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Abstract: Lithium-ion cells with a silicon-graphite (SiC) anode and a nickel-rich cathode are potential
candidates for use in electric vehicles (EVs) as this material combination offers high energy densities
and low costs. Another desired cell specification that results from an intended short charging time
for EVs is the robustness against high charge rates. However, high charge rates can lead to the
critical aging mechanism of lithium plating, especially at low temperatures. Investigating this issue,
this paper presents a test series on cyclic aging with varying charge rates from 0.2C to 1.5C at ambient
temperatures of 0 ◦C and 10 ◦C applied to a nickel-rich SiC cell candidate. The resulting effects on
cell aging are analyzed with a stripping method, whereby reversible lithium plating can be detected,
and a differential voltage analysis (DVA), whereby the overall loss of capacity can be attributed to
changes in individual characteristic capacities. The results indicate a degradation sensitivity of SiC
anodes at elevated charge rates, evidenced by the loss in the silicon-related characteristic capacity,
and question the aging robustness of this material combination.

Keywords: lithium-ion cell; fast charging; lithium plating; accelerated aging; aging characterization;
silicon-graphite anode

1. Introduction

1.1. Motivation

One key element for the successful implementation of electromobility is an appropriate design of
the traction battery. In this use case, lithium-ion cells as storage technology still face several challenges.
According goals of cell and material development are to achieve higher energy densities, while reducing
costs and enhancing sustainability. To this end, the cell components and materials are continuously
optimized. Amongst others, a trend towards a silicon-graphite (SiC) anode and a nickel-rich cathode
has followed [1]. However, the consequences of these trends on the aging characteristic must be
investigated: The higher nickel content of the cathode, which partially substitutes the share of cobalt,
can promote the formation of byproducts like a rock-salt layer on the cathode surface. This in turn
can increase the charge transfer resistance during cycling [2]. The added silicon share in the anode
enables a specific electrode capacity that is far in excess of that of pure graphite anodes [1,3,4]. Here,
the disadvantage is that the silicon contributes to irreversible capacity losses, as it causes high volume
changes while cycling the cell and thus leads to a degradation of the active anode material [5–10].
Another goal of battery development is to achieve charging times of a few minutes in order to
compete with the refueling of internal combustion engine vehicles. However, fast charging with
high charging currents accelerates cell aging. This effect is enhanced by low ambient temperatures,
for example, in winter conditions [1,11,12]. As one potential solution, innovative thermal strategies for
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fast charging are tested, e.g., asymmetric pre-heating [13]. Alternatively, acceptable charging currents
must be identified according to a trade-off between short charging times and long service lives of the
battery cells.

1.2. Lithium Plating as a Potential Aging Mechanism while Charging

However, the underlying issue with charging high current rates remains because lithium plating
as potential aging mechanism can decrease the cell life significantly [14,15]. As a competing reaction
to the regular intercalation of lithium-ions, lithium plating takes place at the anode surface, where
approaching lithium-ions are reduced resulting in the deposition of metallic lithium. The precondition
for the occurrence of lithium plating is a local anode potential below 0 V vs. Li/Li+ that results in
limitations of charge transfer or solid state diffusion. During the constant current (CC) phase of
charging, the anode potential decreases continuously and reaches a minimum at the transition to the
constant voltage (CV) phase. During the CV phase, the anode potential increases again as the current
decreases [12,16–18]. A distinction must be made between the reversible share of lithium plating
QPlating,rev and the irreversible share of lithium plating QPlating,irrrev where Equation (1) applies [19].

QPlating = QPlating,rev + QPlating,irrev. (1)

Reversible lithium plating is less critical, as plated lithium-ions can reoxidize or intercalate into
the graphite subsequently. Irreversible lithium plating, in contrast, leads to an irreversible loss of
lithium inventory. This occurs when the plated metallic lithium becomes electrically isolated from the
anode. Isolated metallic lithium can react with the electrolyte causing an increased SEI growth. Thus,
irreversible lithium plating has a negative effect on cell capacity and power. In the worst case, formed
dendrites can lead to cell-internal short-circuits [19–21]. The reversibility of lithium plating is denoted
as R and can be calculated by R = QPlating,rev/QPlating,irrrev [19].

