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A capacity increase is often observed in the early stage of Li-ion battery cycling. This study explores the
phenomena involved in the capacity increase from the full cell, electrodes, and materials perspective
through a combination of non-destructive diagnostic methods in a full cell and post-mortem analysis
in a coin cell. The results show an increase of 1% initial capacity for the battery aged at 100% depth of
discharge (DOD) and 45 �C. Furthermore, large DODs or high temperatures accelerate the capacity
increase. From the incremental capacity and differential voltage (IC-DV) analysis, we concluded that
the increased capacity in a full cell originates from the graphite anode. Furthermore, graphite/Li coin cells
show an increased capacity for larger DODs and a decreased capacity for lower DODs, thus in agreement
with the full cell results. Post-mortem analysis results show that a larger DOD enlarges the graphite d-
space and separates the graphite layer structure, facilitating the Li+ diffusion, hence increasing the battery
capacity.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY license (http://creati-

vecommons.org/licenses/by/4.0/).
1. Introduction

Lithium-ion (Li-ion) batteries have been widely used in electric
vehicles (EVs) due to their high energy density, low self-discharge,
and long lifetimes [1]. However, the inevitable degradation under
charge/discharge cycle has significant consequences on safety
and reliability of the battery system [2,3]. The aging behavior of
batteries during the initial charge/discharge cycles is particularly
critical for state-of-health analysis, lifetime prediction, and holds
keys to the development of high-performance batteries [4]. A grad-
ual capacity increase is one of the most anomalous behaviors in the
early stages of battery cycling, which results in an increase in
stored energy. This behavior may lead to unstable operation of a
battery system or even cause accidents.

Some researchers used data-driving approaches to predict the
battery cycling life and consider the capacity increases in their
algorithms [5–8]. These approaches usually require extensive bat-
tery testing and large data sets. If the capacity increase can be
understood from the perspective of underlying physical mecha-
nisms perspective, the effect can be eliminated by improving cells’
manufacturing process or by optimizing the charging and
discharging profiles. Up to now, the mechanism responsible for
the battery capacity increase or recovery during initial charge/dis-
charge stages has been rarely studied.

Several previous studies, summarized in Table 1, have reported
an increase in battery capacity during cycling aging; however, the
understanding of the underlying mechanisms is limited. Gyenes
et al. [9] proposed the so-called ‘‘overhang” mechanism to explain
the increasing in capacity during aging. They have found that Li-
ions are inserted into the overhang region of graphite anode during
the high state of charge in initial cycles, followed by diffusion of Li-
ions from the overhang regions in the subsequent cycling, hence
causing a slight capacity excess. Nevertheless, it is still difficult to
explain the continuous capacity increase over hundreds of cycles
due to a limitedamountof lithiumionsdeposited inoverhangs. Lew-
erenz et al. [10] have extended this approachwith the concept of the
so-called ‘‘passive electrode”, where the anode potential is affected
by the potential difference between the active and the passive
regions of the anode, which results in a low potential of the anode
and a capacity rise of the full cell. However, these mechanisms can-
not explain the variety of situations in which the capacity increased
is observed. In [5], Severson et al. found a trend of capacity increase
during the initial cycles for all the 124 aged cells. They explained this
behavior by Dubarry’s description, i.e., the loss of negative electrode
material leads to a high potential difference in the cell [11]. Dubar-
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Table 2
The test matrix for 18650 full cell aging.

45% DOD 75% DOD 100% DOD

35 �C Case 1 – Case 2

Table 1
An overview of the publications related to capacity increasing of Li-ion battery in cycling.

References Electrodes Battery type Relative capacity
increase/cycles

Mechanism suggested

Gyenes et al.
[9]

NMC/graphite Pouch cell 1% Diffusion of Li ions from the overhang region of graphite anode.

Lewerenz et al.
[10]

LFP/graphite 18650 0.4%–1.7%/200 Diffusion of Li ions from passive electrode areas.

Severson et al.
[5]

LFP/graphite A123 18650 0.2%/100 Loss of negative material change the potentials.

Dubarry et al.
[11]

LFP/graphite Coin cell 1% Loss of negative electrode.

