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Abstract: The emerging nickel-rich/silicon-graphite lithium-ion technology is showing a notable
increase in the specific energy, a main requirement for portable devices and electric vehicles. These
applications also demand short charging times, while actual charging methods for this technology
imply long time or a significant reduction in cycling life. This study analyses the factors that affect
the charge behavior for 18,650 commercial nickel-rich/silicon-graphite batteries. For that, long-term
cycling tests have been carried out, including electric vehicle standard tests. It can be concluded that
this technology has two key issues to develop an efficient charge method: high charge rates should be
avoided, mainly below 15% state of charge, and the charge should be finished at 95% of actual cell
capacity. This allows that, regardless of application and cell degradation level, cells can be recharged
in 2 h without a negative impact on cycling life. For faster charge applications, a new method has been
developed to minimize charging time without compromising the cycle life as much as the high current
manufacturer method. The proposed fast charge method has proven to be notably faster, recharging
in an average 1.3 h (48% less than the high current method and 68% less than the standard method).

Keywords: lithium-ion batteries; electric vehicles; fast charge methods; silicon-graphite electrodes;
nickel-rich electrodes

1. Introduction

The global demand for energy storage systems with high specific energy has increased
in the last years. In particular, the next generation of electric vehicles (EVs) will demand
technical improvements in their energy storage systems. Higher specific energy will be
required, without compromising the cycle life and the power capability of the energy
storage system [1-3].

Among the different energy storage technologies, lithium-ion batteries (LIBs) are one
of the most used in a wide range of applications, mainly in the automotive industry, due to
their specific energy and power capability. In particular, the market of NMC batteries for
hybrid and electric vehicles (EVs) has notably grown in the last few years, due to their high
specific energy and high nominal voltage [4].

Moreover, recent studies have shown that new electrode materials can create LIBs with
higher specific energy. Mainly, the combination of nickel-rich NMC (nickel-manganese-
cobalt) positive electrodes and silicon-graphite negative electrodes can achieve a higher
specific capacity than other electrode materials [5-7].

NMC is a composite material that benefits from the technical advantages of its three
components. It has a layered atomic structure, similar to lithium-cobalt and lithium-nickel
electrodes, which have a high specific energy. The inclusion of manganese allows for a
better thermal stability, which is low in cobalt and nickel electrodes [8].
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Due to scarcity and price fluctuations of cobalt [9], the industry is moving towards
cobalt-free electrodes. For this reason, research in NMC electrodes is focusing on a high
nickel ratio, to maintain a high specific energy [9-11].

With regards to the negative electrodes, recent studies have focused on the use of
silicon as an electrode material. In theory, pure silicon electrodes have a notably higher
specific energy than conventional graphite electrodes, almost ten times higher. However,
silicon-based electrodes can suffer important volume changes during lithiation and delithi-
ation, up to 280%, which is not feasible for commercial batteries [12,13]. For this reason,
silicon is being used in small quantities along with graphite, forming silicon-graphite elec-
trodes, which have a higher specific energy than pure-graphite electrodes without suffering
from notable volume changes [14,15].

Despite the technical advantages of nickel-rich/silicon-graphite batteries in terms of spe-
cific energy, the use of this technology in EVs requires a long cycle life, good thermal behavior,
and fast charge capability. In recent research, Si-based electrodes show greater capacity fade
under cycling than Si-free electrodes [16,17], mainly due to the expansion/contraction of
silicon in the negative electrode [18]; also, different degradation modes have been identified
in this technology [16-21]. The cycle life could be extended by lowering both the charging cut-
off voltage and the charging current rate, or increasing the discharging cut-off voltage [19,20].
However, the reduction of the working voltage range and the charging rate have a negative
impact on the final battery charging and discharging performance.

Therefore, it is important to study which factors lead to the cell degradation. In
particular, those related to the charging protocol, because they have proven to have a
significant impact on cell cycle life, as it will be shown in the paper (Sections 3 and 4).
As a result of the analysis, a methodology for developing fast charge methods that fit the
application requirements will be proposed and evaluated in Section 5.