The occurrence of reversible lithium plating can be detected by the so-called stripping discharge,
inter alia. Thereby, the lithium-ion cell is discharged with a low current rate (e.g., C/30). In the case of
reversible lithium-plating, a characteristic shift in the voltage response at the beginning of the discharge
phase occurs [16,19,22,23]. As a related approach, the stripping relaxation method has to be mentioned.
A relaxation phase with no current loading is appended to the critical charging phase and, in the
case of lithium plating, again a characteristic shift in the voltage response becomes apparent [17,24].
The non-destructive detection of the irreversible lithium plating is even more challenging. The differential
voltage analysis (DVA) is a possible detection method, as it allows to fathom the cause of the total
loss of capacity [19]. Lithium plating will primarily lead to a loss of lithium inventory. However,
a clear conclusion on the loss of lithium inventory can only be drawn under the assumption that the
storage capacities of the anodic and cathodic active material do not change [25–28]. A further potential
method for the in-situ investigation is coulometry, whereby the cells are cycled with low currents
while the voltage over ampere-hours is recorded [26,29,30]. Using these data, changes in charging and
discharging endpoints allow for conclusions on the anodic and cathodic side reactions, as well as their
effect on lithium inventory. For coulometry, high-precision battery test systems are required [26,30,31].
With neutron diffraction, the movements and aggregations of lithium-ions during operation can be
visualized. Thus, not only can lithium plating be detected, but also quantified. As a disadvantage,
this method can only be performed with special equipment [23,24,32]. Using electrochemical impedance
spectroscopy, lithium plating becomes noticeable in the before-after comparison by a shrinking of the
entire spectrum in the Bode diagram, especially the charge transfer section, and by a decrease in the
ohmic resistance. However, the interpretation of the spectrum is difficult at times and the information
content regarding lithium plating is low [11,17]. As a post-mortem analysis, destructive cell openings
under inert atmosphere are used for the unambiguous identification of metallic lithium, which becomes
visible through a metallic-silver deposit on the graphite surface [18,33].
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1.3. Content of This Study

Against this background, this study investigates the effects of fast charging on a cell candidate
with a SiC anode and nickel-rich cobalt aluminum oxide (NCA) cathode. To investigate the aging
mechanisms as well as occurring cell degradation, solely non-destructive detection methods are
applied. This ensures the applicability for the industrial context, as less high-cost equipment is
needed. The investigation foresees test series with different charging currents and different ambient
temperatures. As a resulting benefit, recommendations for charging protocols are deduced.

2. Experimental

2.1. Initial Cell Characterization

For the investigation presented in this paper, 16 fresh cell candidates with the type designation
US186050VC7 of the manufacturer Sony (Murata) are used, whereby all specimens belong to the
same production batch. This high-energy cell, with a nominal capacity of 3.5 Ah, is specified with
a maximum charge current of 3.0 A, i.e., 0.9C. The charging temperature range is indicated as 0 ◦C
to 45 ◦C. The upper voltage limit Umax is 4.2 V and the lower voltage limit Umin is 2.5 V. During the
presented investigation, the cells are exposed to load cycles, characterized by specific charge rates for
load charging, at ambient temperatures at the lower boundary of the charging temperature range,
designated as load temperatures.

Half cells are produced for analysis purposes using an additional fresh specimen of the same cell
type and production batch, using the procedure as explained in [34]. DVA spectra are recorded on the
harvested half cells (anode: SiC, cathode: NCA) as well as on a pristine, fresh full cell in 18650 format
as shown in Figure 1 [34]. The shown half cell spectra with their characteristic peaks and valleys can
be compared to the available literature [6,26]. This confirms the assumption that the cell candidate has
a silicon-graphite anode and a nickel-rich cathode. In consequence, the peaks in the full cell spectrum
furthermore can be assigned to either the anode (SiC) or the cathode (NCA).
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Figure 1. Spectra of differential voltage analysis (DVA) in (a) charge and (b) discharge direction of half
cells (SiC, NCA; at approx. C/100), full cell in 18650 format (at C/30) and analytically reconstructed full
cell (NCA + SiC) [34].

Accordingly, the characteristic capacities as shown in Figure 2 can be defined in the full cell
spectrum, based on the considerations of Keil and Jossen [26] as well as Zilberman et al. [6], and serve
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as an unaged reference condition for the investigation. Accordingly, the anodic capacities refer to
the charge amount between the start of the charging process at 0% state-of-charge (SOC) and the
corresponding SiC peaks. The characteristic capacity CSiC corresponds to the main peak of the anode at
65% SOC. A change in CSiC shows a change in the anodic storage capacity [26]. The anode potential of
a silicon-graphite anode rises in a more shallow manner towards delithiation at the discharge end than
the potential of a pure graphitic anode [3], showing a plateau at 10% SOC. Therefore, a characteristic
capacity CSi is assigned to the silicon component of the SiC anode. Consequently, a change in CSi
reflects a change in the storage capacity of the silicon share. The capacities related to the three peaks
between 20% and 35% SOC, CC,1, CC,2, and CC,3, are not related to 0% SOC but to the main peak of
the anode at 60% SOC, as no overlap with other SiC markers is recommendable [6]. CC,1, CC,2 and
CC,3 indicate a change in the storage capacity of the graphite. The cathodic capacity CNCA refers to the
distance between the cathode marker at 75% SOC and the end of charging at 100% SOC. In contrast,
the capacity CB represents a combination of anode and cathode markers as it is defined as the distance
between the main peak of the anode and the end of charge. A change in CB can thus be interpreted
as a change in the electrode balancing. If the anodic and cathodic storage capacities do not change,
a change in the electrode balancing, thus in CB, indicates a loss of lithium inventory that changes the
operating window of the two electrodes [26].
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Figure 2. Assignment of distinct characteristic capacities in the DVA spectra (in charge direction) of the
full cell in 18650 format as a basis for the evaluation of present aging mechanisms and modes.

