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Applicability of an lonic Liquid Electrolyte to a Phosphorus-
Doped Silicon Negative Electrode for Lithium-lon Batteries

Shuhei Yodoya?¢, Yasuhiro Domi®-<, Hiroyuki Usui®°, and Hiroki Sakaguchit-¢’

We investigated the applicability of an ionic liquid electrolyte to a
phosphorus-doped Si (P-doped Si) electrode to improve the
performance and safety of the lithium-ion battery. The electrode
exhibited excellent cycling performance with a discharge capacity of
1000 mA h g' over 1400 cycles in the ionic liquid electrolyte,
whereas the capacity decayed at the 170th cycle in the organic
electrolyte. The lithiation/delithiation reaction of P-doped Si occurred
a localized region in the organic electrolyte, which generated a high
stress and large strain. The strain accumulated under repeated
charge-discharge cycling, leading to severe electrode disintegration.
In contrast, the reaction of P-doped Si proceeded uniformly in the

ionic liquid electrolyte, which suppressed the electrode disintegration.

The P-doped Si electrode also showed good rate performance in the
ionic liquid electrolyte; a discharge capacity of 1000 mA h g was
retained at 10 C.

The lithium-ion battery (LIB) has been widely used in portable
devices because of its high energy density. LIBs with higher energy
density and longer cycle life have been demanded for applications
such as electric vehicles and large-scale energy storage for utilizing
renewables. Si is a promising candidate negative electrode material
for next-generation LIBs because of its high theoretical capacity
(3600 mA h g'") [, However, the capacity of the Si electrode rapidly
fades, which is mainly caused by a significant volume change in Si
during Li insertion/extraction. The volume expansion of Si generates
a high stress and large strain in active materials, and the strain
accumulates under repeated charge-discharge cycling, which
causes pulverization and cracking of Si 4. In addition, Si has other
disadvantages, including poor electrical conductivity and a low Li*
diffusion coefficient 7. Doping with impurities has been attempted
to improve the chemical properties of negative electrode materials .
For example, Sun et al. reported that CuCo0.S:@N/S-doped
graphene composite electrodes showed good LIB anode
performance . We also revealed that P-doping with a very low
concentration of approximately 100 ppm helped to dramatically
improve the electrochemical performance of Si negative electrodes,
which is attributed to suppression of the phase transition from
crystalline-Si (c-Si) to crystalline-LissSi, by P doping into Si rather
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Figure 1. Cycling performance and Coulombic efficiency of P-
doped Si electrodes in 1 M LiTFSA/PC and LiFSA/Py13-FSA
under a charge capacity limit of 1000 mA h g™ at 0.4 C (1st cycle:
0.1 C).

than an increase in electrical conductivity ['%.

lonic liquids have received much attention as alternatives to
flammable organic electrolytes consisting of carbonate-based
solvents because of their physicochemical properties, wide
electrochemical windows, and high thermal stability. We have
investigated the applicability of ionic liquid electrolytes to Si-based
electrodes """, As a result, the cells showed not only high safety
but also excellent electrochemical performance in certain ionic liquid
electrolytes. In this study, to improve the electrochemical
performance and safety of the P-doped Si electrode, we investigated
the applicability of an ionic liquid electrolyte to the electrode. In
addition, we attempted to elucidate the reaction behavior of the
electrode in the ionic liquid electrolyte.

Fig. S1 shows XRD patterns of P-doped Si powders. All peaks
were attributed to Si, which is the active material, as shown in Fig.
S1a. We confirmed that some of the Si atoms are replaced by P
atoms and that P-doped Si is a substitutional solid solution because
the peak attributed to Si (1 1 1) shifts to a higher angle after P
doping (Fig. S1b). Fig. 1 shows the cycling performance and
Coulombic efficiency (CE) of the P-doped Si electrode in an organic
electrolyte (LITFSA/PC) and an ionic liquid electrolyte (LiIFSA/Py13-
FSA) under a constant charge capacity of 1000 mA h g'. A typical
reaction between Si and Li was observed from the charge-discharge
curve and differential capacity vs. potential (dQ/dV) curves (Fig. S2)
12 The electrode retained a discharge capacity of 1000 mA h g
only up to 170 cycles in the organic electrolyte, whereas it showed
an excellent cycle life with a capacity over 1400 cycles in the ionic
liquid electrolyte, which is much superior to the Si-alone electrode
(Fig. S3). The CE of the electrode was low in the initial 10 cycles
regardless of the electrolyte, which indicates that decomposition of
the electrolyte occurred (Fig. S2). A drop in the CE was observed
approximately the 60th cycle in the organic electrolyte, which was
mainly caused by electrode disintegration and by electrolyte
decomposition at a new surface. In contrast, no decrease in the CE
was observed in the ionic liquid electrolyte, indicating no electrode
disintegration.



