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ABSTRACT

A Si-based negative electrode for lithium ion batteries (LIBs) is produced from methanol solutions
of single-nanometer-size B and P co-doped Si nanoparticles (NPs) by drop-coating the solution on
a substrate in air without using binders and conductive additives. Stable charge-discharge cycles
are observed for films produced from Si NPs in the size range from less than 2 nm to 12.5 nm in

diameter. It is shown that the performance and the stability of the electrodes depend strongly on



the size. The initial capacity increases with the size, while the stability decreases. The optimum
diameter is ~7 nm. In the electrode made from 7 nm-diameter B and P co-doped Si NPs, the
capacity is ~3300 mAh/g and the coulombic efficiency is ~97 % at a charge-discharge rate of 0.2C-

rate.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have commonly been used in portable electronic devices, power
tools, electric vehicles (EVs), and energy storage systems.'” To deal with the everlasting
requirement to increase the energy density, silicon (Si)-based materials are gaining attention as a
new negative electrode material due to their significantly higher theoretical capacity compared to
graphite-based materials®® and safety.”!® Disadvantages of Si-based electrodes are the small
electrical conductivity, the formation of unstable solid electrolyte interphase (SEI), and the
significant volume expansion (300-400 %) during charge-discharge cycles. The volume expansion
leads to the structural breakdown, and cracks formed on SEI expose fresh Si surface and cause the
formation of new SEI. This reduces the battery capacity due to continuous consumption of Li and
electrolyte.!'1?

An effective approach to address the stability problem of a Si-based electrode is incorporating
structural buffer in an electrode, i.e., nanostructuring of an electrode, to absorb the volume
expansion.'“?2? A variety of Si nanostructures have been tested and the structural damage is shown

to be alleviated when the size of the nanostructures is smaller than ~150 nm.?* For example, in an

electrode with a core-shell fibrous structure composed of Si nanoparticles (NPs) tens of



nanometers and carbon nanotubes, an initial discharge capacity of 1305 mAh/g and 99 % capacity
retention after 100 cycles at 0.2C-rate are achieved.”* In an electrode with Si NPs 10 nm in
diameter coated with carbon, an initial discharge capacity of 3380 mAh/g and 98 % capacity
retention after 40 cycles are reported.”® These results raise an expectation that higher performance
and stability might be achieved by further reducing the size of Si NPs. However, experimental
studies on a negative electrode made from Si NPs smaller than 10 nm in size are very limited due
to the structural instability such as the low oxidation resistance.

In addition to the nanostructuring, alloying with other elements such as boron (B),®2®

phosphorus (P),?** nitrogen (N),* carbon (C),* and germanium (Ge)*®3’

improves the stability
of'a Si-based electrode. For example, an increase in structural stability during the charge-discharge
cycle is reported in heavily P doped Si NPs 100-500 nm in size.?’ Similarly, in an eggshell-
structured N-doped Si composite, an improvement in the stability of the interface between an
electrode and electrolyte is reported.>*

In this work, we apply the alloying strategy to single-nanometer-size Si NPs to improve the
stability for charge-discharge cycles. We have developed spherical Si NPs smaller than 10 nm in
diameter in which B and P are heavily doped.*®**° In B and P codoped Si NPs, the energy levels
are modified by the impurity doping as well as the quantum size effects, and the
photoluminescence energies are a few hundred meV lower than those of undoped Si NPs with
comparable sizes.*! The co-doping modifies not only the energy level structures of Si NPs, but
also the chemical properties. For example, the B and P co-doped Si NPs have the negative surface
potential and are dispersible in aqueous media without any surface functionalization processes.

Furthermore, they have high oxidation resistance compared to undoped Si NPs with comparable

sizes, and exhibit superior performance as a photocatalyst and a photoelectrode for hydrogen



evolution.*>* These properties arise from the specific core/shell structure of co-doped Si NPs; the
core is crystalline Si and the shell is an amorphous layer composed of B, Si, and P.**#¢ The shell
induces high stability in Si NPs in different environment and in different electrochemical reactions.
These previous studies in combination with the small size may suggest that the B and P co-doped
Si NPs exhibit high stability for charge-discharge cycles in a LIB negative electrode.