Kobayashi
et al. [12]

LFP/graphite Large-scale cells
100 Wh

20%/recovery cycling Non uniform Li-ion distribution is formed under shallow cycling and leads to
capacity loss. It can be restored.
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ry’s experiment is performed by simulating the loss of the negative
electrodematerial, resulting in a rise of the voltageplateauof the full
cell, and subsequently an increased capacity. Kobayashi et al. [12]
aged the battery with a shallow depth-of-discharge (DOD) (40%–
60%) for 250 days, and then trained it at 100% DOD. Surprisingly,
the capacity lost during the shallow cycling, could be, to a large
extent gradually recoveredduring the full cycles. The authors attrib-
uted it to a non-uniform distribution of Li-ions created during shal-
low cycling.

Overall, the experimental evidence points to the fact that the
capacity increase is related to the extent of DOD. However, the
mechanisms related to this behavior has not been fully explained
yet.

The analysis in the above studies has been mainly focused on
non-destructive methods such as electrochemistry simulation,
characteristics of charging-discharging curves, and in-situ pulse
test (e.g., electrochemical impedance spectroscopy (EIS)). These
powerful techniques have been widely used in previous studies
and carried out at full-cell level; however, those techniques are less
effective at the electrode and/or material level.

Ex-situ techniques such as X-ray diffraction (XRD) and field
emission scanning electron microscope (FESEM) can often provide
in-depth analysis of the material and electrode degradation,
revealing the internal aging mechanisms of the battery. Neverthe-
less, for this purpose, the cells have to be disassembled.

The framework reported in the present study combines both
in-situ and ex-situ approaches to analyze the capacity-
increasing mechanism on the full-cell, electrode, and material
levels, ensuring that the full-cells under test are not destructed.
Specifically: (1) the 18650 full cells are aged at different DODs
and temperature to study the effect of those factors on capacity
increase; (2) fresh positive electrode/Li-metal (NMC/Li), fresh
positive electrode/fresh negative electrode (NMC/graphite), and
fresh negative electrode/Li-metal (graphite/Li) are assembled in
coin cells to analyze the degradation indicators from the electro-
chemical characteristic curves (IC-DV); (3) according to the
degradation indicators in (2), the IC-DV curves from full cells
are studied, and the aging mechanism in full cell level is ana-
lyzed by EIS; (4) according to the inference results from (3),
the influence in capacity increasing is further studied at the coin
cell level. Using this framework, the mechanism of capacity
increase is thoroughly explained and discussed.

The structure of the paper is as follows: Section 2 describes
the full cell aging experiment and presents details about coin
cells fabrication and testing. Section 3 analyzes the data from
full cell aging and deduces the targeted aging mechanism. Sec-
tion 4 presents an in-depth analysis of the aging mechanism at
both electrode and materials levels. Section 5 is a summary of
our main conclusion.
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2. Experimental

2.1. Full cell testing

Full cell testing was carried out on commercially available
18650 full cells, manufactured by Haidi company, with a capacity
of 2.2 Ah and a nominal voltage of 3.7 V; LiNi0.5Co0.2Mn0.3O2 and
synthetic graphite were used as cathode and anode materials,
respectively. Seven cells were tested using a Digatron battery test
station in four cycling cases, as summarized in Table 2. Two cells
were tested for every test case, except for case 1, where one battery
was tested. Thus, data from seven battery cells were collected. The
test program is shown in Fig. S1.

Aging test: The cycling aging tests were performed based on the
following procedure. Initially, the cells were charged to 4.2 V using
a constant current-constant voltage (CC-CV) profile with a 0.5 C
constant current. The cells were considered fully charged when
the current decreased to 0.11 A. In the next step, the cells were dis-
charged to certain SOC values, as summarized in Table 2, using a
synthetic current profile with an average current of 0.19 C. The
same synthetic current profile was used for all the four cases.

Reference performance test (RPT): To analyze and quantify the
effect from the operating DODs and temperatures, RPTs at 25 �C
were performed, after every 100 equivalent full cycles (EFCs). To
measure the capacity, the cells were charged to 4.2 V using a CC-
CV profile with a 0.5 C current; the cells were considered fully
charged when the cut-off current reached a value of 0.11 A. After
a one hour pause, the cells were discharged to 2.75 V under 0.5 C
constant current. In addition, the EIS spectra of the cells were mea-
sured, using a Digatron Firing Circuits EIS analyzer, in the fre-
quency range of 6.5 kHz to 10 mHz, considering high, medium,
and low frequency points; the obtained EIS spectra were fitted
with an appropriate equivalent circuit model using the ZsimDemo
software (Ametek company), as presented in Section 3.3.