2.2. Regular Check-Up Test

The check-up test with four sequential steps as shown in Table 1, conducted with a Basytec XCTS
(step 1) and a Basytec CTS (steps 2–4) system inside the climate chamber Memmert IPP110plus, is used
to determine the aging condition regularly. As a first step in the check-up test, a stripping discharge is
performed at load temperature 0 ◦C or 10 ◦C. In this study, the stripping discharge analysis is chosen
as detection method for lithium-plating since this method requires less testing time than stripping
relaxation, but provides equivalent results to the relaxation method [35]. An immediate start of the
stripping discharge after load charging is necessary, as plated lithium dissolves during rest periods
and is not detected consequently [23]. The stripping discharge is implemented as a constant current
constant voltage (CCCV) discharge phase with a low CC discharge current Idis of C/25 and a cut-off

current Idis,cut-off of C/35.
For the subsequent DVA in step 2, the temperature in the climate chamber is raised to 25 ◦C,

which is the reference temperature for check-up testing. For cell homogenization, a rest of six hours
is applied after the temperature adjustment. Before the start of the DVA, a CCCV discharge ensures
a SOC of 0% at 25 ◦C. After an additional rest of 60 min, a full CC charge and discharge at C/25,
respectively, is applied for DVA. To determine the discharge capacity CDis,CCCV in step 3, two CCCV
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cycles with C/3 and a cut-off current of C/25 in charge and discharge direction are applied. The averaged
discharge capacity is used as check-up capacity in order to minimize the influence of the recovery
effect [33,34,36,37]. Finally, the internal resistance RDC,10s is determined by a two-stage pulse test in
step 4. For this purpose, the current step profile as explained in [34] is used. The value for RDC,10s is
evaluated 10 s after the applied second current step, following other aging studies [37,38].

Table 1. Check-up test comprises four sequential steps. Different methods are used in the sequential
steps to determine different parameters of the cell’s aging condition.

Step Temperature Method Parameter

1 0 ◦C/10 ◦C Stripping discharge Evidence lithium plating
2 25 ◦C DVA Characteristic capacities
3 25 ◦C Two CCCV cycles CDis,CCCV
4 25 ◦C Two-stage pulse test RDC,10s

2.3. Definition and Implementation of the Test Series

For load cyclization, a Basytec XCTS25 system is used. During the experiment, the cells are placed
inside the climate chamber Memmert IPP110plus to imprint the specified ambient temperature as load
temperature while load cycling.

The full factorial test matrix performed in this investigation is shown in Table 2. Two different
temperature levels and four different charge rate levels are investigated. The load temperature 0 ◦C is
selected, as this value is specified as the lower temperature limit for charging in the manufacturer’s
data sheet. As a second temperature level, 10 ◦C represents the annual average daily temperature
in Germany in 2017 [39], thus can be assumed as a realistic ambient temperature while charging
batteries in electric vehicles. For load cyclization, charge rates of 0.2C, 0.5C, 1.0C or 1.5C are applied to
the cells in order to investigate different scenarios of corresponding charging times. To investigate
reproducibility, two cells are tested for each test point in Table 2.

Table 2. Test matrix for load cyclization, whereby “•” stands for tested with two cell specimen.

T/Ich 0.2C 0.5C 1.0C 1.5C

0 ◦C • • • •

10 ◦C • • • •

Table 3 shows the overall test plan conducted for each test point. Between the ten sequential steps,
considerable storage times are avoided to minimize interferences of calendar aging. As a first test
step, ten consecutive half cycles are executed at 25 ◦C for cell activation and to establish comparable
initial cell conditions. Subsequently, an initial check-up test 0 as presented in Table 1 is conducted to
record an initial aging condition. As a next step, the first load cycle (load cycle 1) is performed at the
respective load conditions as noted in Table 2. The load charging starts from 0 % SOC in CC mode
at load current as specified in Table 2 until reaching the upper voltage limit. Afterwards, the cells
are charged in CV mode until reaching a SOC of 80 % corresponding to a total charge throughput
of 2.8 Ah. 80 % was chosen as end-of-charge SOC for all test points with different charge rates as a
trade-off between a high charging range in CC mode comprising the minimum of anode potential and
a short duration of the CV phase during which the anode potential will increase again and may cause
the dissolution of plated lithium [17]. Afterwards, the cell is discharged in CCCV mode (Idis = 1C,
Idis,cut-off = C/35) to reach initial SOC condition again and complete the load cycle. For temperature
homogenization, a remaining 20 min is scheduled between charging and discharging. After one load
cycle and according to Table 3, either a check-up test or additional load cycles are applied to the cell.
In total, 14 load cycles are applied to the cells in each test point. The test points at a charge rate of
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0.2C at either 0 ◦C or 10 ◦C are an exception. These two test points are terminated after check-up test 1
(Step 4 in Table 3) due to limited available testing time for this investigation.