In this paper, we produce LIB negative electrodes from colloidal solutions of B and P co-doped
Si NPs 2 to 12.5 nm in diameters. Since the size distribution of co-doped Si NPs in solution is
relatively small, we can study the size dependence of the performance in the single-nanometer size
range. We show that the negative electrode can be produced just by drop-coating the solution to a
substrate and drying in air in usual atmosphere. We also show that the performance and the stability
depend on the size within the small size range, and the best balance is obtained when the diameter

1s 7 nm.

2. EXPERIMENTAL SECTION
2.1 Preparation and characterization of B and P co-doped Si NPs.

Figure 1(a) shows the procedure to produce a methanol solution of B and P co-doped Si NPs.
First, a Si-rich borophosphosilicate glass (BPSG) film was deposited on a stainless-steel plate by
a cosputtering method. The sputtering target was a 4-inch-diameter sintered plate (4 mm in
thickness) of phosphosilicate glass (PSG) (SiO2: P2Os=95:5 wt%) on which 4 pieces of crystalline
Si plates (10 mm x 20 mm x 0.5 mm) and 4 pieces of B20O3 lumps (15 mm x 15 mm x 5 mm) were
placed. Sputtering was made in an Ar gas atmosphere (2.0 x 10 torr) with the sputtering power
of 200 W in an rf-sputtering apparatus (SPF-210HS, Anelva). The substrate was a stainless-steel

plate 3 inches in diameter and 100 um in thickness. The substrate was not intentionally heated



during the sputtering. A Si-rich BPSG film about 30 um in thickness was deposited in 10 hours of
sputtering. The thick Si-rich BPSG films were not stable on a stainless-steel plate, and cracks
appeared just after the exposure to air. Therefore, the film could easily be peeled off from the plate
and the flakes were collected in a crucible. The flakes were annealed in a N2 gas atmosphere at
1000-1300 °C for 30 minutes in a tube furnace. This resulted in the disproportionation of Si-rich
BPSG and the growth of B and P co-doped Si NPs in BPSG matrices. The size of Si NPs was
controlled by the annealing temperature. Si NPs were then liberated from the matrices by
hydrofluoric acid (HF) (48 wt.%) etching in an ultrasonic bath for 1 hour. Liberated Si NPs were
transferred to methanol by using an ultrafiltration concentrator (VS0232: Sartorius Stedim Biotech
GmbH).

Figure 1(b) shows a methanol solution of Si NPs just after preparation and 10 days after
preparation. The solutions are very clear and no agglomerates are seen even after 10 days storage.
This is a significant difference from a conventional undoped Si NPs, which quickly form
agglomerates in a solution. Undoped Si NPs are also quickly oxidized in methanol when the size
is in the single-nanometer range and the solution becomes whitish (see Figure S1 in Supporting
Information). On the other hand, the state of Figure 2(b) continues more than years in co-doped Si
NPs.

In previous work, we thoroughly characterized the B and P co-doped Si NPs by high-resolution
TEM,* X-ray photoelectron spectroscopy (XPS),*” Raman scattering,*” atom probe tomography
(APT),* etc. In Figure 1(c), we show a typical TEM image of a co-doped Si NP. We can clearly
see the crystalline-core/amorphous-shell structure. The shell is not the surface oxide, since it is
observed in TEM even for Si NPs just after HF etching. In these fresh Si NPs, the infrared (IR)

absorption spectra are dominated by the Si-H modes and the intensity of the Si-O-Si stretching



modes is very small.* APT, XPS, Raman spectroscopy and IR absorption spectroscopy revealed
that the amorphous shell is mainly composed of B, Si, and P, i.e., the shell is heavily B and P
doped amorphous Si.*>#%475% By APT, we studied the distributions of B and P in a Si NP in detail
and found that B atoms preferentially stay in the outer surface and P distribution is slightly

inside.*! The shell is conductive and thus we can produce a thin film transistor (TFT) by using a

1.52

film of codoped Si NPs as a channel.” The shell has the negative surface potential, which makes

the NPs dispersible in methanol. The shell also provides high oxidation resistance to the NPs. This

allows us to treat the NPs outside a grove box.
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Figure 1. (a) Schematic illustration of the preparation process of B and P co-doped Si NPs. (b)
Photographs of methanol solutions of Si NPs grown at 1200 °C just after preparation (left) and ten
days later (right). (¢) TEM image of a Si NP. The lattice fringe corresponds to {111} planes of Si

crystal.

