Research Article
Cite This: ACS Appl. Mater. Interfaces 2018, 10, 25454−25464

www.acsami.org

Electrochemical Degradation Mechanism and Thermal Behaviors of
the Stored LiNi0.5Co0.2Mn0.3O2 Cathode Materials
Zhiqiang Chen, Chaoyue Liu, Guiyan Sun, Xiangbang Kong, Shaobo Lai, Jiyang Li, Rong Zhou,
Jing Wang,* and Jinbao Zhao*
Department of Chemistry, State Key Laboratory of Physical Chemistry of Solid Surfaces, Collaborative Innovation Center of
Chemistry for Energy Materials, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China

Downloaded via XIAMEN UNIV on February 27, 2020 at 00:43:38 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

S Supporting Information
*

ABSTRACT: The degradation mechanism of the stored
LiNi0.5Co0.2Mn0.3O2 (NCM523) electrode has been systematically investigated by combining physical and electrochemical tests. After stored at 55 °C and 80% relative
humidity for 4 weeks, the NCM523 materials are coated with
a layer of impurities containing adsorbed species, Li2CO3 and
LiOH, resulting in both the weight gains of the materials and
the electrochemical performance deterioration of the electrode. The impurities generated in air will react with the
electrolyte and instantly turn into LixPOyFz and other species
containing the decomposition products of electrolyte when
the stored NCM523 materials are soaked into the electrolyte,
causing the charge potential plateau and the impedance to ascend. For the stored NCM523 electrodes, the huge and changeable
impedance deteriorates the discharge capacity in the ﬁrst 10 cycles and the discharge capacity will slowly recover and stabilize
within 10 cycles when charging/discharging in 0.1 or 0.2 C. The thermal stability of the stored NCM523 materials get slightly
better due to the relatively lower delithiated state after charged to 4.3 V.
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1. INTRODUCTION
Recently, LiNixCoyMn1−x−yO2 (NCM) has attracted more and
more attention due to its high energy density, high power
density, and relatively low cost compared to the traditional
LiCoO2 cathode materials.1−3 However, the NCM cathodes
with Ni content greater than 60% have still faced poor thermal
performance, poor cycle life, and low stability in air storage.2
Until now, many research groups have dedicated to study the
storage performance of NCM cathodes with high Ni content
more than 60% and given a relatively detailed description of
the deterioration process both in the material structure and in
the electrochemical performance.4−9 Liu et al.4 believed that
the surface of LiNi0.8Co0.2O2 cathode material was covered
with two thin layers, a layer of NiO-like species and a top layer
consisting of adsorbed hydroxyl, bicarbonate, carbonate, and
crystalline Li2CO3 after stored in air. Zhuang and his coworkers6 attributed the power and capacity loss of the
LiNi0.85Co0.10Al0.05O2 cathode to the isolation of active
particles by the main surface impurity Li2CO3 after 2 year
storage, which was believed to be a low electronic and ionic
conductor. Grenier et al.10 suggested that the bimodal
distribution of Li at diﬀerent secondary particles of
LiNi0.8Co0.15Al0.05O2 (NCA) is induced by a nonuniform
covering of Li2CO3 after exposure to the atmospheric
conditions, which plays an important role in deterioration of
the electrochemical performance, i.e., heightened charging
© 2018 American Chemical Society

plateau, decreased capacity, etc., due to the hindering of the
ion and electron pathway. Lebens-Higgins et al.11 found that
the contaminated NCA electrodes will be engaged with the
breakdown of Li2CO3 in the ﬁrst charging process, which will
be ﬁnished at 4.25 V until the total disappear in the X-ray
photoelectron spectroscopy measurement. All these references
tend to relate to the downside of the performance of stored/
contaminated NCM/NCA electrode to the negative eﬀect of
Li2CO3. However, Li2CO3 serves as one of the essential
inorganic parts in the total solid electrolyte interface (SEI) for
anode materials, not only keeping an electron pathway among
active materials, but also protecting the anode materials from
self-exfoliating and being attacked by the electrolyte. It has
been previously reported that Li diﬀusion carriers in Li2CO3
on cathode are Li+ vacancies via a hoping mechanism, which
are diﬀerent from the diﬀusion carriers in the anode materials,
and the conductivity in Li2CO3 on cathode is around 5 orders
of magnitude lower than in graphite.12 All too often, Li2CO3 is
predicted to be decomposed at the range of 4.36−4.61 V and
LiOH is in the range of 4.67−5.02 V.13 Also, Bi et al.14
concluded that pure Li2CO3 does not oxidize until 5.3 V (vs
Li/Li+) at linear sweep voltammetry and will slowly turn into
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Figure 1. (a) Weight increasing rate of NCM523 with storage time at 55 °C and 80% RH. (b) The FT-IR spectra of the stored and pristine
NCM523 materials. (c) XRD ﬁgure of the stored and pristine NCM523 materials. (d) SEM images: (1) NCM523-pristine, (2) NCM523-7 days,
(3) NCM523-28 days, and (4) NCM523-70 days.

