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Abstract: The impact of full prelithiation on the rate and cycle performance of a Si-based Li-ion
capacitor (LIC) was investigated. Full prelithiation of the anode was achieved by assembling a half
cell with a 2 um-sized Si anode (0 V vs. Li/Li*) and Li metal. A three-electrode full cell (100%
prelithiation) was assembled using an activated carbon (AC) cathode with a high specific surface
area (3041 m2/ g), fully prelithiated Si anode, and Li metal reference electrode. A three-electrode
full cell (87% prelithiation) using a Si anode prelithiated with 87% Li ions was also assembled. Both
cells displayed similar energy density levels at a lower power density (200 Wh/kg at <100 W/kg;
based on the total mass of AC and Si). However, at a higher power density (1 kW /kg), the 100%
prelithiation cell maintained a high energy density (180 Wh/kg), whereas that of the 87% prelithiation
cell was significantly reduced (80 Wh/kg). During charge/discharge cycling at ~1 kW /kg, the energy
density retention of the 100% prelithiation cell was higher than that of the 87% prelithiation cell. The
larger irreversibility of the Si anode during the initial Li-ion uptake/release cycles confirmed that the
simple full prelithiation process is essential for Si-based LIC cells.
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1. Introduction

The development of capacitor-based energy storage technology that can compensate
for the shortcomings of secondary batteries, such as low power density, limited cycle
life, restriction of excessive discharge, and high cost, is underway. Electric double-layer
capacitors (EDLCs) have been used as high-power and long-life energy storage devices
in electronic, automobile, energy-harvesting, and power-leveling/backup applications;
however, they have the disadvantage of low energy density. Activated carbons (ACs) have
generally been used as active materials in EDLC electrodes because they can achieve a larger
surface area on the electrode, and thereby produce a wider electric double layer between
the electrode and the electrolyte. Li-ion capacitors (LICs) are recognized as promising
energy storage devices to overcome the low energy density of EDLCs while maintaining
the high power density and long cycle life of capacitors. The higher energy density of LICs
is due to an increased cell voltage (~4 V), which is attributed to low and narrow variation
in the anode potential during charge/discharge cycling [1]. In LICs, the anode potential
has previously been lowered by doping Li ions into the anode active material at a designed
quantity, known as the prelithiation or predoping process. Thus, for LIC cell assembly, the
prelithiation process is generally essential to decrease the initial potential of the anode [2].

During the initial Li-ion insertion/extraction cycles within the anode active material,
an irreversible capacity may occur via the formation of a solid electrolyte interphase (SEI)
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on its surface and/or the passivation of Li ions within its bulk, which consumes Li ions
dispersed in the electrolyte. In addition to the primary role of lowering the initial potential
of the anode, the prelithiation process also has the important function of removing the
irreversible capacity of the anode [3-5]. Prelithiation methods can generally be divided into
short-circuit and electrochemical prelithiation strategies [4,5]. Another prelithiation method
using stabilized Li metal powder (SLMP) has also been proposed. However, the manufac-
turing cost of SLMP is much higher than that of untreated Li foil, and the understanding of
SEI formation, safety, and aging behavior for cathodes that have been prelithiated using
SLMP is insufficient [4]. The short-circuit prelithiation method is performed by placing
the anode with Li metal in direct contact with an electrolyte that contains Li ions [6] or by
shorting two terminals that are individually connected to the anode and Li metal, both of
which are saturated with a Li-ion-dispersed electrolyte and installed in a common cell. This
method has the advantages of simplicity and easy scale-up; however, it is difficult to control
the quantity of Li ions inserted into the anode (that is, the degree of prelithiation) [7,8]. For
the electrochemical prelithiation method, the two terminals previously described and a
battery testing machine are used, and Li ions are doped into the anode under controlled
current conditions inside the cell. By monitoring the potential between the anode and Li
metal, as well as the charge quantity (time integral of current) spent for the insertion of
Li ions, the level of prelithiation can be accurately adjusted. However, this method is not
suitable for the mass production and low-cost fabrication of LIC cells.