2. Materials and Methods
2.1. Cells and Test Equipment

A batch of 20 commercial cells, LG INR18650-MJ1, were evaluated. The cells’ technical
specifications from the manufacturer are shown in Table 1. This type of cell has been proven
to have a NMC 811 positive electrode and a silicon-graphite electrode. The study from the
Munich Technical University was able to measure the electrode composition (82-6.3-11.7%
ratio of Ni-Mn-Co at the positive electrode and a 3.5% wt. of Si at the negative electrode) [22].
The main characteristic of these 18,650 cells is the stated capacity of 3500 mAh, notably
higher (40%) that the usual capacity of energy cells without nickel-rich/silicon-graphite
electrodes (2000-2500 mAh).

Table 1. Characteristics of the tested cell (INR18650-MJ1) from the manufacturer (LG Electronics,
South Korea).

Parameter Specification
Nominal Capacity 3500 mAh
Nominal Voltage 3.635V
Standard Charge cccv
CC Current 05C
Constant Voltage 42V
End Current (Cut-Off) 50 mA
Maximum Charge Current 1.0C
Standard Discharge 02C
Maximum Discharge Current 10A
Weight 490¢g
Dimensions J18.4 x 65.0 mm

Before the testing program, all the cells from the batch were submitted to a commis-
sioning protocol and the following conditioning test. The conditioning protocol was based
on the United States Advanced Battery Consortium’s standard procedures (USABC) [23].
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Firstly, the cells were discharged at a C/10 rate until the cut-off voltage stated by the
manufacturer (i.e., 2.5 V). After that, several charge-discharge cycles were applied at the
following rates: C/3-C/3, C/2-C/2, C/2-C/3, C/2-C/5, and C/25-C/25. Each pair of
charge-discharge rates was applied three times except for the C/25 cycle, which was only
performed twice. All the charging processes were implemented using a constant current-
constant voltage method (CCCV) with the limits stated by the manufacturer: 4.2 V (CC
stage) and 50 mA (CV stage).

Regarding the equipment, the test program was performed using an LBT21084 8-
Channel Battery Tester (Arbin Instruments, United States); each channel can work with
+30/—30 A and 0/+5 V. This system has a 24-bit measurement resolution and a data logging
rate of 2000 points/second.

All tests were applied at 23 °C using climate chambers to keep a constant and con-
trolled ambient temperature. Room and cell temperatures are monitored by each Arbin
channel via an auxiliary system using T-Type thermocouple sensors.

The test equipment can be seen at the Figure 1: at the right, the Arbin LBT21084
with the auxiliary temperature measurement system, and the connection with the climate
chamber; at the top left, the control system. Moreover, some cells under test are shown at
the bottom left of Figure 1.

Figure 1. Photographs of the test equipment and some cells under test.

Regarding the electrochemical impedance spectrum (EIS) measurements, they were
taken with a Gamry Reference 3000 Potentiostat -Gamry Instruments, United States- (cur-
rent up to 3 A: frequencies from 10 uHz to 1 MHz). In order to isolate the tested cell and
minimize possible noise, the system is connected to a Faraday cage placed in a climate
chamber (Memmert GmbH, Germany).

2.2. Test Program

A test program was designed to evaluate the cells under study, using the following
test protocols:

e Standard charge (C/2) and standard discharge (C/5) rates, as a cycling
evolution reference.

e  Maximum charge rate allowed by the manufacturer (1.0 C) and standard discharge
rate (C/5).
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Charged Power (W/kg)

Standard charge (C/2) and high discharge (8 A; 2.3 C approx.) rates.