2.2. Coin cell assembly and testing

NMC positive electrodes and graphite negative electrodes were
also provided by Haidi company, which are from the same batch as
the electrodes used in the 18650 full cells. It is also feasible to
obtain the electrodes from disassembling fresh 18650 full cells,
so readers can refer to it if fresh electrodes cannot be obtained
from the manufacturer. Both positive electrodes and negative elec-
45 �C – Case 3 Case 4
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trodes were cut into 14 mm-diameter-discs, which were paired
with 15 mm-diameter-lithium metal discs and assembled into
2016-coin cell cases. The electrolyte was 1 M LiF6 in dimethyl car-
bonate (DMC)/diethyl carbonate (DEC) mixed in 1:1 ration, and the
amount is 5 drops with a 1 mL pipette in each coin cell.

Coin cell test for degradation indicators: NMC/Li, NMC/graphite
and graphite/Li were assembled as coin cells as described in the
previous section. NMC/Li and NMC/graphite coin cell were charged
with 0.1 C-rate (1 C = 150 mAh g�1) to 4.2 V, then charged under
constant voltage of 4.2 V until the current reduced to 0.01 mA;
then, the cells were discharged to 2.75 V by 0.1 C constant current.
The graphite/Li coin cells were charged and discharged between
1.5 and 0.001 V by a constant current of 0.4 mA which corresponds
to a 0.1 C current (i.e., 0.15 mA) in the test of the NMC/Li and
NMC/graphite coin cells.

Coin cell test for evaluating the graphite electrode: Graphite/Li
coin cell were repeatedly charged and discharged by a constant
current of 0.8 mA which is the same as 0.2 C current in the test
of NMC/Li and NMC/graphite cells. The voltage ranges were set
to 1.0–0.001 and 0.2–0.001 V, which correspond well with the gra-
phite available capacity in the full cell with 100% DOD and 45%
DOD. XRD (Panalytical company) was performed to measure the
graphite anode structure at 45 kV with a scanning speed of 2�/
min. The FESEM (Zeiss 1540 XB) was used to observe the graphite
morphology at 20 keV.
3. Capacity increase in full cell

3.1. Capacity increase

The initial RPT tests revealed an abnormal capacity increase in
some cells during the first 200–300 EFCs under the combined influ-
ence of DOD and temperature. Fig. 1 shows the state of health
(SOH) evolution for full cells during the first 400 EFCs. After initial
200–300 EFCs, all the cells eventually showed an expected decline
in capacity. In Fig. 1(a), we present the capacity evolution of the
cells cycled under 45% DOD and 100% DOD at 35 �C. The cells aged
at 100% DOD showed a slight increase in capacity in the first 100
EFCs, then the capacity started to decrease in later stages of the
aging test. The cells aged at 45% DOD exhibit a decrease trend in
capacity in initial 200 EFCs. A similar capacity increase trend was
also observed for the cells aged at 45 �C, as shown in Fig. 1(b). In
the first 200 EFCs, both the cases of 75% DOD and 100% DOD show
capacity increase. For the 100% DOD aged cells, a 1% capacity
increase is observed in the first 200 EFCs, after which a faster (than
for cells aged at 75% DOD) capacity fade occurs. Regarding the
Fig. 1. Capacity fade in full cells during cycle aging at (a) 45% DOD and 100% DOD, at 35 �
range of 2.75–4.2 V with 0.5 C-rate (1.1 A) at 25 �C; error bars represent the standard d
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influence of temperature for the cells aged at 100% DOD, the
capacity increase by 1% at 45 �C, which is more obvious comparing
with the 0.3% increase at 35 �C.

To summarize, for the tested battery cells, an increase in capac-
ity, which appears in early aging stages, is more obvious for larger
DODs (such as 100% DOD and 75% DOD). Furthermore, the temper-
ature exacerbates this effect for 100% DOD cycling.

3.2. Analysis of degradation indicators

To further study the capacity increase in 18650 cells at elec-
trodes level, a number of advanced techniques have been used in
literature to identify and quantify the electrochemical aging
behavior in Li-ion batteries [13], such as incremental capacity
and differential voltage (IC-DV) and EIS. These techniques use char-
acteristic peaks or shape of the test curves as indicators to recog-
nize battery aging.