Various anode active materials, including metal oxides (e.g., Mn oxides and Fe oxides),
carbonaceous materials (e.g., graphite and porous carbon), Ge, and Sn, have been applied
in Li-ion batteries [9-11]. For LICs, graphite, hard carbon, and LisTisO;, have been used
as conventional anode active materials [12-14]. An increased quantity of Li ions doped
into the anode reduces the anode potential, thereby increasing the cell voltage. However,
excessive doping of Li ions into the anode can produce excessive Li metal deposition
or Li passivation within the anode, thereby deteriorating the cycle performance of the
LIC cell [15]. Therefore, prelithiation exceeding the theoretical specific capacity of the
anode active material is not preferred. The optimum prelithiation degree for the graphite
anode in LIC cells has been reported to be 70-80%, which refers to the theoretical specific
capacity of graphite (372 mAh/g) [16]. Moreover, it has been reported that the suitable
prelithiation degree for the LiyTisO7 anode in LIC cells is in the range of 34-102 mAh/g,
which corresponds to 20-59% of its theoretical specific capacity (173 mAh/g) [17]. In
addition to the theoretical specific capacity of the anode active material, the working cell
voltage range and active mass ratio of the cathode to the anode should be considered to
avoid exceeding the theoretical capacity of the anode [5,15,18].

Si has attracted considerable attention as an LIC anode active material because of its
very high specific capacity with regard to Li-ion insertion/extraction (3580 mAh/g at room
temperature, 10 times higher than that of graphite) [19-21]. The use of Si has the advantage
of increasing the energy density of assembled LIC cells, thus enabling cell miniaturization.
However, the Si anode suffers from extreme volumetric expansion during Li-ion uptake
and release (~280% [22]), which causes the cracking of Si particles coated on the Cu current
collector with an added binder and carbonaceous conductive agent [23]. This cracking
may produce new interfaces between the electrolyte and opened cracks, which allows the
reformation of SEI films and, thus, the consumption of Li ions. Furthermore, it weakens
physical adhesion between Si particles, conductive agent particles, and the current collector,
which increases the internal anode resistance [24-26]. The gradual loss of Li ions and
increase in internal resistance may reduce the cycle stability of LIC cells. Using polyimide
as an anode binder, Eguchi et al. developed a Si-based LIC that maintained 88% of its initial
cell capacity after 2000 charge/discharge cycles in the cell voltage range of 2.0-4.0 V [27].
However, the appropriate prelithiation degree for Si-based anodes was not mentioned.
Good cycle performance for an assembled full cell was achieved by using rice-husk-derived
C/SiOx as the LIC anode active material and applying a short-circuit prelithiation process
by shorting the half cell composed of SiOy and Li metal for 24 h, without the extraction
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of excessive Li ions [28]. Therefore, it may be convenient to enhance the productivity of
LIC cells by subjecting the Si-based anode to a simple prelithiation process, either through
short-circuit prelithiation or by simply decreasing the Si anode potential to 0 V vs. Li/Li*.

The prelithiation process is vital in LIC cell assemblies because it has a large impact on
various cell performance characteristics, such as cell capacitance, internal resistance, energy
and power density, rate capability, and cycle stability [4,5]. In this study, a Si-based anode
that was fully lithiated by lowering the potential to 0 V vs. Li/Li* in a half-cell configuration
was incorporated into a three-electrode full cell with an AC cathode (hereafter defined as
100% prelithiation cell), which provided variations in cathode and anode potentials during
the rate and cycle tests. A three-electrode full cell was also assembled using a Si-based
anode in which 87% of Li ions used for the full prelithiation cell was inserted (defined as
the 87% prelithiation cell), and its rate and cycle performance was compared with that of
the 100% prelithiation cell. Subsequently, the influence of excessive Li ions, provided by
prelithiation, on the rate and cycle performance of the LIC cells was evaluated based on the
performance comparison. Using electrochemical impedance spectroscopy (EIS), resistive
and capacitive components produced in the LIC cells were also evaluated.