Standard dynamic tests for electric vehicle batteries evaluation: The United States
Advanced Battery Consortium’s Dynamic Stress Test (USABC, DST) escalated to
700 W /kg peak discharge power, which is the current USABC target value for elec-
tric vehicle batteries at cell level; An adaptation of the European Commission’s
Worldwide Harmonized Light Vehicle Test Protocol (WLTP), using the standard-
ized speed profile which was translated into a power regime [24], such as the DST test.
Figures 2 and 3 show the test profiles, applied to the cells until the cell voltage reaches
the lower cut-off voltage stated by the manufacturer (2.5 V). To avoid unsafe operating
conditions, both profiles have a current limitation of 1C for charging (the maximum
charge rate stated by the manufacturer).
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Figure 2. USABC Dynamic Stress Test (DST) power profile, escalated to a 700 W/kg maximum power.
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Figure 3. Adaptation of the Worldwide Harmonized Light Electric Vehicle Protocol (WLTP), showing
the power profile translated from the speed profile and escalated to a 700 W/kg maximum power.
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Overall, five cycling tests were applied to different cells as summarized in Table 2.
Note that all tests use the standard CCCV method for charging. DST and WLTP protocols
are dynamic tests that involve both charging and discharging; the indicated charge rate is
for the charging process applied after the full cell discharge.

Table 2. Cycling tests applied to different cells.

Test Type Charge Rate Discharge Rate
Standard Cc/2 C/5
High Current Charge C C/5
High Current Discharge C/2 8 A (2.3 C approx..)
DST (700 W /kg max) Cc/2 DST
WLTP (700 W /g max) Cc/2 WLTP

Before starting the cycling tests shown in Table 2, a reference performance test
(RPT) was applied. The first step of RPT involved a series of cycles at different charg-
ing/discharging rates, to evaluate the cell capacity and the thermal behavior at different
power levels. In the second step of RPT, an EIS test was performed on the cell at five
different states of charge (5, 20, 50, 80 and 95% of actual cell capacity). The EIS test applied
a 50-mA alternate current at different frequencies (from 10 kHz to 10 mHz) and evaluated
the cell voltage response, taking 10 measurements/decade.

The RPT was also applied each time that any cell lost 5% of its initial capacity, until
the cell capacity was reduced by 20%. In this way, the RPT allowed researchers to monitor
the cell state-of-health (SOH) during cycling.

3. Cycling Tests Results

The main results of the cycling tests are presented in this section. Firstly, cycle life
results indicate how many cycles were completed under each cycling test (see Table 2).
Secondly, the charging process is shown in more detail because it is proven that it has
the strongest impact on battery life (high rates of regenerative braking and/or charging
current); so, this work is focused on optimizing the design of fast charging methods. Finally,
electrochemical impedance spectroscopy data represent the cell’s dynamic response at
different states of charge, showing which ranges have a higher impedance.

3.1. Cycling Life

For a better comparison of results obtained, Figure 4 shows the evolution of cell
capacity (under different cycling tests) with the number of full equivalent cycles (FEC). The
cell capacity was measured using a standard reference test applied after every 25 cycles,
and it was normalized with regard to the fresh cell capacity (Cgegh, at the first RPT). The
FEC were calculated (see Equation (1)) as the total energy throughput Wy,, (total amount of
energy discharged during cycling; Wh) divided by the product of the cell nominal voltage
Vhom (V) and the fresh cell capacity Cgegn (Ah):

Wthr

FEC =
Vnom ' Cfresh

)
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Figure 4. Evolution of normalized cell capacity (under different cycling tests) with the number of full
equivalent cycles, calculated as Equation (1).

3.2. Charging Cell Evolution

Figure 5 shows the standard charge voltage and temperature profiles with regard to
the state-of-charge (SOC), for a fresh cell and the different aged cells at 80% SOH.
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Figure 5. Cell voltage and temperature evolution at standard charging for fresh and all cycled cells.

Figure 6 shows the evolution of charged capacity over time for the different cycled
cells. The information was taken from a standard cycle during the last RPT of each cell,
corresponding to an approximate 80% SOH, and it is shown comparatively to the process
in a fresh cell under the same conditions.
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Figure 6. Evolution of charged capacity over time for a fresh cell and the different cycled cells, under

a standard charging process.

Finally, Figure 7 shows charge voltage and temperature profiles over time, for a
fresh and a high current charge aged cell, under standard (0.5 C) and high current (1 C)

charge methods.
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Figure 7. Charging process over time, for a fresh and a high current charge aged cell, under standard
(0.5 C) and high current (1 C) charge methods.