3.2.1. Incremental capacity and differential voltage (IC-DV)
An IC curve is obtained by differentiating the battery capacity

with respect to the voltage change, using Eq. (1), where Qt and Vt

correspond to the capacity and voltage at the time t [14,15]. The
obtained IC plot shows the capacity contribution from certain volt-
age plateaus of batteries, and can be quantified by peak height,
position, and area.

IC ¼ dQ
dV

¼ DQ
DV

¼ Qtþ1 � Qt

Vtþ1 � Vt
ð1Þ

Similar to an IC curve, a DV curve is defined as the derivative of
voltage with respect to the charge or discharge capacity, using Eq.
(2), which reflects a change in voltage with the capacity evolution
[16]

DV ¼ dV
dQ

¼ DV
DQ

¼ Vtþ1 � Vt

Qtþ1 � Qt
ð2Þ

However, for IC and DV curves, the relationship between the
indicators (change and shift in peaks) and the degradation behav-
ior varies according to the type of electrode materials and the elec-
trode parameters in a full cell. It is necessary to clarify the relation
between the IC-DV indicators and the corresponding performance
of the electrodes in a certain battery. Generally, electrochemical
curve simulation is used to analyze the degradation indicators.
However, it requires a detailed knowledge of over one hundred
parameters in a full cell [17], which is difficult to collect. A slight
error in parameters could lead to wrong simulation results and
misunderstanding of the degradation indicators. Here, we propose
C, (b) 75% DOD and 100% DOD at 45 �C. The RPT test were carried out in the voltage
eviation between two cells in each case.
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to use coin cell batteries to compare the difference in IC and DV
curves between half-cells (NMC/Li and Graphite/Li) and full coin
cells (NMC/Graphite). Afterwards the degradation indicators will
be clearly analyzed at electrode level.

Fig. 2(a) shows the charging-discharging (Q-V) curves of NMC/
Li, NMC/Graphite and Graphite/Li coin cells, respectively. Overall,
the shapes of NMC/Li and NMC/Graphite curves are similar and
exhibit the typical high voltage plateau for NMC positive electrode.
There are several distinctions between the two curves, where the
graphite voltage governs the gap between the curves of NMC/Li
and NMC/Graphite by transforming between pure graphite and
LiC6. That is reflected in a higher voltage plateau of NMC/Li and a
rapid voltage rise in early stage of charging curve for NMC/Gra-
phite. Based on the Q-V curves in Fig. 2(a), the corresponding DV
curves were obtained and are shown in Fig. 2(b). Peaks in DV
curves mark transitions between the two adjacent voltage plateaus
in Fig. 2(a). Therefore, a shift in the peaks positions corresponds to
a change in the duration time of voltage plateaus, which, in turn, is
related to the amount of active material in the electrodes. Conse-
quently, the left shift of DV peaks means that the amount of Li-
intercalatable active materials in the respective electrode is
reduced. Conversely, a shift of DV peaks to the right means an
increase in the amount Li-intercalatable active materials. The
NMC/Graphite DV curves show three evident peaks ‘‘I”, ‘‘II”, and
‘‘III”, corresponding well to the peaks in DV curve for the Gra-
phite/Li cell. In contrast, there is no obvious peak in the DV curve
for NMC/Li, which means that the potential on the positive elec-
trode changes smoothly during charging. Hence, I, II, and III peaks
visible in Fig. 2(b) are determined by the graphite anode changing
the state from C to LiC6.

The peaks in the IC curves represent phase transitions during
electrochemical reactions, which related to the plateaus in voltage
profiles and valleys in DV curves, respectively. The peaks represent
the battery capacity increase in certain voltage intervals. Com-
pared with DV curves, IC curves present cell degradation indicators
as a function of voltage, which provides a better reference to the
state of a battery as compared to the capacity dependence [11].
Fig. 2. The electrochemical behavior of electrodes in coin cell. The experiments were p
Graphite (2.75–4.2 V, 0.1 C) and Graphite/Li (0.001–1.5 V, 0.1 C). (a) Charging and discha
charging process in a full cell; (c) IC curves of the graphite anode; (d) IC curves of the N
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As shown in Fig. 2(c), the graphite anode has three pairs of
oxidation/reduction peaks, which are the main reason for the gap
between the IC curves corresponding to the NMC/Li and NMC/Gra-
phite, as illustrated in Fig. 2(d). Regarding the NMC/Li cell, the IC
curve shows only a pair of main oxidation/reduction peaks, which
corresponds well with the only one DV valley in Fig. 2(b). The
NMC/Graphite shows an extra pair of peaks V and V́, attributed
to the graphite anode. Therefore, the intensity of the V peak repre-
sents the capacity of the graphite anode in a certain voltage pla-
teau, which also indicates the amount of available graphite in the
negative electrode.