2. Results and Discussion
2.1. Prelithiation of Si Anode

For LIC cell assembly at different degrees of prelithiation, Li ions were galvanostati-
cally inserted into the Si anodes in the half-cell configuration. Figure 1 shows the potential—-
specific capacity profiles of the Si anodes during the prelithiation process. To prepare the
100% prelithiated Si anode, the Li-ion insertion specific capacity was 3461 mAh/g-Si. For
the 87% prelithiated Si anode, Li-ion insertion was permitted up to a specific capacity
of 3022 mAh/g-Si (87% of 3461 mAh/g-Si) at 0.037 V vs. Li/Li*. Thus, the margin for
the 87% prelithiated Si anode to reach the maximum specific capacity was 439 mAh/g-5i.
In contrast, the specific capacity of the AC cathode, which required an increase in the
potential from 3.0 to 4.0 V vs. Li/Li* in the half-cell configuration, was 58 mAh/g-AC [28].
Assuming the initial potentials of the Si anode and AC cathode were 0 and 3.0 V vs. Li/Li",
respectively, and the mass ratio of AC to Si was 3.9 in the LIC full-cell assembly, the
quantity of Li ions inserted into the Si anode at the maximum cell voltage (4.0 V) was
estimated to be 226 (= 3.9 x 58) mAh/g-Si. Thus, in the fully charged state (4.0 V), the Si
anode in the 100% prelithiation cell should accommodate excess Li ions of 226 mAh/g-Si
(6.5% of 3461 mAh/g-Si), while the Si anode in the 87% prelithiation cell has a margin of
213 mAh/g-5i (6.2% of 3461 mAh/g-5i) to achieve the maximum specific capacity.
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Figure 1. Potential variations of the Si anodes during the prelithiation processes of the 100% and 87%
prelithiation cells.
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2.2. Rate Capability of LIC Cells

Three-electrode systems composed of 100% and 87% prelithiation LIC cells were repeat-
edly charged and discharged at different current densities, and variations in the potentials
of the AC cathode and Si anode were recorded. Figure 2 shows the cell voltage-specific
capacity profiles and the potential variations in the cathode and anode for the two cells.
During initial charging at the lowest current density of 0.05 mA /cm?, specific capaci-
ties of 70.0 and 79.1 mAh/g-AC + Si were required for the 100% and 87% prelithiation
cells, respectively. The cathode potential of the 100% prelithiation cell increased from
2.45t04.09 V vs. Li/Li* with a cathode specific capacity of 8 mAh/g-AC, whereas that of
the 87% prelithiation cell increased from 2.56 to 4.21 V vs. Li/Li* with a cathode specific
capacity of 99 mAh/g-AC. The anode potential of the 100% prelithiation cell decreased
from 0.45 to 0.09 V vs. Li/Li*" with an anode specific capacity of 349 mAh/g-Si, whereas
that of the 87% prelithiation cell decreased from 0.55 to 0.21 V vs. Li/Li*" with an anode
specific capacity of 376 mAh/g-Si. During the discharge process at 0.05 mA /cm?, the 100%
and 87% prelithiation cells exhibited specific capacities of 68.7 and 73.7 mAh/g-AC + Si,
respectively, corresponding to charge/discharge Coulombic efficiencies of 98.1% and 93.2%,
respectively. The Coulombic efficiency was lower than 100%, indicating that irreversible
capacities occurred for the cells resulting from the loss of electrolytic ions or decomposition
of the electrolyte solvent. After the discharge process, the cathode potential of the 100%
prelithiation cell decreased to 2.46 V vs. Li/Li* (86 mAh/g-AC), whereas that of the 87%
prelithiation cell decreased to 2.59 V vs. Li/Li* (93 mAh/g-AC). The 100% and 87% pre-
lithiation cells permitted increases in anode potentials to 0.46 V vs. Li/Li* (343 mAh/g-5i)
and 0.58 V vs. Li/Li* (350 mAh/g-5i), respectively. Therefore, the full prelithiation process
was demonstrated to be beneficial for achieving reduced anode and cathode potentials
(~0.1 V decrement).

