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The design of artificial solid eletroctrolyte interphase is an impor-
tant task to minimize capacity losses in Li-ion batteries. Herein, TiO,
created through atomic layer deposition was used as an artificial SEI
on Si nanoparticles. Such coating led to substantial improvement of
cycling stability when evaluated with FEC-free electrolyte.

Since the commercialization of Li-ion batteries (LIBs) by Sony
in early 1990s," it has been one of the most predominant energy
storage solutions for a wide variety of applications such as
electric vehicles, grid storage, and multiple portable electronic
devices.”™® However, the energy density of modern LIBs is not
adequate to completely satisfy the growing demand for energy
storage. Therefore, there is a necessity for low-cost LIBs that
can safely deliver high power and energy density with a long
cycle life. This need drives the global search for new active
materials and electrolytes to replace those that are currently
utilized in commercially produced LIBs. Within this search, the
quest for suitable high-capacity negative electrodes for high-
performance LIBs has led to the investigation of various
materials that can outperform state-of-the-art graphite with a
capacity of 372 mA h g ".° Considerable interest has been
devoted to alloying-type anode materials, as they can accom-
modate multiple Li-ions per alloying atom.”

Among these alloying materials, silicon (Si) has gained a
great traction attributed to its low working potential, light
weight, high abundance and theoretical capacity almost ten
times higher (3579 mA h g') than that of graphite.*"°
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However, the grand challenge of developing Si-based anodes
is to mitigate the massive volume changes (~300%) during
Li-ion insertion (lithiation) and extraction (delithiation) pro-
cesses, which lead to severe capacity decay during continuous
cycling. This most intractable problem causes pulverization of
Si resulting in loss of electrical connection within the electro-
des, and a continuous growth of the solid electrolyte interphase
(SEI) layer due to the constant changes of the Si surface area.
As a result, these anode materials typically show inferior cycling
stability and low initial Coulombic efficiency. Moreover, the
continuously growing SEI constantly consumes the electrolyte
components, which ultimately results in cell failure.** In addi-
tion, aggregation of Si particles through electrochemical sinter-
ing results in poor kinetics of the electrodes.> These
limitations hold back the potential application of Si-based
anodes for efficient, long lasting, and safe LIBs.

The design of stable SEI on Si-based electrodes represents
one of the possible routes for improving their cyclability.”*™*
The common strategy for this task is to use electrolyte addi-
tives, e.g. fluoroethylene carbonate (FEC) which promotes for-
mation of relatively stable SEL.">"” However, additives such as
FEC are continuously consumed during electrochemical
cycling, and their enhancing effect disappears when their
reservoir in the electrolyte is depleted.'® In addition, electrolyte
additives add weight and cost to a battery.

Alternative strategies such as surface coating and hybridiza-
tion with carbon-based materials have been shown to improve
cyclability. Particularly, employing a suitable surface coating on
nanostructured Si has been observed to improve cycling per-
formance by reducing the reactivity of Si with electrolytes,
although the challenge with huge volume changes cannot be
eradicated entirely."’

Among multiple coating techniques, atomic layer deposition
(ALD) has been demonstrated to be a very versatile method for
interfacial engineering. Unlike other thin film deposition meth-
ods (e.g. PVD, CVD), ALD enables an excellent control over the
uniformity, conformality and thickness of thin films at the
atomic level due to its surface-controlled nature. In addition,
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ALD could be used for modification of particles and is not
limited to only flat film surfaces. Such coating could be used to
enhance the battery performance by providing an artificial SEI
layer preventing detrimental side reactions at the electrolyte/
electrode interface.” Several types of ALD coating have been
explored for their use in modification of battery materials, such
as transition metal oxides (Al,O3, TiO,, ZrO,, ZnO and SiO,),
metal nitride (TiN) and aluminum oxynitride (AlO,N,)."***"*
Among these, TiO, has been proven as one of the most
promising coating materials to enhance the cycle life and rate
capability of Si-based electrodes due to its small volume change
during cycling (<4%), structural stability, low polarization and
good electrochemical reversibility.>>” In this study we coated
Si nanoparticles with TiO, using ALD to examine the influence
of the coating on electrochemical performance in LIBs.

The pristine nanoparticles of amorphous Si (a-Si) with a
diameter of ~40 nm were obtained from commercial sources
and stored in inert atmosphere. However, an oxide layer of
~2 nm was still found on the surface, as was evidenced by
transmission electron microscopy (TEM), energy dispersive
X-ray spectroscopy (EDS) and electron energy loss spectroscopy
(EELS) (Fig. 1 top panel, and Fig. S1, ESIt). This oxide layer
could have been formed during sample preparation for TEM
analysis, where the sample was exposed to air for ~5 min.