Table 3. Test plan with ten sequential steps applied in this test series for all test points.

Step Action Step Action

1 Activation cycles 6 Stripping discharge
2 Check-up test 0 7 Load cycles 3–5
3 Load cycle 1 8 Stripping discharge
4 Check-up test 1 9 Load cycles 6–14
5 Load cycle 2 10 Check-up test 2

3. Results and Discussion

3.1. Evolution of Cell Temperature during Charging

When evaluating cyclic test series with regard to temperature dependence, the evolution of the
cell temperature due to resistance-dependent heat generation effects must be taken into account [40,41].
In this investigation cell temperature is evaluated as the temperature at the cell surface measured by
a temperature sensor mounted on the cylindrical cell housing longitudinally between the positive and
the negative cell pole. Therefore, it must be noted that the temperature in the inner cell core can be
higher due to the linear temperature gradient from the center to the surface [40,41]. Figure 3 shows the
evolution of the measured cell temperature during the CCCV charge phases with different charging
rates at the set ambient load temperatures of (a) 0 ◦C and at (b) 10 ◦C, exemplarily during load cycle 1.
The temperature curves show initial offsets to the set load temperatures in Table 2 at the beginning of
charging, which must be attributed to the control of the used climate chamber. During the CC phase,
the cell temperatures rise in dependence on the charge rate: the higher the charge rate, the higher the
rise in cell temperature during the CC phase. At the end of the CC phase and with the start of the
CV phase (points in time highlighted with asterisks), the cell temperatures decrease again with the
appropriate decreasing current rates. At the end of the CV phases (points in time highlighted with
vertical lines) the cell temperatures approach the set ambient temperatures again. The cell temperature
at a charge rate of 0.2C does not show this evolution trend. It can be assumed that the heat generation
is in equilibrium with the heat dissipation for this load condition. Figure 3 also shows that the specified
charge rate does not only influence the evolution of cell temperatures but also the duration of the CC
and CV phases, respectively. Both effects, the variance in temperature as well as in the duration of the
CV phase, can influence the acting aging mechanisms and thus will be addressed in the following.
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3.2. Investigation of Reversible Lithium Plating

In this section, the results of the stripping discharges are analyzed with regard to the occurrence
of reversible lithium plating. Figure 4 shows the relevant beginning of the stripping discharges.
Exemplarily, the data at 0 ◦C and all investigated charge rates is shown. In this early phase, a distinctive
plateau in the voltage response is formed and indicates occurred reversible lithium plating [16,19,22,23].
The reference curve, exemplarily representing the unaged condition of one cell specimen used in this
test series at check-up test 0, shows no plateau. Similarly, no plateau is apparent for load charging
with 0.2C. Therefore, it is deduced that no reversible lithium plating occurred for this load condition.
In contrast, after load charging with 0.5C, 1.0C and 1.5C, stripping plateaus indicate the dissolution
of lithium-ions from the anode surface. Accordingly, reversible lithium plating has occurred during
the previous charging. In addition, the three curves show a trend that the higher the charge rate,
the higher the voltage level after the plateau. The turning points of the plateaus shift to the right with
an increasing load charge rate. Thus, the length of the plateau increases and indicates a higher quantity
of plated lithium-ions [23].
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due to aging. Compared to load cycle 1, the duration of the CV phase has more than doubled after load 

Figure 4. Beginning of stripping discharges at 0 ◦C after load cycle 1, whereby lithium plating is not
detected at test points with a charge rate of 0.2C but with 0.5C, 1.0C and 1.5C. The reference data
exemplifies the unaged condition of once cell specimen used in this test series at check-up test 0.

Table 4 summarizes the occurrence of lithium plating at 0 ◦C for all test points. Accordingly, no
reversible lithium plating can be detected with the stripping discharge following 0.2C load charging.
For 0.5C a detection is possible after the load cycles 1, 2, and 5, but not after load cycle 14. For 1.0C and
1.5C, plateaus occur in the voltage response for all stripping discharges. Similarly, Table 5 shows the
results for the test series at 10 ◦C. To obtain these results, the stripping discharges for the test points at
10 ◦C are analyzed in the same manner as shown in Figure 4 for the test points at 0 ◦C. For the test
points at 10 ◦C and after load charging with 0.2C and 0.5C, no stripping plateaus occur, indicating
the non-occurrence of reversible lithium plating. After load charging with 1.0C and 1.5C, however,
plateau formation is recognized. When comparing Tables 4 and 5, the influence of temperature on the
occurrence of reversible lithium plating is apparent. At ambient temperatures of 0 ◦C, lithium plating
is detectable even at a charge rate of 0.5C. At an ambient temperature of 10 ◦C, reversible lithium
plating may be evidenced at charge rates of 1.0C and 1.5C.