LixPOyFz (LiF) when stored in the electrolyte (1 M LiPF6 in
1:1 of ethylene carbonate (EC)and dimethyl carbonate
(DMC) solvent) for 4 weeks. Nevertheless, it is generally
believed that the NCM cathode materials with high Ni content
suﬀer from sustainable properties and will be coated on a layer
of impurities after air exposure. Therefore, it is necessary to
study the electrochemical properties of the stored NCM
materials and judge the role of Li2CO3 in deterioration process
both in the materials and the electrochemical performances.
The LiNi0.5Co0.2Mn0.3O2 (NCM523), one of the most
promising NCM cathode materials, has been successfully
applied in the commercial lithium-ion batteries.15 With the
widespread application of the NCM523 in the lithium-ion
batteries, the direct exposure to air cannot be avoided from the
manufacture to the transportation. Thus, we select NCM523 as
research feature to study the storage properties of NCM523 for
the sake of both the manufacturers and the researchers. In this
work, we have systematically studied the electrochemical and
thermal properties of NCM523 cathode materials after storage
at high-temperature and high-humidity conditions, which is the
common weather condition for some of the coastal cities at
summer. Our results have revealed that the NCM523 cathode
materials exhibited a relatively great storage tolerance against
the extreme environmental condition with a little capacity loss
in the ﬁrst cycle and a rapid decline of discharge capacity
within the ﬁrst 10 cycles. The capacity loss in the ﬁrst cycle can
be related to the greater impedance caused by the surfacegenerated impurity species after the storage at high-temperature and high-humidity conditions, and the surface-generated
impurity species continue to aﬀect the subsequent electro-

chemical cycles, leading to a rapid decline in the cycling
capacities.

2. EXPERIMENTAL SECTION
2.1. Materials Storage. The LiNi0.5Co0.2Mn0.3O2 (NCM523)
cathode materials were purchased from Beijing Easpring Material
Technology Co., Ltd. (China). A chamber (SANTN, China) with
controllable temperature and humidity was used to keep the
environment at 55 °C and 80% relative humidity (RH) for the
storage of the materials. Materials of approximately 5 g were placed
into the chamber and were taken out every week to record the weight
changes and perform the physical characterization and electrochemical test.
2.2. Physical Characterization. The weight of the NCM523 at
diﬀerent storage times was recorded by an analytical balance (MettlerToledo AG, Switzerland). Powder X-ray diﬀraction (XRD) was
performed by Miniﬂex 600 (Rikagu, Japan), and the operation
condition was set up at 40 kV and 15 mA. Testing range was from 10
to 90° at 2°/min1 with 0.02° step size. Moreover, 6% graphite in mass
ratio was ground into the sample to calibrate the peak position before
and after storage. The morphologies of NCM523 before and after
storage were ﬁlmed using a scanning electron microscope (Hitachi
Corporation, Japan). Fourier transform infrared (FT-IR) spectra were
obtained in transmission mode (using KBr pellet technique) by
Xplora (Horiba Corporation, Japan), and the data recording range
was from 400 to 4000 cm−1. For diﬀerential scanning calorimetry
(DSC) test, the NCM523/lithium metal half-cell was charged to 4.30
V and carefully disassembled at an argon-ﬁlled glovebox. Before the
test, the electrode was washed several times by dimethyl carbonate
(DMC) solvent, dried naturally to volatilize the residual solvent, and
then the delithiated NCM523 material was cautiously scraped from
the current collector. The materials of 3−5 mg and the electrolyte of
corresponding amount (material/electrolyte = 1:1 by mg/μL) were
added into a stainless sealed pan with a gold-plated cooper seal to
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Figure 2. Electrochemical performance of the stored and pristine NCM523 cathode materials: (a) the ﬁrst charge and discharge proﬁle, (b) cycle
performance, and (c) rate performances. The charge and discharge voltage proﬁles at diﬀerent rates for (d) NCM523-pristine, (e) NCM523-7
days, and (f) NCM523-28 days.
perform the DSC measurements from 35 to 400 °C in Ar atmosphere
by a simultaneous thermal analyzer 449 F1 Jupiter (Netzsch,
Germany) and the heating rate was 2 °C/min.
2.3. Electrochemical Measurements. The electrochemical tests
were performed on the CR2016-type coin cells with lithium metal as a
counter electrode. The NCM523 electrode was made by casting a
slurry consisting of 80% NCM523 material, 8% acetylene black, 2%
conductive graphite, and 10% poly(vinylidene ﬂuoride) binder (all in
mass ratio) dispersed in N-methyl-1,2-pyrrolidne solvent onto an
aluminum foil using an automatic coating machine. Afterward, the
electrode was dried in a vacuum oven at 80 °C overnight. Then, the
electrode was punched into a small disc with a radius of 0.6 cm and