3.3. Electrochemical Impedance Spectroscopy (EIS) Measurements

The EIS technique allows for the measurement of the cell frequency response, which
relates to the internal impedance. It also can be used to individually measure the differ-
ent parts of the cell impedance, such as ohmic resistance, charge transfer and diffusion
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resistance. The following figures represent the impedance frequency response of the tested
cells, under different states of charge. Figure 8 shows EIS measurements for a fresh cell
under 5, 20, 50, 80 and 95% SOC. Since silicon only seems to affect low SOC levels, it
is important to precisely measure the cell impedance below 25% SOC [19,25,26]. In this
way, Figure 9 shows measurements for the same cell, but under low states of charge (from
5 to 25%, with 5% steps). This information allows researchers to identify which SOC levels
have higher impedance values, a key parameter for the design of efficient fast charging meth-
ods. Finally, Figure 10 shows the EIS measurements for the standard cycling of an aged cell
under the same SOC values as Figure 9 (this EIS is representative of the aged cell’s behavior).
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Figure 8. EIS measurements in a fresh cell at 5, 20, 50, 80 and 95% SOC.
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Figure 9. EIS measurements in a fresh cell at 5, 10, 15, 20 and 25% SOC.
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Figure 10. EIS measurements in an aged cell (80% SOH) at 5, 10, 15, 20 and 25% SOC.

4. Discussion

The main objective of this section is to find the key factors that affect cell performance,
mainly regarding the charge process. Based on this analysis, different strategies for mini-
mizing charging time are proposed, including a fast charge method that is described and
evaluated in Section 5.

4.1. Cycling Life

The manufacturer states that cells can sustain, under standard working conditions,
80% of its minimum capacity (3400 mAh) for at least 500 cycles. The initial tests on
the fresh cells only showed 3.292 £ 0.027 mAh. However, the cells under standard,
high current discharge and DST cycling (see Figure 4) were able to achieve more than
1000 full equivalent cycles (FEC) before a 20% reduction in stated minimum capacity
(i.e., 2720 mAh).

On the other hand, the cells under high current charge and WLTP cycling show a
notably lower cycle life (see Figure 4). Especially, the cell under high current charge cycling
has a very short cycle life, with only 220 FEC, which is almost six times lower than the
standard cycling. WLTP and DST cycling, as it is shown, respectively, in Figures 2 and 3,
emulate regenerative braking applying multiple charge periods during the discharge
process. However, the WLTP cycle stresses the cells much more because it applies charge
for 487 s (most of the time at 1C limited rate) and the DST for 40 s (around 16 s at 1C). Due
to high discharge currents having a slight influence in cycling life, and the WTLP cycling
only shows 700 FEC (around 40% less than the DST cycling), it is proven that the use of
high charge currents for longer times has a notably negative effect on this type of cell.

Therefore, it can be concluded that the process with the most significant impact on cell
cycle life is the charge.

4.2. Charge Analysis

As the charging process has the most significant influence on cell behavior, a detailed
analysis is needed. Additionally, this analysis is basic for the design of new charging
strategies offering a compromise between charging time and cycling life. For that, the
evolution of the main parameters that reveal information about charging process are shown
in Section 3.2. (cell temperature, voltage and capacity profiles) and discussed below.

Regarding the temperature, Figure 5 shows the evolution in fresh and aged cells under
standard charge. As it can be seen, the increase in the cell surface temperature is not
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significant, and it is always lower than 3 °C. The cell internal heat is generated by two
sources: ohmic resistance (Joule effect heat) and chemical heat. As the standard charge
current is low, the ohmic phenomena only cause a slight heating of cells; so, temperature
profiles are a good representation of internal chemical processes.

Looking at the fresh cell profile, different features of interest can be identified. First, a
local maximum is detected around 15% SOC (1.5 °C increasing). After that, the temperature
remains nearly constant until around 25% SOC. From this, the temperature starts to increase
in a linear way until around 50% SOC; at this point, cell temperature reaches the absolute
maximum (2.0 °C above ambient temperature). Finally, the temperature keeps almost constant
until CV stage is reached (4.2 V), decreasing to ambient temperature during the CV stage.

