating from the preparation method; that
residual hydrogen was removed by the heat treatment for c-Si,,
and c-Sig. Interestingly, some monocrystalline particles of Si
were observed in TEM after annealing, which is most likely due
to the small size of nanoparticles and the high temperature
used during crystallization process (1000 °C), which was consid-
erably higher than the crystallization temperature of Si. Owing
to the low sampling of TEM analysis, this is not necessarily
representative of the full sample, and it is not ruled out that
polycrystalline particles were also formed, as have been
previously observed.”?

To reveal the effect of crystallinity on nanoparticle’s electro-
chemical performance the resulting materials have been
evaluated as electrode materials for LIBs. 50% of Si by weight
has been used for electrode fabrication to yield approximately
0.8 mg/cm? loading of Si active material using carboxymethyl
cellulose (CMC) as a binder. The electrodes were tested by
galvanostatic cycling in a half cell configuration with lithium foil
as a counter electrode using LiPFs-based (1 M) electrolyte in
ethylene carbonate/propylene carbonate/dimethyl carbonate
mixture (EC:PC:DMC 1:1:3) with 1T wt% vinylene carbonate (VC)
and 5 wt% fluoroethylene carbonate (FEC) as additives.”® The
testing was performed under unlimited capacity conditions (i.e.
the active material is utilized to its full lithiation and delithiation
capacity between voltage cut-offs of 0.05V and 1V vs Li/Li")
and under limited capacity conditions, where the delithiation
capacity was limited to 1000 mAh/gs. Cycling under such
conditions has been reported to significantly extend the
lifetime of the electrodes attributed to the reduced stress
applied to the Si nanoparticles.*” In addition, such conditions
are representative for a typical over dimensioned and prelithi-
ated anode working in a full cell, when the depth of delithiation
of the anode is limited by the cathode capacity.””) The
comparison of representative examples of cycling capacities for
the electrodes fabricated from different samples of Si and
cycled at either full or limited capacity is shown on Figure 2.
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Figure 2. Representative examples of charge/delithiation capacities (includ-
ing formation cycles) for 3 types of Si (pristine, annealed in Ar and annealed
in air) and cycled under (a) full capacity of Si, (b) capacity limited to

1000 mAh/gg;.

(The charge/discharge curses are shown on Figure S5 of
Supporting information.)

Cycled at full capacity, a-Si and c-Si,, demonstrated high
capacity around 3000 mAh/gs; which starts to decline with
increased number of cycles, as is typically expected for Si-based
anodes.” The capacity fade of the crystalline sample is some-
what faster than for the amorphous equivalent. However, due
to the higher capacity of the crystalline material after the
formation cycles, the capacity utilization is also higher, which
could very well be the cause of the accelerated degradation
and testing under such condition therefore does not directly
allow elucidation of any benefits of the crystal or amorphous
structure of Si NPs. As was expected, the material annealed in
the presence of air demonstrates substantially lower capacity
due to the presence of substantial amount of oxide. The similar
Coulombic efficiencies (which could be correlated with the
chemical composition) for a-Si and c-Si,, indicates a similar
amount of total oxygen in the particles, in agreement with the
elemental analysis (Table S2 in supporting information)."®

Relative to cycling at full capacity, cycling with the capacity
limited to 1000 mAh/g; substantially extends the lifetime of all
electrode Types.”” Cycling under such conditions leaves part of
the material intact, keeping “rest-capacity” which is being
utilized through further cycling as Si degrades. When the
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accumulated degradation surpasses the theoretical rest capacity
(ca 2600 Ah/gg) it causes a rapid capacity fade after ca 270 and
330 cycles for c¢-Si electrodes and a-Si electrodes, respectively.
These cycling conditions also demonstrate the benefits of using
a-Si, as anodes prepared from such material last approximately
50 cycles longer than their crystalline counterparts (c-Si,, and c-

While a-Si can be lithiated directly, c-Si first needs to
undergo an amorphization to allow for complete lithiation, after
which both types of the particles are amorphous.” For c-Si the
lithiation is known to proceed primarily in the <110>
direction,” resulting in an additional isotropic stress. Therefore,
it is reasonable to assume that the initial lithiation involves
higher stress for a-Si than that for a-Si and is more damaging to
the particles’ structure, thus, having a temporarily increased
degradation, but that this disadvantage is reduced after the
initial lithiation. These cycling results show, however, that there
is a prolonged effect of this initial difference which is
maintained long after both particle types are assumed to have
become amorphous. It is important to note that the particles
studied herein have the sizes below the critical size determined
for both crystalline and amorphous Si.®'?