Increasing the current density during the charge/discharge processes reduced the cell
specific capacities of the 100% and 87% prelithiation cells. Notably, a larger decrease in
cell specific capacity was observed for the 87% prelithiation cell. Distinct differences
in the cell voltage and potential variations between the 100% and 87% prelithiation
cells were observed at a current density of 1.0 mA/cm?. For the discharge process at
1.0 mA /cm?, the specific capacities of the 100% and 87% prelithiation cells were 60.3 and
30.1 mAh/g-AC + Si, respectively. The cathode potential of the 100% prelithiation cell de-
creased from 3.95 to 2.64 V vs. Li/Li* with a specific capacity of 75 mAh/g-AC, whereas the
anode potential of the 100% prelithiation cell increased from —0.05 to 0.64 V vs. Li/Li* with
a specific capacity of 301 mAh/g-Si. For the 87% prelithiation cell, a decrease in the cathode
potential from 3.84 to 3.13 V vs. Li/Li" with a specific capacity of 38 mAh/g-AC and an
increase in the anode potential from —0.16 to 1.12 V vs. Li/Li* with a specific capacity of
147 mAh/g-5i were observed. Notably, the cell, cathode, and anode specific capacities of
the 87% prelithiation cell were halved compared with those of the 100% prelithiation cell at
1.0 mA/cm?. At current densities higher than 5 mA /cm?, the specific capacity of the 87%
prelithiation cell was negligible. Both the cell voltage-specific capacity profiles displayed
sharp voltage increases/decreases during the initial stage of the charge/discharge process
at >1.0 mA/cm?, and relatively larger increases and decreases were observed for the 87%
prelithiation cell. The cathode and anode potential variations indicated that larger voltage
increases/decreases were associated with the anode. Therefore, compared with shallow
prelithiation, the full prelithiation process was found to be useful for reducing the internal
resistance produced within Si-based LIC cells.

Ragone plots (energy density vs. power density) of the two cells are shown in Figure 3.
Both cells exhibited a high energy density of 200 Wh/kg-AC + Si at lower power densities
(<100 W/kg-AC + Si). At higher power densities, the energy density retention of the
100% prelithiation cell was greater than that of the 87% prelithiation cell. At a power
density of 1 kW /kg-AC + Si, the 100% prelithiation cell maintained an energy density of
180 Wh/kg-AC + Si, whereas the energy density of the 87% prelithiation cell decreased
to 100 Wh/kg-AC + Si. At a very high power density of >5 kW /kg-AC + Si, the energy
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density of the 87% prelithiation was significantly low. All the rate test results demonstrated
that full prelithiation of the Si anode contributed to an enhancement of the rate capability
of Si-based LIC cells. Conversely, the shallow prelithiation process promoted a reduction in
the rate capability under high-power-density operation.
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Figure 2. Variations in cell voltages and in cathode and anode potentials of the Si-based LICs during
the rate test. (a) Cell voltage—specific capacity profile of the 100% prelithiation cell, (b) potential
variations in the cathode and anode of the 100% prelithiation cell, (c) cell voltage—specific capacity
profile of the 87% prelithiation cell, and (d) potential variations in the cathode and anode of the 87%
prelithiation cell.
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Figure 3. Ragone plots of the 100% and 87% prelithiation cells based on rate test results.
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2.3. Impedance Analysis

Following the rate test, the impedance spectra of the 100% and 87% prelithiation cells
in the fully charged state (DC bias voltage: 4.0 V) were measured, as shown in Figure 4, and
analyzed according to a previously reported equivalent circuit that simulates the operation
of LIC cells [29]. This equivalent circuit can be applied to the typical impedance spectra
of LIC cells, which have two semicircles (resulting from two parallel connections of a
constant phase element (CPE) and resistance) and a straight line (resulting from diffusion
resistance). The CPEs in the equivalent circuit are used to represent the nonideal capacitive
behavior of the cell elements, which is associated with distributed reactivity, inhomogeneity,
porosity and surface roughness of electrodes, and current and potential distributions [30].
In Figure 4, R; is the electrolyte resistance; Rggr and CPEggy correspond to the resistance
and nonideal capacitance of the SEI formed on the Si anode, respectively; Rc and CPEc
correspond to the resistance and nonideal capacitance resulting from electron transfer at
and on the electrodes, respectively; and W is the diffusion resistance (Warburg impedance),
which has nonlinear behavior owing to the transport kinetics of ions. Pairs of compressed
semicircles were detected in the impedance spectra of the 100% and 87% prelithiation
cells, shown in the magnified inset, at lower frequencies (<63 and <50 Hz, respectively).
The real part of the impedance at the end of the second semicircle, which corresponds to
the sum of Rg, Rggy, and R¢, was determined to be 5.4 and 14.2 Q) for the 100% and 87%
prelithiation cells, respectively. At these frequencies, both cells displayed approximately
linear variations, which were caused by the ion-diffusion resistance at the interface between
the electrolyte and electrodes and within the electrodes. The total resistance (Rs, Rsgy, Rc,
and ion diffusion) of the 87% prelithiation cell was significantly higher than that of the 100%
prelithiation cell, which is consistent with the larger increases/decreases in cell voltage
observed during the initial stage of the charge/discharge process in the rate test.
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Figure 4. Impedance spectra (Nyquist plots) of the 100% and 87% prelithiation cells after the rate test
and the proposed equivalent circuit of the cells.