Looking at aged cell temperature profiles, the shape is similar to the fresh cell, with
the main difference that the local maximum is replaced by an inflection point around 15%
SOC, going directly to the linear increase stage. In any case, the maximum temperature
increasing rate is produced at this first stage. This correlates well with the EIS data, which
show a resistance increase at SOC below 15%, as it will be further analyzed on Section 4.3.

From this charge analysis, it can be concluded that the stress is higher on both fresh
and aged cells at the first stage (SOC lower than 15%). This behavior in nickel-rich/silicon—
graphite lithium-ion technology can be related to the silicon at the negative electrode, more
active at low SOC rates [19,25,26].

Figure 6 adds information about charging behavior, showing the relation between
charged capacity and charging time. The most interesting result is that all fresh and aged
cells reach the 95% SOC at the same time (approximately 120 min) under standard charge.
This means that, independently of cycling type and aging state, cells can achieve 95% of
their actual capacity in 2 h, with a reduction of total charging time from 22.5% (aged cells
at high current discharge cycling) to 38.8% (aged cells at standard cycling).

Finally, Figure 7 shows comparative voltage and temperature evolution over time, in a
fresh cell and a high current charge aged cell, when both cells are charged under standard
(0.5 C) and high current (1 C) methods. The shape of the temperature profile at each rate is
similar for fresh and aged cells, but the values are significantly higher at 1C, reaching the
maximum (around 30 °C) at the end of the CC stage. It must be pointed out that the cell
temperature increases 3 °C in the first 15% SOC while the rest of the CC stage (from 15% to
60% SOC) only increases by 2 °C. This analysis evidences a higher impedance and a worse
cell behavior below 15% SOC, also under high charge currents.

Table 3 shows some important values from Figure 7: the total charge time (CC+CV
stages) and the percentage of the CC stage. As it can be seen, the use of 1 C (maximum
recommended rate by manufacturer) reduces the charge time with regard to the standard
rate (0.5 C): 28% in fresh cells and 19% in aged cells. This difference is due to the notable
reduction of the CC stage in aged cells, which increases the CV stage and the total charge
time. As it can be seen in Table 3, this effect is stronger at higher charge rates.

Table 3. Comparison between the charging behavior of a fresh cell and a high current charge aged
cell, when both cells are charged under standard (0.5 C) and high current methods.

Cell Type T‘“"‘h&i‘;ﬁ:;‘me CC Stage Time (%)
Fresh/Standard Charge Method (0.5 C) 162 52.5%
Fresh/High Current Charge Method (1 C) 117 28.5%
Aged/Standard Charge Method (0.5 C) 190 32.1%
Aged/High Current Charge Method (1 C) 154 14.5%

It must be pointed out that, in this nickel-rich/silicon-graphite lithium-ion technology,
the use of high charging rates significantly reduces the charge time but drastically decreas-
ing the cycling life. As it is shown in Figure 4, the cell under the high current charge cycling
only completed 220 FEC, while the cell under the standard cycling completed 1200 FEC
(82% reduction in cell’s service life).
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4.3. Electrochemical Impedance Spectroscopy

The EIS technique allows researchers to determine the different components of the cell
impedance; so, it is widely used for modelling applications [27-30]. However, the EIS has
been used in this work only to detect in which SOC zones cell impedance increases.

In this way, Figure 8 highlights the higher impedance at low SOC, especially at 5%
SOC, in fresh cells. Due to the relevant influence of cell impedance on charging efficiency,
additional tests were carried out on fresh cells at the 0-25% SOC (Figure 9). As it can be
seen, the impedance starts to increase significantly below 15% SOC.

EIS measurements were also taken for all aged cells (see an example in Figure 10)
and it was verified that the impedance below 15% SOC is always notably higher. This
result confirms the conclusions drawn from the charging temperature analysis (Section 4.2),
where a sudden increase in the cell temperature is always detected at the first 15% SOC.