(a) Before cycle

(b) After 200 cycles (LITFSA/PC)
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(c) After 200 cycles (LIFSA/Py13-FSA)

Figure 2. FE-SEM images of P-doped Si electrodes (a) before and (b and c) after 200 cycles. The electrodes were cycled in (b) LITFSA/PC or
(c) LIFSA/Py13-FSA under a charge capacity limit of 1000 mA h g™'. The surface roughness is shown in the bottom left of the images.

To reveal the reasons for the difference in the cycling
performance of the P-doped Si electrode in the organic and ionic
liquid electrolytes, we evaluated the surface morphology by field
emission scanning electron microscopy (FE-SEM). Fig. 2 shows an
FE-SEM image of the electrode surface before cycling and after the
200th cycle. The surface roughness calculated by confocal laser
scanning microscopy is also shown in the bottom left of the image.
Although the surface before cycling was relatively flat, it became
clearly rough in the organic electrolyte, and the roughness was
obviously larger than that before cycling, which indicates electrode
disintegration. In contrast, the surface was flat in the ionic liquid
electrolyte, and its roughness was small (before cycle: 0.7£0.04 um,
organic electrolyte: 5.1£3.2 um, ionic liquid electrolyte: 1.3+0.2 um).

To clarify the mechanism of electrode disintegration, we
investigated the distribution of ¢-Si and amorphous Si (a-Si) on the
electrode after charge-discharge cycling by Raman mapping
analysis (Fig. 3) "®. The spot diameter of Raman spectroscopy is
710 nm. The red-colored region indicates the presence of crystalline
Si, which is Si that is unreacted with Li, and other colored regions
indicate Si that has reacted with Li. In the organic electrolyte, ¢-Si
corresponds to the red color in the image and is unevenly distributed
on the electrode surface (Fig. 3a), which indicates that alloying-

dealloying reactions of P-doped Si with Li proceed inhomogeneously.

PC-based electrolytes are decomposed to form surface films with
uneven thicknesses on the electrodes ['\. Li* should be preferentially
stored within the P-doped Si through a thinner area of the surface
film, where stress is locally generated and strain is accumulated.
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Therefore, in the organic electrolyte, electrode disintegration should
occur at a relatively early stage. In contrast, domains of Si that
partially lost their crystallinity, corresponding to the green color in the
image, were homogeneously distributed over the electrode surface
in the ionic liquid electrode (Fig. 3b). This result is because the
surface film derived from the ionic liquid electrolyte is thinner and
more stable than that from the organic electrolyte '8l Therefore, the
ionic liquid electrolyte suppressed the electrode disintegration and
improved the cycling performance of the P-doped Si electrode.
Raman mapping (Fig. 3a and b) was measured at a narrow area
(7x7 um?). Thus, to investigate whether the above insights can be
obtained in a wide area, the Raman spectra were measured at an
arbitrary point of 100 um?2. Fig. 3c shows the dependence of the
mean value of the Raman shift of the P-doped Si and its standard
deviation on the cycle number in the organic and ionic liquid
electrolytes. Regardless of the electrolyte, the Raman shift
decreased with an increase in the cycle number and reached a
constant value after 2 cycles. Although the median was nearly the
same, the standard deviation in the ionic liquid electrolyte was
smaller than that in the organic electrolyte, which is a similar trend
for the Si-alone electrode (Fig. S4). This result revealed that the
alloying-dealloying reaction of P-doped Si with Li in the ionic liquid
electrolyte was homogeneous and that the results of Fig. 3a and b
can be reflected in the wide area.

Because not all ionic liquid electrolytes may improve the
cycling performance of the P-doped Si electrode, we investigated the
performance in various ionic liquid electrolytes, as shown in Fig. 4a.
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Figure 3. Raman images of the P-doped Si electrode surface after the 10th cycle in the electrolytes using (a) LITFSA/PC and (b)
LiFSA/Py13-FSA. The Raman map was made by plotting the band position with maximum intensity in the wavenumber range from 490 to
520 cm™. The mapping area is 7 x7 um? Red-colored regions indicates the presence of crystalline Si (unreacted Si with Li). (c) The
correlation between the Raman shift and cycle number of P-doped Si electrodes. The charge/discharge tests were carried out in 1 M

LiFSA/Py13-FSA or LITFSA/PC.
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Figure 4. (a) Cycling performance and (b) rate capability of
a P-doped Si electrode in various ionic liquid electrolytes.