2.4. Cycle Stability of LIC Cells

A cycle test was performed for the 100% and 87% prelithiation cells at a constant
current density of 1.0 mA/cm?, corresponding to a power density of approximately
1 kW /kg-AC + Si. Figure 5 shows the cell voltage and the cathode and anode potential
profiles of the LIC cells at the 1st, 1000th, and 2000th cycles. During the earlier cycles, the
100% prelithiation cell showed a higher cell specific capacity than the 87% prelithiation cell.
The cell specific capacities of the charge and discharge processes during the 1st cycle for the
100% prelithiation cell were 63.6 and 62.0 mAh/g-AC + Si (97.5% Coulombic efficiency),
respectively, whereas those of the 87% prelithiation cell were 33.0 and 32.8 mAh/g-AC + Si
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(99.4%), respectively. Notably, even after the rate test, the 100% prelithiation cell main-
tained an irreversible capacity. As the number of cycles increased, the specific capacity

of both cells decreased, and a larger increase/decrease in the cell voltage was observed

during the initial stage of the charge/discharge process. During the 1st charge/discharge

cycle, the cathode potential of the 100% prelithiation cell increased from 2.70 to 4.01 V vs.
Li/Li* (80 mAh/g-AC) and then decreased to 2.71 V vs. Li/Li* (78 mAh/g-AC), whereas

its anode potential decreased from 0.70 to 0.01 V vs. Li/Li* (318 mAh/g-Si) and then

increased to 0.71 V vs. Li/Li* (310 mAh/g-5i). For the 87% prelithiation cell, the cathode

potential increased from 3.12 to 3.89 V vs. Li/Li* (42 mAh/g-AC) and then decreased to