5. Proposed Fast Charge Method

Reducing the charge time applying high current rates has become an important goal for
the widespread use of batteries. However, the behavior of the emerging nickel-rich/silicon-
graphite lithium-ion technology has shown that the use of high charge rates significantly
decreases the cycle life (see Section 4). For this reason, the objective is to propose a fast
charge method that minimizes the charge time without compromising the cycle life as
much as the high current method recommended by manufacturer.

Many charge methods have been proposed in the literature for lithium-ion batteries,
such as multi-stage charging, pulse charging and variable-current charging [31-35]. One
of the most interesting is the multi-stage method, which is similar to the conventional
CC—CV method (constant current-constant voltage) but splitting the CC stage into multiple
sub-stages at different current rates. In this case, higher currents are used at low-resistance
SOC as the cell behaves more efficiently in this zone and the degradation rate is lower. This
method has proven to be more efficient than the conventional CCCV method, being able to
shorten the charge time and to increase the overall charge efficiency.

The pulse charging consists of a constant current charge that is interrupted by several
rest periods. In some cases, short discharge pulses are also applied during the rest periods.
This method is helpful for the lithium-ion distribution inside the cell, and it could shorten
the charge time and increase the efficiency. However, its implementation in battery manage-
ment systems (BMS) is complicated, as it needs both controlled charge and discharge pulses,
and charging systems are not usually able to perform battery discharge. Furthermore, this
method requires a good definition of the duration and intensity of the pulses, and this
requires much work on cell modelling and monitoring.

The last alternative that has been analyzed is variable-current charging, which contin-
uously modifies the charge current based on theoretical models of the cell. This method
could be able to achieve better efficiency and cycle life than the conventional CCCV method.
However, the cell models are non-linear, which implies a high mathematical complex-
ity. Therefore, this method is useful for research purposes, but is hard to implement in
real-life applications.

5.1. Method Design

Based on the above analysis, the multi-stage charge method has been selected for the
design of an efficient fast charge method that is easy to implement in real-life applications.
The main point of the method design is to specify how many stages are necessary, and
which current rate should be applied in each stage. For that, the following main factors
that have been extracted from the analysis of experimental data should be considered:

(a) The highest cell heating and the highest cell impedance are detected at the same SOC
zone (below 15% of actual cell capacity) independently of cell ageing.

(b) Charging the 100% SOC extends the constant voltage stage and the total charge time,
in a greater way as the cell ages. However, a 5% reduction in the total charged capacity
significantly decreases the charge time, independently of cell ageing.
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Considering these main factors, the following stages and working parameters have
been selected for the multi-stage charging method:

e  Stage 1: CC charge at C/2 current rate, until 15% of actual cell capacity. In this way,
the standard charge rate is always applied when the cell impedance is the highest.

e  Stage 2: CC charge at 1C current rate, until 4.2 V. To reduce charge time notably,
the maximum current rate stated by the manufacturer has been selected. Addition-
ally, SOC higher than 15% do not show either a high impedance or thermal phe-
nomenon that clearly increases temperature; so, 1C rate is applied until the maximum
voltage is reached.

e  Stage 3: CV charge at 4.2 V, until 95% of actual cell capacity. In this cell technology,
a 5% reduction in the charged capacity significantly decreases the charge time, but
hardly affects the final application. On the one hand, the nickel-rich/silicon-graphite
technology shows an excellent specific energy, which notably increases the cell capacity
(around 40%) compared to the NMC conventional technology. On the other hand,
BMS usually stops the charge of Li-ion cells before reaching 100% capacity, in order to
reduce CV time and preserve the cycle life.

The proposed fast charge method uses SOC data to define the end conditions of the
two charge stages. SOC calculation is one of the main functions of battery management
systems (BMS), so SOC data can be easily available for fast charging.

5.2. Method Evaluation

The designed fast charge method has been tested and evaluated comparatively with
the high current method proposed by cell manufacturer. Table 4 highlights the main charge
parameters; the values represent the average behavior of the first 100 cycles under the
designed method and the manufacturer’s high current method, ended at the same charged
capacity of the proposed fast charge method (95% of actual cell capacity).