In this work, we prepare 4 different size Si NPs by changing the growth temperatures (7,) from
1000 to 1300 °C. Figure 2(a)-(d) shows the TEM images of Si NPs grown at 1000, 1100, 1200 and
1300 °C, respectively. When the growth temperature is 1000 °C, crystalline Si NPs are scarcely
observed and the irregular-shape amorphous structure is seen in the TEM image (Figure 2(a)). On
the other hand, above 1100 °C, crystalline Si NPs are grown. The size increases with increasing
the growth temperature. Figure 2(e) shows the size distributions obtained from the TEM images.
The average diameters (Dave) are 5.1, 7.0, and 12.5 nm when the growth temperature is 1100, 1200,
and 1300°C, respectively. Figure. 2(f) shows Si 2p XPS spectra of Si NPs prepared with different
temperatures. The spectra are measured after two days storage in methanol. Despite the very small
size, the Si® (99.5 eV) signal can clearly be seen in addition to the signals from the oxidized states
Si'*- Si** (102.6-103.8 eV). The Si’ signal is larger in higher-temperature grown Si NPs. This
indicates that higher-temperature-grown Si NPs have higher oxidation resistance. It should be
stressed here that in undoped Si NPs, the Si® signal almost disappears after storage in methanol for
several days because of the formation of the native oxide with the thickness comparable to the

escape depth of photoelectrons on the surface (~2 nm)™ (see Figure S2 in Supporting Information).
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Figure 2. (a)-(d) TEM images of Si NPs grown at (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, and (d)
1300 °C. (e) Diameter of Si NPs estimated from the TEM images. The gray boxes show +c of the
size distribution and the vertical lines show the maximum and minimum diameters. The horizontal

lines are the average diameters. The average diameters are 5.1, 7.0, and 12.5 nm for Si NPs grown



at 1100 °C, 1200 °C and 1300 °C, respectively. (f) Si 2p XPS spectra of Si NPs grown at different

temperatures.

2.2 Preparation of electrode from methanol solution of B and P co-doped Si NPs.

In order to study intrinsic properties of B and P co-doped Si NPs as a material for a negative
electrode, we do not use binders and conductive additives and employ the simplest method for the
fabrication of the electrode. Figure 3(a) shows the procedure. We used a nickel (Ni) plate (0.1 mm
in thickness) cut into 10 mm x 20 mm in size as a substrate. After ultraviolet-ozone surface
treatment (UV-1: Samco) of a Ni plate, a methanol solution of Si NPs was dropped and dried at
room temperature in atmosphere. The amount of Si NPs dropped was about 0.1 mg. The active
area was 10 mm x 10 mm. Figure 3(b) shows the photograph of a Si NP electrode produced from
a solution of Si NPs 7.0 nm in average diameter. Note that similar high-quality films cannot be
produced from cloudy solutions of undoped Si NPs. Figure 3(c) and (d) shows the cross-sectional
SEM and EDS mapping images, respectively. These images confirm the formation of a thin film
of Si NPs on a Ni plate. The thickness is about 80 nm.
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Figure 3. (a) Preparation procedure of a Si NP electrode. (b) Photograph of a Si NP electrode
produced from the solution of Si NPs 7.0 nm in diameter. (c,d) Cross-sectional SEM (c) and EDS
elemental mapping (d) images of a Si NP electrode. (e) Schematic of three electrodes setup for

electrochemical measurement.