These Si nanoparticles were successfully coated with TiO, by
ALD after several trials during the optimization of the process
(Table S1, ESIt). The initial attempts, with a deposition tem-
perature of 150 °C (samples denoted as a-Si-Tx, where x = 1-3),
resulted in an uneven TiO, coating with a raspberry-like mor-
phology (TEM images are shown in Fig. S2, ESIt). The uneven
deposition of TiO, was hypothesized to result from the absence
of sufficient number of OH groups on the Si surface originating
from a lack of exposure to moisture. Adding extra cycles with

a-Si

Fig. 1 EDS mapping and TEM images of pristine amorphous silicon (a-Si,
top) and TiO,-coated silicon (a-Si-T5, bottom).
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H,O pulsing in the beginning of the depositions (a-Si-T4,
Fig. S2, ESIf) slightly improved the uniformity of the
TiO, coating. The best results in this study were obtained by
additionally increasing the deposition temperature to 170 °C
(a-Si-T5, Fig. 1 and Fig. S3, ESIt), where the a-Si nanoparticles
were conformally coated with a layer of amorphous TiO,.

Fig. 1 and Fig. S1 (ESI{) presents the EDS elemental map-
ping for identifying the surface composition (Ti, O, C, Si) for
pristine Si (a-Si) and optimized TiO,-coated Si (a-Si-T5). The
detailed analysis revealed that the coated particles were encap-
sulated by ~2 nm SiO, layer and TiO, was coated on top of this
layer. The thickness of the TiO, coating was found to be
~3 nm. XPS analysis of Ti 2p further confirmed the presence
of a TiO, coating (Fig. S5, ESIT).

To understand the effect of the TiO, deposition on the Li
diffusion kinetics, electrochemical impedance spectroscopy
(EIS) measurements of a-Si and a-Si-T5 were performed at open
circuit voltage after cell assembly and after 1 charge-discharge
cycle (Fig. 2). Two types of electrolytes were used for the
evaluation of coating effect — an electrolyte with 10 wt% FEC
(Fig. 2A) and FEC-free electrolyte (Fig. 2B), both with 1.2 M
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Fig. 2 EIS of coin cells with Li—-metal counter electrode assembled with
active electrodes based on pristine amorphous silicon (a-Si) and TiO,-
coated amorphous silicon (a-Si-T5). The electrolytes consisted of 1.2 M
LiPFg in EC: EMC (7:3 vol%) + 2 wt% VC with 10 wt% FEC (A) and without
FEC (B). Cells were measured right after cell assembly and after 1 charge—
discharge cycle between 0.05-1.00 V vs. Li/Li* at C/20.

This journal is © The Royal Society of Chemistry 2024
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LiPF¢ in EC: EMC (7:3 vol%) and 2 wt% VC. All EIS plots are
composed of a compressed semicircle in the middle frequency
region and an inclined line in low frequency region indicating
the charge transfer process and Li-ion diffusion process, respec-
tively. The intercept at the high frequency region is attributed to
the total resistance of the electrolyte, separator and the electrical
contacts. The EIS data showed that the pristine electrodes based
on TiO,-coated Si (a-Si-T5) had lower impedance than the
uncoated samples (a-Si) with both electrolytes. The difference
was largest for the FEC-free electrolyte (Fig. 2B). In addition, after
one charge-discharge cycle the impedance of electrodes based
on a-Si-T5 was significantly lower than the pristine electrodes,
while the a-Si samples showed the opposite trend. This shows
that the TiO, coating improves the kinetics in the FEC-free
electrolyte, which should lead to better performance during
electrochemical cycling.

This difference in performance was further confirmed by
galvanostatic cycling in coin cells vs. Li-metal reference elec-
trode (Fig. 3 and Fig. S7-S10, ESIT). As expected, cells cycled
with FEC-containing electrolyte retain relatively stable perfor-
mance over the course of 200 cycles due to the improved SEI

4000

T 100
L.
B 3000 | S
K
With FEC Pl
< 90 2
£ kS
= o
'S 2000 b
£X: ! (&)
. J B
7 J80 €
= ot
‘2 1000 |y m aSiCh O aSi_Dis 3
-2 v aSi-T5.Ch v a-Si-T5_Dis )
m a-Si_CE B a-Si-T5_CE
0 1 1 70
0 50 100 150 200
Cycle numbers
| — |
4000 H H -

! ! J 100
— s . <
g’3000 _ | a-Si_Ch O a-Si_Dis )
< | | Vv aSi-T5_Ch v a-Si-T5_Dis - S