It must be noted that in the test point with an ambient temperature of 0 ◦C and a charge rate of
0.5C, plateaus develop after the first five load cycles, however, no more after the load cycle 14. For this
incidence, the duration of the charging phases provides information: as the number of cycles increases,
the duration of the CC phase during load charging decreases but the duration of the CV phase increases
due to aging. Compared to load cycle 1, the duration of the CV phase has more than doubled after load
cycle 14. Accordingly, there is a high probability that lithium plating has occurred, but the reversible
lithium has already dissolved in the CV phase and therefore can no longer be detected.



Batteries 2020, 6, 34 8 of 17

Table 4. Results of stripping discharges at 0 ◦C, whereby “•” stands for detected, “x” for not detected
lithium plating and “-” for not investigated.

Charge Rate
Cycle Number

1 2 5 14

0.2C x x - -
0.5C • • • x
1.0C • • • •

1.5C • • • •

Table 5. Results of stripping discharges at 10 ◦C, whereby “•” stands for detected, “x” for not detected
lithium plating and “-” for not investigated.

Charge Rate
Cycle Number

1 2 5 14

0.2C x x - -
0.5C x x x x
1.0C • • • •

1.5C • • • •

Figure 5 shows the differentiation of the voltage response during the stripping discharge dU/dQ,
as shown in Figure 4, for further insights. Here, the values for dU/dQ vare negative, indicating the
evaluation in discharge direction. The derivation of the stripping discharges over the number of load
cycles is depicted at a charge rate of 1.5C and an ambient temperature of 0 ◦C, exemplarily. As the
number of cycles increases, the local minima shift to the left. This indicates that less plated lithium is
dissolved during the stripping discharge with increasing cycle number. On the one hand, this may refer
to a lower amount of lithium deposited. On the other hand, it may be due to the longer aging-related
CV phase. The reversibly plated lithium already dissolves during the CV phase while load charging
and remains undetected. However, a change in the duration of the CV phase may also indicate the
occurrence of irreversible lithium plating as the deposited metallic lithium on the surface of the anode
will increase the internal resistance. With growth of the internal resistance, the polarization of the cell
increases, whereby the upper voltage limit is reached earlier, and a higher share of charge throughput
is charged in the CV phase accordingly. Furthermore, after load cycle 14, only a moderately formed
minimum can be detected. In this case, a position determination, however, is accordingly inaccurate.
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Figure 5. DVA of stripping discharges at 0 ◦C after load cycles 1, 2, 5 and 14 at test points with
a charge rate of 1.5C. The vertical lines indicate the local minima in the DVA spectra. The reference
data exemplifies the unaged condition of once cell specimen used in this test series at check-up test 0.

In summary, three reasons for non-detectable reversible lithium plating are feasible with respect
to the results:
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• The metallic lithium has already dissolved during the CV phase [22].
• The amount of deposited lithium was too small for detection [17,35].
• No metallic lithium was deposited [16,22].

3.3. Investigation of Irreversible Lithium Plating and Aging Effects

In the following section, irreversible aging effects are investigated by analyzing the relative
changes in capacity, resistance and the changes in characteristic capacities. Accordingly, Figures 6
and 7 show the relative changes in internal resistance RDC,10s and discharge capacity CDis,CCCV over
the number of cycles at load temperatures of 0 ◦C and 10 ◦C. At 0 ◦C (Figure 6a) and 10 ◦C (Figure 6b),
the internal resistances increase most significantly after load cycle 1 at a charge rate of 0.2C in contrast
to the load cycles at higher charging currents, which does not appear as plausible. It is generally
assumed that with a higher charge rate, more irreversible lithium plating will occur and thus result
in a greater increase in internal resistance [14,15]. Measurement uncertainty, diffusion processes,
or the current-dependent evolution of cell temperature evolution can be considered as possible causes.
The further development of the resistances with an increasing number of cycles appears plausible,
as the greatest relative changes are reached after 14 load cycles.

Batteries 2020, 6, x FOR PEER REVIEW 9 of 17 

 

Figure 6. Relative changes in resistance ΔRDC,10s at test points with charge rates of 0.2C, 0.5C, 1.0C and 

1.5C after load cycles 1 and 14 at (a) 0 °C and (b) 10 °C. The error bars show the result deviation from 

the two equally tested cell specimen. 