2.3 Electrochemical measurement

For the measurement of the charge-discharge properties, half-cells were assembled in an Ar gas
atmosphere in a glove box as schematically shown in Figure 3(e). A cylindrical cell with a base
diameter of 69.1 mm and a height of 96.5 mm was used for the measurements. The working
electrode was a Si NP film deposited on a Ni plate, and the counter and reference electrodes were
Li foils. The cell was filled with propylene carbonate (PC) (Nacalai Tesque Inc.) that was
dehydrated using molecular sieve 4A (Nacalai Tesque Inc.) after dissolving lithium perchlorate
(LiClO4) guaranteed reagent (Kishida Chemical Co.) at concentrations of 1.0 mol L™!. LiClO4 was
dried at 180 °C for 24 h in vacuo before dissolution. The electrochemical performance was tested
in an Ar atmospheric glove box by a potentiostat (Ivium Technologies). Charge and discharge

were performed at a rate of 0.2-1C within the voltage range of 0.00-2.50 V vs Li'/Li.

3. RESULTS AND DISCUSSION

Figure 4(a)-(d) shows the cyclic voltammogram (CV) obtained for Si NP electrodes produced
from different size Si NPs. In all the cases, a lithiation peak appears around 0.17 V vs Li*/Li during
the charging process, while a delithiation peak appears around 0.36 V and 0.48 V vs Li"/Li during
the discharge process. Therefore, the Si NP film produced from solutions of co-doped Si NPs work

as a negative electrode. The lithiation and delithiation currents increase with Si NP size despite the
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fact that the Si content is nearly the same. In the electrode made from the largest size Si NPs (12.5
nm in diameter), the lithiation and delithiation peaks gradually shift towards higher potential in
each charge-discharge cycle. This suggests that the electrode is less stable compared to those made
from smaller size Si NPs.

In order to see the change of Si NP structure after the lithiation/delithiation cycles, we perform
Raman scattering measurements and TEM observations before and after CV measurements. Figure
4(e) shows the Raman spectrum, the TEM image and the FFT image of the electrode made from
7.0 nm Si NPs before the CV measurement. The TEM image is obtained by scraping off a small
amount of NPs from the electrode surface. The Raman spectrum has crystalline Si peak at 520 cm’
!, This is consistent with the lattice fringes in the TEM image and the spots in the FFT image
corresponding to the {111} planes of Si crystal. The broad Raman band around 620 cm™! arises
from B-related local vibrations from the amorphous shell. In the case of undoped Si NPs, no such
peak exists (see Figure S3 in Supporting Information). Figure 4(f) and (g) shows the Raman spectra,
the TEM images and the FFT images after 2 and 10 cycles, respectively. We can see the decrease
of the intensity of the crystalline peak by the CV measurements. After 10 cycles, the peak
disappears and only a broad band around 480 cm™' remains. This is the signature of the
amorphization and is consistent with the disappearance of the spots in the FFT images. The
amorphization by the lithiation/delithiation cycles provides the evidence that the single-
nanometer-size B and P co-doped Si NPs work as the active material for a negative electrode. In
the Raman spectrum in Figure 4(g), a broad band around 620 cm™' remains even after 10 cycles.

This may suggest that the amorphous shell is very stable for the lithiation/delithiation processes.
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Figure 4. (a)-(d) CV curves of electrodes made from Si NPs grown at different temperatures, (a)
1000 °C, (b) 1100 °C (Dave=5.1 nm), (c) 1200 °C (Dave=7.0 nm) and (d) 1300 °C (Dave=12.5 nm).
(e)-(g) Raman scattering spectra, TEM images and the corresponding FFT images of a Si NP
electrode produced from Si NPs 7.0 nm in average diameter before CV measurement (e) and after

2 cycles (f) and 10 (g) cycles.