. . -1 | ==
E | | = asSiCE m aSi-T5 CE Q2
z i i 2
c 20001y . Without FEC &
e 5 ! 2
§ (W, 2
L | o
£ 1000 : S
Q
9] | 8
Q H (&]
n |

| |

oL 3 ! 1 1
1 L}

70
100 150 200

Cycle numbers

Fig. 3 Specific capacity and Coulombic efficiency during galvanostatic
cycling of pristine amorphous silicon (a-Si) and TiO,-coated amorphous
silicon (a-Si-T5). The electrolytes consisted of 1.2 M LiPFg in EC:EMC (7: 3
vol%) + 2 wt% VC with 10 wt% FEC (A) and without FEC (B). The dashed
lines highlights the region where the difference in cycling stability is largest
between the coated and uncoated sample.
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formation properties of the FEC.>**° Predictably, the uncoated
Si (a-Si) anode without FEC additive in the electrolyte suffers
from fast capacity decay. However, the coating with 3 nm TiO,
(a-Si-T5) provides an improvement in capacity retention with-
out the addition of FEC additive in the electrolyte. A careful
examination revealed that the a-Si electrodes without FEC
experience a fast degradation after only a few cycles (18 cycles)
whereas a-Si-T5 exhibits relatively stable performance for
approximately 60 cycles. Noteworthy, the initial Coulombic
efficiency is significantly lower for a-Si-T5 than a-Si for both
electrolytes, which is most likely due to irreversible lithiation of
the TiO,-coating during the first cycle.

To gain further insights into the difference in cycling
behavior, ex situ scanning electron microscopy (SEM) were
performed on electrodes extracted after the 23rd delithiation
(Fig. 4). These SEM images showed that the electrodes with
uncoated a-Si (Fig. 4A) were denser, compared to the coated
sample (Fig. 4B). This could be a result of electrochemical
sintering where the Si nanoparticles in the uncoated sample
are agglomerating as a function of electrochemical cycling,
while the TiO,-coated sample maintains a more porous elec-
trode structure.?

Cu substrate

Cu substrate

Fig. 4 SEM images of electrodes extracted after the 23rd delithiation from
coin cells that had been cycled vs. Li-metal counter electrode with 1.2 M
LiPFgin EC:EMC (7: 3 vol%) + 2 wt% VC as electrolyte. (A) uncoated sample
(a-Si) and (B) TiO,-coated sample (a-Si-T5).
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This difference in behavior is likely linked to the TiO,
coating and its influence on the formation of the SEI layer,
which was further investigated through ex situ X-ray photoelec-
tron spectroscopy (XPS) on pristine electrodes and electrodes
extracted after the 23rd delithiation (Fig. S4-S6, ESIt). Due to
the thickness of the SEI layer and the limited penetration depth
of the X-ray probe, the XPS signals from Si and Ti after cycling
were too weak to allow for detailed analysis of the delithiated
samples (Fig. S4 and S5, ESIt).

However, XPS of F 1s showed a relative difference in the
F-species on the surface of the coated vs. uncoated samples
(Fig. S6, ESIt). In the delithiated uncoated sample (a-Si), the
peak assigned to LiPFs (and Li,PF,0,) is higher than the peak
assigned to LiF.*>** However, in the delithiated a-Si-T5 sample
the intensity of LiF is significantly higher than that of LiPFe.
This indicates formation of more LiF in the SEI of the TiO,-
coated sample, which is considered the key inorganic compo-
nent of the SEI layer."* This difference in the composition of
the SEI layer could explain the different densities of the
delithiated electrodes observed by SEM (Fig. 4). The SEI layer
together with the TiO, coating might act as a barrier between
the Si nanoparticles, thus mitigating electrochemical sintering
and volume change of Si during lithiation and delithiation,
which can explain the enhanced cycling stability.

In conclusion, we have been able to develop a method for
coating of Si nanoparticles with a thin TiO, layer, which showed
improved cycling stability in Li-ion half cells compared to the
uncoated sample, when cycled with FEC-free electrolyte. This
advancement can be attributed to the enhanced formation of
stable SEI layer on the surface of the coated Si particles, thereby
mitigating the effects of the volume changes during (de)lithia-
tion and avoiding electrochemical sintering of the particles. As
a result, the coating serves as an artificial SEI at least during
initial cycling. While there are still improvements to be made,
continuing to improve the ALD coating of the Si particles may
lead to even better cycling performance and thus become an
alternative to the use of FEC as an additive in Si-based
electrodes.
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