3.2.2. Electrochemical impedance spectroscopy (EIS)
The impedance spectrum of a typical Li-ion cell is shown in

Fig. 3. Although the figure is schematic, it was drawn based on
the real 18650 full cell experiments. The impedance is composed
of two partially overlapped semicircles from high frequency to
middle frequency, and a straight slopping line at the low frequency
end. The Rohm represents the bulk resistance, which is related to
the electric conductivity of electrolyte, separator, connector, and
connection cable [18]. Rsei is the resistance caused by the solid-
state interface film on the electrode surfaces. Its value corresponds
to the diameter of the fitted semicircle at a relative high frequency
region (about 6400–50 Hz). Rct represents the charge-transfer
resistance, corresponding to the diameter of the fitted semicircle
at the medium frequency region (about 50–0.2 Hz), and the
straight line in the low frequency region mainly corresponds to
Li-ion diffusion resistance due to the concentration polarization
[19]. The measured EIS data can be simulated by an equivalent cir-
cuit, like shown in the insert in Fig. 3(a), using ZsimDemo 3.30
software.

Furthermore, the Li+ diffusion coefficient (DLi
+ ) in the solid elec-

trode can be calculated using Eq. (3), where the Warburg factor (r)
can be calculated by Eqs. (4) and (5) [20,21]

DLiþ ¼ R2T2

2A2n2F2C2r2
ð3Þ
erformed in coin cells with the combinations of NMC/Li (2.75–4.2 V, 0.1 C), NMC/
rging curves for the three types of coin cells; (b) the DV curves corresponding to the
MC/Li and NMC/Graphite.



Fig. 3. (a) Typical EIS spectra of the Li-ion cell and the equivalent circuit used to fit the Nyquist curve; (b) the relationship between Z0 and x�1/2 based on (a).
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Zre ¼ Rohm þ Rct þ rx�1=2 ð4Þ
x ¼ 2pf ð5Þ

where R is the gas constant (8.314 J mol�1K�1), T is the absolute
temperature (298 K), A is the surface area of the electrode, n is
the number of the transferred electrons per molecule, F is the Fara-
day constant (96,485 C/mol), C is the concentration of Li+, Rohm is
the charge transfer resistance, and x is the angular frequency.

R, A, n, F, C, and T are the same for the four types of full batteries
used in this research. Therefore the relative change in Li-ion diffu-
sion rate (DLi

+ / initial DLi
+ ) can be calculated, such as D1:D2:D3:

D4= 1
r1

2 :
1

r2
2 :

1
r3

2 :
1

r4
2, where the Warburg factor (r) is the slope of

the fitted line, as shown in Fig. 3(b). In this way, the impedances
38
and the trend of the relative change in the Li-ion diffusion rate
can be calculated.

3.3. Mechanism identification

The voltage curves of the 18650 full cells in the four aging cases
are shown in Fig. 4. All the curves show the plateau and the overall
shape very similar to the charging/discharging curves of the NMC/-
graphite coin cell, presented in Fig. 2(a). This indicates that it is fea-
sible to study the degradation indicators by the coin cells in
Section 3.2. In the charging curves shown in Fig. 4, a lower initial
charging voltage corresponds to a higher final charging capacity
as well as a higher discharging capacity in every case. Therefore,
the increase of the capacity is related to the increase in the electro-
chemical window of charging in full cells. For this phenomenon,



Fig. 4. Charging/discharging curves of the 18650-type cell aging in (a) case 1; (b) case 2; (c) case 3; and (d) case 4.
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the most common explanations come from Dubarry’s
electrochemical modeling, where the simulation results show that
the loss of anode graphite will lead to an increase in the main dis-
charging voltage plateau (about 3.7 V), resulting in an increased
capacity of the full cell [11]. Obviously, this simulation result can-
not be used to explain the capacity increasing behavior in our
experiment, because, in all the cases, the main discharging plateau
shows a decreasing trend with the cycling evolution, as marked
with the green arrow in Fig. 4.