3.13 V vs. Li/Li* (41 mAh/g-AC). The anode potential decreased from 1.11 to —0.11 V
vs. Li/Li* (160 mAh/g-5i) and then increased to 1.12 V vs. Li/Li* (158 mAh/g-Si). Based
on the approximately linear variation in the cathode potential for both cells, the potential
variations in the Si anodes were likely responsible for the nonlinearity of the cell voltage
variations. Because of the lower specific capacity of the Si anode at higher potentials
(>0.5 V vs. Li/Li"), the 87% prelithiation cell barely accepted outward current during the
initial charging state (2.0-2.5 V). As the number of charge/discharge cycles increased, the
specific capacity of the Si anodes in both cells decreased, whereas the potential increased.
After the 1000th cycle, the Si anode in the 100% prelithiation cell exhibited a decreased
specific capacity (166 mAh/g-Si) and elevated potential (1.45 V vs. Li/Li*) when the
discharge process was complete. After the 2000th cycle, the two cells exhibited similar cell
voltage and cathode and anode potential profiles, which suggested that a complete loss of
the Li-ion uptake and release function occurred in both Si anodes.
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Figure 5. Variations in cell voltages and in cathode and anode potentials of the Si-based LICs during
the cycle test at a constant current density of 1.0 mA/ cm?. (a) Cell voltage-specific capacity profile of
the 100% prelithiation cell, (b) potential variations in the cathode and anode of the 100% prelithiation
cell, (c) cell voltage-specific capacity profile of the 87% prelithiation cell, and (d) potential variations
in the cathode and anode of the 87% prelithiation cell.
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Figure 6 shows the energy densities and energy density retention of the LIC cells dur-
ing the cycle test. The initial energy densities of the 100% and 87% prelithiation cells were
174 and 92 Wh/kg-AC + Si, respectively. Up to the 1500th cycle, the 100% prelithiation cell
maintained an energy density higher than that of the 87% prelithiation cell. Subsequently,
both cells exhibited a similar energy density, which was reduced to <20 Wh/kg-AC + Si.
The energy density retention was also higher for the 100% prelithiation cell up to the 1000th
cycle. After the 1000th cycle, the 100% prelithiation cell exhibited a large decrease in energy
density retention. The anode potential profile of the 100% prelithiation cell (Figure 5b)
indicated that the Si anode allowed a large decrease in the specific capacity (approximately
halved by the 1000th cycle). When the cell was fully discharged, the Si anode displayed the
highest potential of >1.5 V vs. Li/Li*. This behavior is likely related to the progression of Si
particle pulverization and exfoliation resulting from the cyclic volume changes associated
with Li-ion uptake and release. The final energy density retentions of the 100% and 87%
prelithiation cells were 6.4% and 13.2%, respectively. The cycle test results demonstrated
that full prelithiation of the Si anode improved the cycle stability of LIC cells, although the
impact was limited to ~1000 cycles.
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Figure 6. Energy densities and energy density retention of the 100% and 87% prelithiation cells
during the cycle test at a constant current density of 1.0 mA /cm?.



Batteries 2022, 8, 49

9 of 14

2.5. Impact of Anode Full Prelithiation in Si-Based LICs

The rate and cycle test results clearly revealed that full prelithiation of the Si anode,
with the potential lowered to 0 V vs. Li/Li*, was effective in enhancing the rate and cycle
performance of the assembled LIC cell, as compared with conventional prelithiation with
marginal Li-ion uptake to restrict metallic Li formation. At the highest cell voltage of 4.0 V,
the 100% prelithiation cell was designed to accept excess Li ions (6.5% of the maximum
anode capacity), whereas the 87% prelithiation cell had a Li-ion acceptance that was 6.2%
of its maximum anode capacity. The superior rate and cycle performance of the 100%
prelithiation cell indicated that the excess inserted Li ions were consumed during the initial
charge/discharge cycles. As mentioned above, Si is susceptible to particle cracking during
the Li-ion insertion and extraction cycles, which produces successive SEI layers and thereby
causes the loss of Li ions from the electrolyte. In this study, the alleviation of Si particle
cracking was attempted using a polyimide binder. To investigate the Li-ion consumption
behavior of the Si anode, its fundamental cyclic Li-ion uptake and release properties were
evaluated in the half-cell configuration. Figure 7 shows the potential-specific capacity
profile, irreversible specific capacity, and Coulombic efficiency of the Si anode during
stepwise variation of the applied current density. The first Li-ion insertion into the Si anode
required a specific capacity of 3760 mAh/g-5i to decrease the potential from 3.26 to 0 V
vs. Li/Li*, and the first Li-ion extraction required a specific capacity of 2919 mAh/g-Si to
restore the potential to 1.0 V vs. Li/Li*. Thus, the Coulombic efficiency and irreversible
specific capacity of the first Li-ion insertion/extraction cycle were 77.6% and 841 mAh/g-Si,
respectively. During successive Li-ion insertion/extraction cycles, the irreversible specific
capacity did not readily attenuate to a negligible level. After the 1st to 5th cycles performed
ata current density of 0.1 mA/cm?, the total irreversible specific capacity was 1210 mAh/g-
5i, which was 32.2% of the specific capacity of the first Li-ion insertion. When the current
density increased from 0.1 to 1.0 mA/ cm? (after the 6th cycle), a lower Coulombic efficiency
(90.8%) and higher irreversible specific capacity (214 mAh/g-5Si) were observed, which
indicated that an increased flow of Li ions into the Si particles caused further cracking and
that Li ions were consumed by the formation of new SEI films. Therefore, it was confirmed
that the Si anode facilitated a large and gradual loss of Li ions during successive Li-ion
insertion/extraction cycles.
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Figure 7. Fundamental Li-ion insertion and extraction properties of the Si anode in the half-cell con-
figuration. (a) Potential-specific capacity profile and (b) irreversible specific capacity and Coulombic
efficiency of the Si anode during Li-ion insertion/extraction cycles at different current densities.