Figure 5(a-d) shows the charge-discharge potential profiles (0.0 - 2.5 V vs Li"/Li) at 0.5C-rate
obtained for Si NP electrodes produced from different size Si NPs, and Figure 5(e) shows the
discharge capacity up to 30 cycles. The capacity is in between the theoretical value of carbon (372
mAh/g) and that of Si (4200 mAh/g). The capacity depends strongly on the size of Si NPs. In Si
NPs grown at the lowest temperatures (1000 °C), the initial capacity is relatively low. This is due
to the higher proportion of surface oxide with respect to the total volume as can be seen in the XPS
spectrum in Figure 2(f). The initial capacity increases with the Si NP size, reaches the maximum

when the diameter is 7.0 nm, and then slightly decreases.
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In Figure 5(e), the capacity gradually increases with the cycle in smaller size Si NPs, while it
decreases in larger size Si NPs. In the electrode made from Si NPs grown at the lowest
temperatures (1000 °C), the capacity retention, i.e., the ratio of the capacity between the initial and
after 30th cycles, reaches 127 %. It decreases with increasing the size and is 58 % in the largest
size Si NPs (Dave=12.5 nm). The capacity decrease suggests destruction of the electrodes during
the cycles and continuous formation of SEI. This is consistent with the shift of the lithiation and
delithiation peaks towards higher potential in the CV cycles in Figure 4(d). These results suggest
that, even in the single nanometer-size range, size reduction plays a positive role to prevent the
structural breakdown, although the initial capacitance decreases due to the decrease of the volume
of non-surface Si.

Figure 5(f) shows the coulombic efficiency up to 30 cycles. The initial coulombic efficiency of
small Si NPs, i.e., those grown at 1000 °C and 1100 °C, at the early cycles is smaller than others,
and it gradually increases with the cycle. This phenomenon may be related to the XPS data in
Figure 2(f). Figure 2(f) indicates that lower-temperature-grown Si NPs are more vulnerable for
oxidation, and thus they are expected to have lower conductivity compared to higher temperature
grown ones. The low conductivity results in the slow formation of SEI and gradual increase of the
coulombic efficiency. In Figure 5(f), the coulombic efficiency is the most stable in 7.0 nm-
diameter Si NPs and the highest value is 97.8 %. Combining the data in Figure 4 and 5, Si NPs 7.0
nm in diameter has the highest performance among different size B and P co-doped Si NPs. Figure
5(g) shows charge-discharge potential profiles of the electrode of Si NPs 7.0 nm in diameter
measured at various current densities, and Figure 5(h) shows the discharge capacity up to 30 cycles.

The capacity reaches around 3300 mAh/g at 0.2C-rate.
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Figure5. (a-d) Charge-discharge potential profiles (0.0 - 2.5 V vs Li"/Li) at 0.5 C-rate (1C-rate =
4.2 Ag") of electrodes made from Si NPs grown at different temperatures, (a) 1000 °C, (b) 1100
°C (Dave=5.1 nm), (c¢) 1200 °C (Dave=7.0 nm), and (d) 1300 °C (Dave=12.5 nm). (e) Discharge

capacity up to 30 cycles. (f) coulombic efficiency at 0.5C-rate. (g, h) Charge-discharge potential
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profiles measured at various C-rate (g) and discharge capacity up to 30 cycles (h) of the electrode

made from Si NPs 7.0 nm in diameter.

4. CONCLUSION

We produced a Si NP electrode for LiB from methanol solutions of single-nanometer-size B and
P co-doped Si NPs by drop-coating the solution on a substrate in air, and studied the size
dependence of the performance and the stability. The diameter of Si NPs was changed from less
than 2 nm to 12.5 nm. We showed that all the films produced from different size Si NPs worked
as a negative electrode without binders and conductive additives, and they did not peel off during
30 charge-discharge cycles. We also showed that the performance and the stability depend strongly
on the size. The initial capacity increased with the size, while the stability decreased. We found
that the optimum diameter is ~7 nm. In the electrode made from 7.0 nm-diameter Si NPs, the

capacity was ~3300 mAh/g and the Coulombic efficiency was ~97 % at 0.2C-rate.

Supporting Information

Photos of MeOH solutions of undoped Si NPs immediately after preparation and after three days,

Si 2p XPS spectrum of undoped Si NPs grown at 1200 °C, and Raman scattering spectrum of

undoped Si NPs grown at 1200 °C before a charge/discharge measurement.
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