Figure 7a,b shows the relative changes in discharge capacity CDis,CCCV. The higher loss of capacity at 

0 °C compared to 10 °C indicates an aging mechanism forced by low temperatures. Irreversible lithium 

plating is a potential candidate. Due to the low ambient temperature during charging, it is probable 

that the anode potential drops significantly and remains below 0 V against Li/Li+ for a longer period 

[12]. Without a reference electrode, however, such a statement is only an assumption. The relative 

change in internal resistance RDC,10s, however, shows an opposite trend. Here, the relative changes at 

10 °C are higher than they are at 0 °C on average. Hence, it can be assumed that at the two load 

temperatures 0 °C and 10 °C, different aging mechanisms dominate the two different aging effects. 

Potential aging mechanisms that affect either the cell capacity or resistance are particle cracks, contact 

losses, corrosion of the current collector or binder decomposition [20]. Irreversible lithium plating 

primarily results in a loss of capacity. Therefore, it can be assumed that at a load temperature of 10 °C 

lithium plating is not the dominant aging mechanism. In general, different shares of calendar aging 

must be considered when comparing aging results at different temperatures [6]. As appropriate data 

on calendar aging were not available for this cell candidate, the corresponding influence was not 

analyzed. However, due to the limited test duration of a maximum of 14 load cycles for the individual 

test points, the difference in calendar shares is assumed to be negligible. 

 

Figure 7. Relative changes in capacity ΔCDis,CCCV at test points with charge rates of 0.2C, 0.5C, 1.0C and 

1.5C after load cycles 1 and 14 at (a) 0 °C and (b) 10 °C. The error bars show the result deviation from 

the two equally tested cell specimen. 

Figure 6. Relative changes in resistance ∆RDC,10s at test points with charge rates of 0.2C, 0.5C, 1.0C and
1.5C after load cycles 1 and 14 at (a) 0 ◦C and (b) 10 ◦C. The error bars show the result deviation from
the two equally tested cell specimen.
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Figure 7. Relative changes in capacity ∆CDis,CCCV at test points with charge rates of 0.2C, 0.5C, 1.0C
and 1.5C after load cycles 1 and 14 at (a) 0 ◦C and (b) 10 ◦C. The error bars show the result deviation
from the two equally tested cell specimen.
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Figure 7a,b shows the relative changes in discharge capacity CDis,CCCV. The higher loss of capacity
at 0 ◦C compared to 10 ◦C indicates an aging mechanism forced by low temperatures. Irreversible
lithium plating is a potential candidate. Due to the low ambient temperature during charging,
it is probable that the anode potential drops significantly and remains below 0 V against Li/Li+ for
a longer period [12]. Without a reference electrode, however, such a statement is only an assumption.
The relative change in internal resistance RDC,10s, however, shows an opposite trend. Here, the relative
changes at 10 ◦C are higher than they are at 0 ◦C on average. Hence, it can be assumed that at the
two load temperatures 0 ◦C and 10 ◦C, different aging mechanisms dominate the two different aging
effects. Potential aging mechanisms that affect either the cell capacity or resistance are particle cracks,
contact losses, corrosion of the current collector or binder decomposition [20]. Irreversible lithium
plating primarily results in a loss of capacity. Therefore, it can be assumed that at a load temperature
of 10 ◦C lithium plating is not the dominant aging mechanism. In general, different shares of calendar
aging must be considered when comparing aging results at different temperatures [6]. As appropriate
data on calendar aging were not available for this cell candidate, the corresponding influence was not
analyzed. However, due to the limited test duration of a maximum of 14 load cycles for the individual
test points, the difference in calendar shares is assumed to be negligible.

In Figure 8, the development of the DVA spectra over cycle number, as recorded during step 2 in
check-up testing as presented in Table 1, is shown for the load charge rates 0.5C, 1.0C and 1.5C at load
temperature 0 ◦C. The data for the charge rate 0.2C is not included, as the corresponding test points
are terminated after check-up test 2, wherefore a comparable development trend is not discernible.
The data illustrates the general decrease in cell capacity with increasing cycle number as a smaller
charge throughput is charged during DVA with increasing cycle number. Hereby, the influence of the
charge rate becomes apparent: after 14 load cycles, the highest decrease in capacity is achieved in test
points with a charge rate of 1.5C, the least in test points with a charge rate of 0.5C. All characteristic
peaks in the DVA spectra shift to the left. Furthermore, the characteristic peak attributed to the silicon
share, highlighted by a rectangle in Figure 8, shifts horizontally to higher values in dU/dQ and develops
two distinct peaks with an increasing cycle number.
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Figure 8. Overview of the absolute DVA spectra at test points with charge rates of 0.5C, 1.0C and 1.5C
after load cycles 1 and 14 at 0 ◦C.