During the rate and cycle tests, the Coulombic efficiencies of the 100% and 87% pre-
lithiation cells did not reach 100% or close to 100%. This indicates that irreversible capacity
occurred for the 100% prelithiation cell, which was mainly attributed to the successive
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degradation of the Si anode within the Si-based LIC cells. Thus, even if the Si anode
accepted Li ions exceeding its maximum specific capacity, the excess Li ions were instantly
consumed to form new SEI films on the cracked Si particles, and the LIC cell operated
well during the subsequent charge/discharge cycles. Conversely, the 87% prelithiation cell
exhibited a greater reduction in rate and cycle performance. The conductivity of the Si elec-
trode is known to rapidly increase as alloying with Li progresses [22,23]. As demonstrated
above, the Si anode in the LIC cell reduced the number of Li ions for the reformation of
SEI films. Thus, the prelithiation process with a marginal capacity was not effective to
avoid the formation of metallic Li on the Si anode. The lower Li-ion content within the cell
increased the bulk resistance of the anode, the electron transfer resistance both on and in
the cathode and anode, and the ion-diffusion resistance, as confirmed by the impedance
analysis. Therefore, the Si-based LIC cell with shallow prelithiation facilitated an increase in
internal resistance and a reduction in rate capability. The increased resistance induced local
heating, thermal crack formation within the Si anode, and accelerated Li-ion consumption,
which resulted in the formation of thicker SEI films. The shallow prelithiation process was
not beneficial for increasing the cycle stability of the Si-based LIC cell. The predoping of
Liions into LIC anodes (up to their maximum capacities) has not been recommended to
maintain cycle stability thus far [16]. However, the full prelithiation of the Si anode was
demonstrated to be significantly favorable for Si-based LIC cells to compensate for the loss
of Li ions, which is more active during the initial charge/discharge cycles.

3. Materials and Methods

A coke-based AC from Maxsorb (Kansai Coke and Chemicals Co., Ltd., Amagasaki,
Japan) was used as the cathode active material in the LIC cells. Before use, AC was
pulverized using a planetary ball mill. The specific surface area and average particle
diameter of AC were 3041 m?/g and 12 um, respectively; the electrochemical performance
of this AC as an EDLC electrode has been previously reported in the literature [27]. For
cathode fabrication, AC, acetylene black (Denka Black, Denka Co., Ltd., Tokyo, Japan),
carboxymethyl cellulose (Cellogen 7A, DKS Co., Ltd., Kyoto, Japan), and styrene-butadiene
rubber (TRD2001, JSR Corporation, Tokyo, Japan) were mixed at a mass ratio of 80:10:5:5
and dispersed in distilled water. The resultant slurry was coated onto Al foil (20 um).
For anode fabrication, Si particles (Silgrain e-Si, Elkem ASA, Oslo, Norway), acetylene
black, and polyimide were mixed at a mass ratio of 80:5:15 and dispersed in N-methyl-2-
pyrrolidone (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan). The specific surface area
and average particle diameter of Si were 5 m?/g and 2 um, respectively [27]. Subsequently,
the resultant slurry was coated onto Cu foil (20 um). The coated Al and Cu foils were dried
at 100 °C for >5 h and then punched into ¢15 mm disk electrodes. The cathode was further
dried at 140 °C for 5 h, and the anode was dried at 200 °C for 5 h, both under vacuum. For
all cell assemblies, the prepared cathode and anode materials were transferred into a glove
box filled with Ar gas, with a dew point maintained at <—40 °C, without exposure to air.