The DVA and ICA techniques were used to study the electro-
chemical behavior of the 18650 full cells based on the capacity-
voltage curves presented in Fig. 4. The IC curves corresponding to
the cells aged in the four considered cases are shown in Fig. 5(a–
d). The curves exhibit similar characteristic and shape to the
NMC/Graphite coin cell in Fig. 2(b and d). This further proves that
the mechanism analysis described in Section 3.2 is applicable to
full cells.

Based on the indicators discussed in Section 3.1 (i.e., for an IC
curve, the main peak intensity represents the amounts of active
materials while the secondary peak is related to the available gra-
phite in the anode), the intensity of the main peak around 3.7 V
decreases with the number of EFCs for all cases; this behavior is
related to the loss of active materials in the positive electrode or
negative electrode. Regarding the peak around 3.53 V, it shows a
decrease and a displacement towards right trend for cases 1. The
decrease of peak intensity means that the graphite contributes less
capacity in this phase transition process due to the reduced active
graphite. The reason for the shift of the 3.53 V peak towards right is
due to the increase in the internal resistance of full cell, corre-
sponding to a reduced electrochemical window as well as a lower
capacity. The case 3 only show a decrease trend in main peak of IC
curve, and there is no change in secondary peak of IC curve and DV
curve, which is consistent with the stable cycling performance in
Fig. 1. On the contrary, the peak intensity at 3.53 V in case 3 and
case 4 show an increasing trend, which means an increase in the
available capacity of the graphite anode. Finally, the shift of the
peak towards a lower voltage direction in case 2 and case 4 corre-
sponds to a wider electrochemical window as well as an increased
39
capacity in the full cell. This is consistent with the lower initial
charging voltage illustrated in Fig. 4(c and d).

The DV curves, which can clearly show the gap between two
adjacent phase transitions, for the four cases are shown in Fig. 5
(e–h). As expected, the main peak in the DV curves shifts to left
with the cycle evolution for case 1 because the graphite fails to
adequately accommodate the Li-ions. However, the main peak in
DV curves of case 3 and case 4 unexpectedly shift to high-
capacity direction with the cycling, which means an extended gra-
phite lithiation plateau as well as more available graphite in anode.
For further analysis, we have to employ electrochemical impe-
dance spectroscopy (EIS) technique to measure the impedance in
battery.

The evolution of the EIS spectra of the full cells during the first
400 EFCs, in each of the four aging cases is presented in Fig. 6; the
EIS have been measured at 90% SOC and the curves were fitted
using the circuit presented in Fig. 3(a). The evolution during aging
of the elements of the circuit is presented in Fig. 6(b).

As shown in Fig. 6(b), there is a minor change in Rohm for case 1.
In the more severe aging conditions of case 2, case 3, and case 4,
the Rohm increases gradually. The increase of Rohm is more obvious
in case 4, as the higher temperature and the larger DOD range
accelerate the degradation of electrolyte, separator, and current
collector. The Rsei shows an increasing trend in all four cases, which
is related to the continuous formation, shedding and precipitation
of the SEI film, resulting in an increased interface impedance. The
mechanism will be discussed in section 4, specifically. The Rct

trends to increase for all four cases, which can be attributed to
crack formation or structural changes in the graphite and NMC
during cycling, resulting in a poor electronic conductivity [13].
However, the Rct shows the same gradually increasing trend, as
observed for the capacity, from case 1 to case 4. Furthermore, the
Li+ diffusion rate shows an increasing trend with cycling evolution
in cases 2–4 (see Fig. 6b).

In conclusion, there is an increase in capacity of the first 100–
300 cycles of the full cell, which is more obvious in a higher tem-
perature and larger DOD aging cases. From the analysis of the Q-V,
IC, and DV results, it can be concluded that the graphite anodes



Fig. 5. IC and DV curves for full cell aging at (a, e) case 1; (b, f) case 2; (c, g) case 3, and (d, h) case 4. The curves are derived based on the capacity measurements performed at
25 �C and 0.5 C-rate. LAM represents the loss of active materials, such as positive electrode and negative electrode; LNE represents the loss of available negative electrode; INE
represents the increase of available negative electrode in cycling.
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cycled at 100% DOD exhibited enhanced graphite anode
characteristics with the cycling. Furthermore, EIS further proves
that the Li+ diffusion coefficient in the graphite anode has
improved with the cycling in the same conditions. These behaviors
correspond well to the increase in the battery capacity, which is
observed in the initial cycling stage. However, the charge-
transfer resistance increases obviously, especially for cycle aging
at elevated temperatures and larger DODs. The specific reasons
are further analyzed from the electrodes and material levels.
4. Capacity increase in the graphite anode