Table 4. Charge parameters of the high current method and the proposed fast charge method.

Parameter High Current High Current Proposed Fast Charge
Method Method (95%) Method
Total Charge Time 25h 19h 1.3h
Discharged Capacity 2.951 Ah 2.803 Ah 2.870 Ah
Maximum Temperature 29.9°C 29.9°C 28.4°C

The proposed fast charge method has proven to be notably faster than the high current
method. It is able to charge the cell in an average time of 1.3 h (48% less than the manufacturer
method with only 2.7% reduction in discharged capacity). If the same end condition is applied,
the proposed method also shows the best performance (32% less time than the manufacturer
method with a similar discharged capacity). Moreover, the proposed method is more benign
in terms of cell heating (the maximum temperature is reduced by 1.5 °C).

Regarding the cycle life, it must be pointed out that the capacity evolution with cycling
is similar in both methods. Therefore, it can be concluded that the proposed method allows
to minimize the charging time, without any additional stress on the cell.

However, the use of high charge rates in this technology (see Section 4.2) notably
reduces the cell cycle life. Some studies have proven that cut-off voltage values below
411V are able to extend the cycle life [19,20]. Figure 11 shows how much time it is needed
in the CV stage of the proposed fast charge method to achieve 90% and 95% SOC, when
different cut-off voltage values below 4.2 V were used. Moreover, Figure 12 shows the total
charge time for the different cut-off voltage values. In all cases, tests were carried out on
fresh cells.
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Figure 11. Necessary CV stage time at different cut-off voltage values to reach 90% and 95% SOC
with the proposed fast charge method. Both data series are fitted to exponential equations, of which

the coefficients are also shown.
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Figure 12. Total charge time for different cut-off voltage values below 4.2 V.

As it can be seen in Figure 11, the CV stage time increases exponentially as the cut-
off voltage decreases. For this reason, it is possible to slightly reduce the CV voltage
without an important increase in the total charge time, as it is shown in Figure 12. For
example, reaching 95% SOC using a 4.17 V cut-off voltage requires 1.41 h (an increase of
8.5% compared to 4.2 V).

However, in the case of 4.10 V and 4.11 V, the current reaches the cut-off level (50 mA)
even before 90% SOC is achieved. Therefore, cut-off voltage values below 4.11 V could
increase cycling life, but they cannot be considered for fast charge methods.
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6. Conclusions and Future Work

Nickel-rich/silicon-graphite is one of the most promising technologies in the lithium-
ion battery market, due to its high specific energy; so, it is expected to be used in the next
generation of EVs. For this reason, the performance of this technology under long-term
cycling was evaluated, including specific EV profiles involving regenerative braking. The
results of this study highlight that the charge process has a significant influence on cycle
life. Specifically, the charge methods recommended by cell manufacturers involve either
very long charging times or a significant reduction in cycling life.

The detailed study of charging process shows two key issues in developing an efficient
fast charge method. Experimental results show that the highest cell heating and the highest
cell impedance take place at the same SOC zone (below 15% of the actual cell capacity)
regardless of cell ageing. Therefore, it is recommended to avoid cell operation at very low
SOC. Moreover, data analysis shows that a small reduction in the total charged capacity
(5% of the actual cell capacity) significantly decreases the charge time, in a greater way as
the cell ages. Based on those criteria, the proposed fast charge method can significantly
reduce the charge time compared to the manufacturer high current method (1.3 h charge
time, 48% reduction) without any additional stress on the cell.

On the other hand, the long-term cycling tests highlighted that the use of high charge
rates in the nickel-rich/silicon-graphite technology significantly reduces the cell cycle life.
Therefore, this technology would need to be enhanced to achieve better acceptance of fast
charging. If preserving cycle life is a priority over charging time, it was proved that cells
can reach 95% of their actual capacity at a low charge rate (0.5 C) in 2 h, a notable reduction
of charging time compared to the standard method, especially for aged cells.
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