From these DVA spectra, the characteristic capacities as defined in Figure 2, are evaluated and
plotted in Figure 9, after load cycle 1, and in Figure 10, after load cycle 14. In both figures, the values
for the characteristic capacities before load charging are given as a reference, whereby the mean values
of all used specimen are used. In addition, the data of both figures are presented in tables in the
Appendix A. Figure 9a) shows the absolute changes in C, CSiC, CB and CNCA evaluated after load cycle
1 at 0 ◦C. Here, the capacities C, CSiC and CB show a decreasing trend with an increasing load charge
rate. In contrast, the cathode capacity CNCA remains approximately constant. Figure 9b shows a similar
trend at load temperature 10 ◦C. One difference can be observed for CB that rises after load cycle 1 at
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a charge rate of 0.2C above the reference value and therefore must be considered an outlier. Figure 10a
illustrates the absolute values of the characteristic capacities after 14 load cycles and at 0 ◦C. For C,
CSiC and CB a further decrease in general as well as an intensification of the dependence on the charge
rate can be observed. The characteristic capacity CNCA still remains constant. In Figure 10b the values
for the corresponding load temperature 10 ◦C are shown. In contrast, no significant dependency on the
load charge rate can be stated for the general decrease in C, CSiC and CB. The values for CNCA, again,
do not change. In summary to Figure 10, it can be concluded that the capacity C decreases for both
load temperatures after repeated load cycles. The major share of this capacity loss can be attributed
to a loss in CSiC, thus to a decrease in the storage capability of the SiC anode. An additional share of
the loss in C can be attributed to a decrease in CB. As mentioned in Section 2, a change in CB means
a change in cell balancing. This change indicates a loss of lithium inventory as long as CSiC and CNCA
do not change [26]. As in the present case CSiC decreases, no further differentiation is possible between
a loss of active material and a loss of lithium inventory.
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In the following, the respective contribution of silicon and graphite on the anode degradation
is discussed. For simplification, the three individual characteristic capacities CC,1, CC,2 and CC,3

are summarized to CC,1–3, which is the mean value of the three individual values. In Figure 11,
the characteristic capacities CSiC and CC,1–3 are displayed. In contrast to CSiC, a dependency on the
load rate cannot be identified for CC,1–3. The capacity CSiC, which is influenced by the silicon share,
decreases significantly in comparison to CC,1–3, which is influenced by graphite solely. As an example,
at a load temperature of 0 ◦C and a charge rate of 1.5C, CC,1–3 accounts for 35 % of the loss in CSiC.
In theory, the remaining share of CSiC can therefore be attributed to a decrease in the storage capacity
of the silicon in the anode CSi. Therefore, it is postulated that the bulk of the anodic capacity loss is due
to the silicon content and not to the graphite content.
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Figure 11. Absolute changes in characteristic capacities after load cycle 14 at (a) 0 ◦C and (b) 10 ◦C.

Additional insights on the contribution of silicon and graphite on the anode degradation can
be drawn from the DVA spectra, which are displayed in Figure 12. Excerpts from the full spectrum
ranges are shown for both load temperatures that focus on the capacities CSiC and CC,1. The increased
silicon degradation leads to an increased compression of the spectra between the start of charging
and the graphite peaks related to the capacity CC,1. In combination, the silicon peaks related to CSiC
rise in a vertical direction with increasing charge rate and cycle number. Basically, higher values
in dU/dQ indicate that the incremental voltage change increases with charge increment. Lewerenz
et al. [28] interpret this circumstance as a decrease in the homogeneity of the lithium distribution, thus
an increased polarization of the cell electrodes. A possible cause for an increase in polarization is the
increase in local resistances that may originate from aging mechanisms like lithium plating or SEI
formation. Another possible explanation is a change in the anode composition, e.g., due to a local
inactivity or loss of active material.
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Figure 12. Compression between charging start and graphite peak as well as formation and increase of
silicon characteristics due to increasing number of cycles at (a) 0 ◦C and (b) 10 ◦C.
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4. Summary and Conclusions

This work investigates the robustness of a commercial 18650 lithium-ion cell (Sony (Murata)
US18650VC7) with a silicon-doped graphite anode and a nickel-rich cathode against challenging fast
charging scenarios at low temperatures. Reversible and irreversible aging effects are thus analyzed,
whereas a focus is set on lithium plating as an aging mechanism due to its criticality for cell life [14,15]
and cell safety [19–21]. As an analysis technique, this work focuses on non-destructive detection
methods that are applicable to the full cell and thus allows for implementation in industrial applications
with inherent time and cost constraints.

4.1. Findings on Reversible and Irreversible Lithium Plating

Stripping discharging is used as non-destructive detection method to investigate the reversible
share of lithium plating. As a result, the dependency of the occurrence of reversible lithium plating on
the temperature as well as on the charge rate for charging is evaluated. In addition, this investigation
confirms limitations of stripping discharging as a detection method: the method is sensitive to the
duration of the constant voltage phase at the end of charging. In the case of an enduring constant
voltage phase, occurred lithium plating already dissolves in this phase of charging and can no longer
be detected by evaluating the stripping potential.