Graphite/Li coin cells were assembled, in which the graphite
negative electrode is the same as in the 18650 full cells provided
by the same commercial company. Two group coin cells were
cycled in the voltage ranges 0.001–0.2 and 0.001–1.0 V, which cor-
respond to 45% DOD and 100% DOD in a full cell. The cycling per-
formance is shown in Fig. 7(a). Due to the high potential of pure
graphite (2.8 V, Li vs. Li+), it contributes a high lithiation capacity
when discharged to 0.001 V in the first point. In the large DOD
(i.e., 0.001–1.0 V), the capacity shows an increase trend in the
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initial cycling stage. In contrast, the capacity shows a sharp
decreasing trend and then increases in stages, when the coin cell
is cycled between 0.001–0.2 V. This performance behavior is con-
sistent with the performance of the 18650 cells, regarding the
influence of DOD, as well as with the increasing trend of the sec-
ondary peak of the IC curves presented in Fig. 5. Furthermore, as
reported in [22], the NMC material exhibits a continuously
decreasing trend of the capacity in different DODs. Therefore, one
can conclude that the initial capacity increase of the 18650 full
cells is caused by the graphite negative electrode.

Ex-situ XRD was performed to study the structure change of
the graphite in different state of charges. The IC curves corre-
sponding to the graphite lithiation and delithiation process are
shown in the left-hand side of Fig. 7(b). In the IC curve, the mid-
dle point is the lithium saturation state, and the lithium content
gradually decreases to two sides, where the peaks in the lithia-
tion process correspond to the following transitions LiC30 !
LiC18, LiC18 ! LiC12 and LiC12 ! LiC6. LiC6 is the full lithiation
state of graphite [23]. The change in lithium content is not only
reflected in the voltage of graphite, but also in the evolution of
the structure. XRD results of graphite with different charging



Fig. 6. The experimental and corresponding fitting result of EIS for 18650 cells (a) EIS spectrum of the four cases; (b) corresponds resistances result.
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states are shown in the middle of Fig. 7(b). All XRD patterns
exhibit evident graphite characteristic peaks at around 27�,
which shifts with the voltage evolution. The corresponding d-
spacing (C–C distance) values are calculated by HighScore Plus
software and presented in the right-side of Fig. 7(b). With the
voltage decreasing, the C–C distance show an increasing trend
due to the increased lithium content. Cycling in a larger voltage
range (i.e., 0.001–1.0 V) means a larger variation in the inter-
layer spacing. When the graphite lithiation occur from 0.27 to
0.001 V, the d-spacing (C–C distance) increases by 8.8%, then it
gradually recovers. As the variation in d-spacing, the SEI film
may break down, form again, and lithium salt precipitation,
resulting in an increased Rsei as also illustrated in Fig. 6.

After 25 EFCs (where 1EFC = 4 mAh), the two-coin cells were
charged to a fully de-lithiation state (i.e., 1.5 V), then they were
disassembled to perform post-mortem analysis. The XRD patterns
of the cycled graphite anodes are shown in Fig. 7(c). For fresh gra-
phite, we have measured a 3.31 Å d-spacing. After cycling, the d-
spacing has increased to 3.47 and 3.66 Å, when aging the cells
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between 0.001–0.2 and 0.001–1.0 V, respectively. As it can be
observed, a larger voltage interval enlarges the graphite interlayer
spacing, which is beneficial to the diffusion of Li+ [24]. This behav-
ior was further proved by EIS results, which are presented in
Fig. S2. This is consistent with the increase in Li-ion diffusion coef-
ficient (see Fig. 6), obtained from the EIS analysis, for the full cell
aged at larger DOD.