Three half cells consisting of the Si anode, Li metal (¢15 mm, t0.2 mm, Honjo Metal
Co., Ltd., Higashi-Osaka, Japan) as the counter electrode, an electrolyte, and a separator
were assembled using a two-electrode cell system composed of stainless steel (HS Flat
Cell, Osaka, Hohsen Corporation, Tokyo, Japan). An electrolyte (1 mL) containing 1
mol/L lithium hexafluorophosphate in a 1:1 (v/v) mixture of ethylene carbonate and
diethyl carbonate (Kishida Chemical Co., Ltd., Japan) and a ¢23 mm porous polypropylene
separator (2500, Celgard LLC, Charlotte, USA) were used in the cells. The half cells were
removed from the glove box for the Si anode prelithiation process. For the first half cell, Li
ions were inserted into the Si anode up to its maximum capacity by decreasing its potential
to 0 Vvs. Li/Li* (full prelithiation) at a constant current density of 0.1 mA/ cm? using a
battery charge/discharge tester (HJ10055D8, Hokuto Denko Corporation, Tokyo, Japan).
Subsequently, the first half cell was transferred back into the glove box and disassembled.
Next, a three-electrode full cell (HS 3-electrode cell, Hohsen Corporation, Osaka, Japan)
was assembled by replacing the counter electrode of Li metal with an AC cathode and
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introducing a Li metal reference electrode to fabricate the 100% prelithiation cell. Similarly,
a Si anode with 87% Li-ion insertion relative to the fully prelithiated cell was prepared as
the second half cell. Using the 87% prelithiated Si anode, a three-electrode full cell was
assembled, yielding the 87% prelithiation cell. For the 100% prelithiation cell, the masses of
active materials loaded onto the cathode and anode were 3.95 and 0.99 mg, respectively,
whereas those for the 87% prelithiation cell were 4.00 and 1.04 mg, respectively. The active
mass ratio of cathode to anode for both cells was 3.9, and the cathode and anode bulk
densities were 0.3 and 0.9 g/cm?, respectively. The details of the active materials and
cathode-to-anode mass ratios used in the LIC cells are summarized in Table 1. A third half
cell composed of a Si anode and Li metal was used to evaluate the fundamental Li-ion
uptake and release properties of the Si anode (with an active mass of 4.28 mg) in the
potential range of 0-1.0 V vs. Li/Li*.

Table 1. Mass loadings, surface areas, and bulk densities of active materials for cathodes (AC) and
anodes (Si) coated on current collectors (915 mm) and cathode-to-anode mass ratios for LIC cells.

Active Material

Cell Mass Loading ! (mg) Surface Area 2 (m?) Bulk Density 3 (g/cm?) Cathode-to-A'node
Mass Ratio
Cathode Anode Cathode Anode Cathode Anode
100% Prelithiation Cell 3.95 0.99 12.0 x 108 4.95 0.28 0.93 3.99
87% Prelithiation Cell 4.00 1.04 12.2 x 10° 5.20 0.25 0.84 3.85

1 The masses of the conductive agents and binders used in the electrodes were excluded. 2 Surface area was
calculated by multiplying the mass loading by the specific surface area. 3 Bulk density was based on the mass
loading, electrode area, and coating thickness.

Rate tests were performed for the assembled LIC cells by increasing the current density
in a stepwise manner from 0.05 to 50 mA/cm? in the cell voltage range of 2.0-4.0 V, during
which the cell voltage and the cathode and anode potentials were observed. The detailed
rate test procedure is listed in Table 2. The energy and power densities of the cells were
calculated by dividing the released energy and average output power during the discharge
process using the total mass of AC and Si. The specific capacities of the cathode and anode
were calculated by dividing the cell capacity by the mass of AC and Si, respectively. Ragone
plots for the 100% and 87% prelithiation cells were prepared based on the power and energy
density data. The rate performance of the third half cell was also evaluated by increasing
the applied current in a stepwise manner. The potential of the Si anode was first decreased
to 0 Vvs. Li/Li* and then increased to 1.0 V vs. Li/Li" at a current density of 0.1 mA/ cm?.
Subsequently, the potential of the Si anode was decreased (Li-ion uptake) and increased
(Li-ion release) four times in the potential range of 0-1.0 V vs. Li/Li*. Using a similar
potential range, Li-ion uptake and release c