We selected a pyrrolidinium-based ionic liquid electrolyte with
excellent resistance against oxidation and reduction and an
imidazolium-based electrolyte with a relatively high ionic conductivity
11920l Gomparing two ionic liquid electrolytes consisting of the Py13
cation, the discharge capacity of 1000 mA h g' decayed at
approximately 600 cycles in the TFSA-based electrolyte, whereas
the P-doped Si electrode maintained the capacity over 1400 cycles
in the FSA-based electrolyte. This difference should be due to a
decomposition mechanism of anion species; the S-N bond of the
TFSA anion is preferentially broken 2", whereas the S-F bond of the
FSA anion is broken and F is released quickly, resulting in the
formation of LiF. Since LiF contributes to the structural stability of the
surface film "8, the P-doped Si electrode exhibited excellent cycling
life in the FSA-based ionic liquid electrolyte. When the EMI cation
was used, the discharge capacity of the P-doped Si electrode did not
reach 1000 mA h g and decayed at the early stage in the TFSA-
based electrolyte, which is inferior to the performance in the organic
electrolyte. This result is because the EMI cation has poor reduction
resistance and is easily decomposed. Thus, the CE in EMI-TFSA
was much lower than that in the other electrolytes (Fig. S5a). In
contrast, the electrode maintained the capacity over 1200 cycles in
the FSA-based electrolyte. This tendency of cycling performance is
the same in an ionic liquid electrolyte consisting of a Py13 cation,
which demonstrates that an FSA-based electrolyte is useful for
improving the cycle life of a P-doped Si electrode.
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Fig. 4b shows the rate performance of P-doped Si electrodes
in various ionic liquid electrolytes. The electrode exhibited
remarkable rate performance in the FSA-based electrolytes, which is
comparable to the performance in organic electrolytes. The FSA-
based ionic liquid electrolytes showed higher ionic conductivity than
the TFSA-based electrolyte (LiIFSA/Py13-FSA: 54 mS cm”,
LIFSA/EMI-FSA: 12.3 mS cm, LiTFSA/Py13-TFSA: 2.3 mS cm™,
LITFSA/EMI-TFSA: 3.8 mS cm™, LiTFSA/PC: 5.6 mS cm). While
the conductivity of LITFSA/EMI-TFSA was higher than that of
LITFSA/Py13-TFSA, the rate capability was poorer in EMI-based
electrolytes. As mentioned above, this result is attributed to the poor
reduction resistance of the EMI cation (Fig. S5b). Thus, the P-doped
Si electrode only showed poor rate capability; the discharge capacity
did not reach 1000 mA h g' in LiITFSA/EMI-TFSA. Since the
diffusion of Li* in the electrolyte is dominant at high rates, the
electrode showed excellent rate performance in FSA-based
electrolytes with high ionic conductivity. Therefore, for the P-doped
Si electrode, it was revealed that both LiFSA/Py13-FSA and
LiIFSA/EMI-FSA can effectively realize the potential of the negative
electrode performance. In addition, we confirmed that the electrode
showed much more superior rate performance than the Si-alone
electrode; a discharge capacity of 500 mA h g™ was only retained at
10 Cin LiFSA/Py13-FSA (data not shown).

In summary, we investigated the electrochemical performance
of a P-doped Si negative electrode for a LIB in various liquid
electrolytes. Although the P-doped Si electrode retained a discharge
capacity of 1000 mA h g only up to 170 cycles in an organic
electrolyte, the electrode showed an excellent cycling performance
with a capacity beyond 1200 cycles in the FSA-based ionic liquid
electrolytes. The lithiation/delithiation reaction of P-doped Si
occurred uniformly on the electrode in the ionic liquid electrolytes,
and the expansion and contraction of P-doped Si occurred overall,
which avoided high stress and large strain. Thus, the electrode
disintegration was suppressed in the ionic liquid electrolytes. In
addition, the cycling performance in FSA-based electrolytes was
much more superior than that in TFSA-based electrolytes. LiF is
more likely to form in FSA-based electrolytes. Since LiF contributes
to the structural stability of the surface film, the P-doped Si electrode
exhibited excellent cycle life in the electrolytes. In addition, the
electrode showed good rate performance in FSA-based electrolytes,
which resulted from higher ionic conductivity. It is concluded that
FSA-based ionic liquid electrolytes could be successfully applied to a
P-doped Si negative electrode and that they represent one type of
promising electrolyte for next-generation LIBs with this electrode.

Supporting Information Summary

An experimental section, characterization data, cycling
performance of the Si-alone electrode, and other electrochemical
performance of the P-doped Si electrode are available in the
Supporting Information.
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A P-doped Si electrode exhibited excellent cycling performance with a discharge capacity of 1000 mA h g over 1400 cycles in an
ionic liquid electrolyte, whereas the capacity decayed at approximately the 170th cycle in an organic electrolyte. It is concluded that the
ionic liquid electrolytes could be successfully applied to a P-doped Si electrode and that they represent one type of promising electrolyte for
next-generation LIBs with this electrode.