The morphology of the cycled graphite electrodes between
0.001–0.2 and 0.001–1.0 V cases were characterized by FESEM
and the images are shown in Fig. 8. For the coin cell cycled between
0.001 and 0.2 V, the FESEM images of cross-section and the EDS of
carbon (C) and oxygen (O) elements are shown in Fig. 8, initial RPT
tests revealed an abnormal. The graphite particles, with a size of
10–20 lm, are uniformly distributed over the copper current col-
lector. The oxygen element is mainly from the surface of the SEI
film and inorganic salt compounds. This indicates that the SEI film
is distributed on the surface of the cycled electrode. As shown in
Fig. 8, initial RPT tests revealed an abnormal, the intact graphite
particles exhibit smooth surfaces and bond well with the copper



Fig. 7. (a) The cycling performance of graphite anode in the voltage range of 0.001–1.0 and 0.001–0.2 V. Ex-situ XRD patterns for (b) the structure evolution during
electrochemical de-/intercalation of Li-ions half cells, and the corresponding d-spacing in graphite layer calculated by Highscore software; (c) graphite anode after 25 equal
full cycles in different voltage ranges in a 1.5 V state of voltage.
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current collector. As reported in [25], this smooth surface is named
basal plane; it is difficult for Li+ to pass through this basal plane
because the internal carbon atoms form tight covalent bonds with
their neighbors making them very chemically resistant, thus,
resulting in a low Li+ diffusion coefficient. The slow diffusion rate
leads to the accumulation of Li+ in the anode-electrolyte interface,
forming ‘‘dead lithium” and lithium dendrites [26]. As shown in
Fig. 8(c), the negative electrode surface grows lithium dendrites
with a small size of several nanometers as well as the SEI film.
The formation of lithium dendrites and of the SEI film is the main
cause of loss of lithium inventory and it also damages the graphite,
resulting in a capacity decrease. All these explain why the full cells
aged with a 45% DOD shows an evident capacity decrease in the
initial cycles.
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For the coin cell cycled between 0.001 and 1.0 V, the FESEM
image of the cross-section is displayed in Fig. 8(d). A soft texture
caused by layer separation inside the graphite particles is
observed. On the graphite surface, the basal panel disappeared,
forming clusters of graphite nanosheets. The increase of graphite
spacing will undoubtedly reduce the electronic conductivity,
resulting in an increased charge transfer resistance Rct as also
reported in Fig. 5. This may be attributed to the larger variation
in the graphite interlayer spacing during larger DOD charge and
discharge. Thereby, the graphite layer is exfoliated into a
nanosheet shape, as shown in Fig. 8(e), which exposes more gra-
phite surface to the electrolyte, resulting in facilitating the Li+

transport. Consequently, graphite nanosheets accelerate the lithi-
ation and de-lithiation process, and the Li+ insert in graphite
with a lower ionic resistance, causing a lower initial charge



Fig. 8. FESEM images of cycled negative electrodes showing cross-section and surface morphology. (a) Cross section of a negative electrode after cycling the voltage range of
0.001–0.2 V range with EDS distribution maps for carbon and oxygen; (b and c) zoom-in of the cross section and electrode surface for 0.001–0.2 V case; (d and e) zoom-in of
the cross section and electrode surface for 0.001–1.0 V case.
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voltage (as shown in Fig. 4) as well as an increased capacity of
the battery. This explains well why the capacity increases in
the initial cycling stage.
5. Conclusions

In this study, the mechanism of the capacity increase, observed
in the early cycling stage, of commercial NMC/graphite Li-ion bat-
teries was investigated by non-destructive techniques and post-
mortem analysis. The electrochemical behavior related to the
capacity increase was studied on the full cell, electrode, and mate-
rial levels. The results show an increased capacity in the early aging
stage, especially for larger DODs (such as 100% DOD and 75% DOD).
Temperature exacerbates this process in the case of 100% DOD
cycling, and an 1% initial capacity increase was observed in one
of the cases. IC and DV curves revealed that more Li+ can be
inserted into graphite with the cycling evolution in cases 2–4. Fur-
thermore, the EIS results show that the Li+ diffusion rate increases
with the EFCs, in case 3 and case 4.

The graphite negative electrodewas studied using coin cells, and
the d-spacing of graphite increased about 8.8% frompure graphite to
the full lithiation state. Furthermore, the evolution of d-spacing in
graphite under cycling shows that it is not recovered completely
when graphite is in the delithiated state. The enlarged d-spacing
reduces the insertion resistance of Li+, resulting in an increased Li+

diffusion rate. In terms of morphology, the graphite in cycle-aged
cells with large DODs tends to exfoliate into a nanosheet shape,
which exposes more surface to the electrolyte. Then, the amount
of Li-intercalable graphite has increased and the electrochemical
windowwasenlargedby thepotential reductionof thegraphite side,
resulting in an increased capacity of the battery.
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