For the investigation of the irreversible share of lithium plating, changes in the cell discharge
capacity, internal resistance and the differential voltage analysis spectra are evaluated. By defining
characteristic capacities in the differential voltage analysis spectra of the full cell, degradations
in the individual electrode capacities can be quantified. The characteristic capacities show, that
the cathode-related capacity CNCA does not degrade upon charging with high current rates at low
temperatures. Therefore, a degradation of the active material at the nickel-rich cathode can be neglected.
In contrast, the anodic capacity CSiC decreases upon load cycling. Accordingly, a loss anodic active
material can be assumed. This may be caused by aging mechanisms such as crack formation, loss of
electrical contact or pore clogging [5,20,27]. In addition, the occurrence of irreversible lithium plating
is supported by the fact that at the lower temperature of 0 ◦C, the total capacity loss is higher, but the
anodic capacity loss and the internal resistance increase is lower.

According to the results of stripping discharge analysis and the evaluation of the changes in
capacity and resistance it can be assumed that reversible as well as irreversible lithium plating occurred.
Nevertheless, the individual quantitative shares of reversible lithium plating and irreversible lithium
plating, thus the reversibility, cannot be determined with the used non-destructive methods.

A charge rate of 0.2C at both temperature levels 0 ◦C and 10 ◦C as well as a charge rate of
0.5C at 10 ◦C does not lead to detectable reversible lithium plating with stripping discharge analysis.
Consequently, it is assumed that these load conditions combinations do not lead to a loss of capacity
due to lithium plating. Nevertheless, one load cycle at 10 ◦C with a charge rate of 0.5C results in
a capacity loss that is comparable to cycling conditions with detectable lithium plating. Therefore,
it must be concluded that lithium plating is not the dominant aging mechanism resulting in capacity
loss in these tested load conditions.

4.2. Degradation Sensitivity of Silicon Share

The use of differential voltage analysis allows for the differentiation between the shares of silicon
and graphite to the overall decrease in anode storage capacity. Accordingly, it can be deduced that the
anodic graphite share that is summarized in the characteristic capacity CC,1–3 contributes up to 35%
and 36% to the anodic capacity loss upon load cycling at 0 ◦C and 10 ◦C, respectively. In consequence,
it can be deduced that the majority of the anodic capacity loss due to load cycling can be attributed to
the silicon share in the anode. This finding is in accordance with investigations that state enhanced
aging of lithium-ion cells with silicon-doped anodes due to the volume changes of the silicon share
while cycling result [5–7]. In consequence, using silicon-doped graphite as anode material, in order to
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increase the cell’s energy density, conflicts with a desired robustness against high charge rates and
durable high cell capacities.

4.3. Recommendations for the Implementation of Charging Protocols

As a recommendation for the implementation of charging protocol in electric vehicles, the allowed
charge rates must be set according to the used cell chemistry. In addition, the charge rate must
be adjusted to the actual cell temperature. For this, results from an early and candidate-specific
aging characterization can be used: The occurrence of cell-damaging mechanisms can be tested
experimentally in advance, and resulting look-up tables for acceptable current rates, as shown in
Tables 4 and 5, can be implemented in the automotive charge strategy algorithms.
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Appendix A

Table A1. Change of characteristic capacities after load cycle 1 at 0 ◦C.

Charge Rate
Characteristic Capacity

∆C
(mAh)

∆C
(mAh)

∆CB
(mAh)

∆CNCA
(mAh)

∆CC,1–3
(mAh)

0.2C −52 −53 −10 −7 −17
0.5C −96 −63 −44 +3 −17
1.0C −99 −63 −47 +4 −13
1.5C −97 −64 −39 +8 −15

Table A2. Change of characteristic capacities after load cycle 1 at 10 ◦C.

Charge Rate
Characteristic Capacity

∆C
(mAh)

∆C
(mAh)

∆CB
(mAh)

∆CNCA
(mAh)

∆CC,1–3
(mAh)

0.2C −32 −50 + 7 0 −16
0.5C −81 −57 −36 + 4 −15
1.0C −86 −61 −36 −1 −14
1.5C −84 −59 −37 + 8 −15

Table A3. Change of characteristic capacities after load cycle 14 at 0 ◦C.

Charge Rate
Characteristic Capacity

∆C
(mAh)

∆C
(mAh)

∆CB
(mAh)

∆CNCA
(mAh)

∆CC,1–3
(mAh)

0.2C - - - - -
0.5C −282 −169 −124 −8 −37
1.0C −334 −187 −158 −7 −38
1.5C −354 −200 −165 −4 −44
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Table A4. Change of characteristic capacities after load cycle 14 at 10 ◦C.

Charge Rate
Characteristic Capacity

∆C
(mAh)

∆C
(mAh)

∆CB
(mAh)

∆CNCA
(mAh)

∆CC,1–3
(mAh)

0.2C - - - - -
0.5C −297 −180 −128 −14 −43
1.0C −319 −195 −136 −12 −47
1.5C −315 −194 −132 −17 −47
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