The observed differences are, therefore, not expected to be
related to particle fracturing, but more likely to the gradual
change from particles to porous networks of nanometer-sized
branches, as has been reported by Wetjen etal” Similar
changes in Si nanowires have been connected to nano-void
formation by Si vacancy aggregation along the interface
between the lithiated and delithiated parts of the material
during fast lithium extraction.” While not sufficient to fracture
the particles, the increased tensile hoop stress in the c-Si
particle surface resulting from the two phase lithiation®'? is
hypothesized to exacerbate this nanopore formation, thus
accelerating the further degradation, which was observed for c-
Sip, and ¢-Sig,.

To gain further insight into the improved performance of
the a-Si, a differential capacity analysis has been performed on
the limited capacity cycling data of the a-Si and c-Si,, samples,
as seen in Figure 3. The inset shows the first cycle of the two
sample types clearly illustrating that the lithiation profile of the
a-Si is substantially different from dQ/dV profile measured for
the crystalline samples. This is primarily seen by a higher
lithiation voltage for the amorphous sample, while the lithiation
of the crystallized samples occurs at a lower voltage.’” The
reason for the differences is that c-Si need to go through the
activation barrier of the previously mentioned crystalline to
amorphous transformation taking place during the initial
lithiation, while a-Si is exempt from this.”® That also results in
different lithiation mechanisms for c-Si and a-Si""**'=* ultimately
resulting in different lifetimes of electrodes tested under
identical conditions. In the continued cycling, the most
prominent differences are the shift of the first lithiation peak
(the peak around 0.2V, corresponding to the formation of
amorphous Li,Si (x~2) phase) to lower voltages and the
subsequent shift of the delithiation end-voltage to higher
potentials.?¥
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Figure 3. Differential capacity analysis (dQ/dV) for the a-Si (top panel) and c-
Sia (bottom panel) samples at cycles 50-225 shown with 25 cycles interval.
The insets show the 1-st cycle for each type of Si.

The latter shows that the lithiation resistance of the
electrode increases faster in the c-Si,, electrode than in the a-Si
electrode, indicating an increased degree of electrode densifica-
tion and related loss of ionic conductivity in the electrode —
common signs of degradation for Si-based electrodes.*™ The
same conductivity loss also partially explains the larger shift of
the delithiation end voltage. However, this is also related to an
increased utilization of the electrode capacity: as the actual
electrode capacity gradually degrades towards the capacity
limit, the end-voltage increases towards the 1V cut-off
potential. The larger shift of the c-Si,, electrode shows that the
back-ground degradation of the c-Si,, is faster than a-Si, notably
under the same nominal capacity utilization. This eventually
results in the shorter cycle life of ¢-Si,-based electrode than the
a-Si-based electrode, as seen in Figure 3 (bottom panel). (Addi-
tional differential capacity data is provided in Supporting
Information Figures S6 and S7).
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: : : : . . In conclusion, the nanoparticles of amorphous and crystal-
Cycle line Si with the same particle size distribution and morphology
50 —— 150 \ (a) were compared in terms of their performance in the anodes of
] :go — ;;g :[ LIBs. Cycling at limited capacity unambiguously confirmed the
— 125 — 295 benefits of the amorphous structure which allows to gain a
o Delithiation longer lifetime of the electrode compared to the crystalline
= counterparts. The shorter lifetime of the crystalline silicon is
‘_ﬂ- attributed to the initial structural stress caused by the initial
'S lithiation.
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