the loading density of the disc electrode for all of the electrochemical
tests was controlled around 4−5 mg/cm. The coin cells (CR2016)
were assembled by sandwiching a separator (Celgard 2400) between
the NCM523 electrode and lithium metal counter electrode and using
1 M LiPF6 electrolyte dissolved in ethylene carbonate (EC) and DMC
(volume ratio 1:1) in a glovebox (M. Braun, Germany) ﬁlled with
argon. The NCM523/lithium metal cells were charged at constant
current (CC) and constant voltage mode and discharged at constant
current (CC) discharging mode at the voltage range of 3.0−4.3 V by a
battery tester (Neware, China). Cyclic voltammetry (CV) measurements were performed on a CHI 1030C (Chenghua, China)
electrochemical workstation with a scan rate of 0.1 mV/s in the
25456
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potential range of 3.00−4.30 V. Electrochemical impedance spectra
(EIS) were recorded on an Autolab PGSTAT101 cell test instrument
in the frequency range from 0.1 to 105 Hz. All electrochemical data
were procured at room temperature.

3. RESULTS AND DISCUSSION
Figure 1 presents the physical and structural properties of the
NCM523 materials before and after storage. As shown in
Figure 1a, the weight of the material shows a relatively slower
growth trend compared to that of LiNi0.6Co0.2Mn0.2O 2
(NCM622) in our previous work.16 The relation between
the weight increasing rate of NCM523 and storage time has
also been ﬁtted and presented in Figure S1 accompanied with
that of NCM622. Obviously, the NCM523 exhibits a great
storage tolerance against the extreme environmental condition
with fewer weight increase compared with the NCM622, and it
is believed that the Ni3+ in NCM makes the material more
vulnerable against the attacking from the moisture and the
carbon dioxide in air.16−18 The FT-IR spectra are shown in
Figure 1b. Newly emerging peaks at 1435 and 1496 cm−1 are
ascribed to the Li2CO3, and absorption peak located at 865
cm−1 is derived from the CO3 group.6,19 In addition, the broad
bands from 3200 to 3600 cm−1 are believed to be derived from
LiOH after storage.20 These newly emerging peaks together
demonstrate the generation of Li2CO3 and LiOH after storage.
Furthermore, the increasing intensities of absorption bands at
1435, 1496, and 865 cm−1 indicate an increasing amount of
Li2CO3 in the materials with the storage time. The XRD data
of all of the materials (Figure 1c) show an identical structure in
R3̅m space group,15,21 suggesting that the bulk structure does
not change even for longer storage. After stored for 70 days,
the (003) position of the NCM523 shifts to the low Bragg
angle by around 0.02° (Figure S2a), caused by lithium ions to
move out from the primary particles to produce the
impurities,22−25 such as Li2CO3 and LiOH. When lithium
ions migrate out from the particles, the electrostatic repulsion
between oxygen layers greatly increases because of the
unbalance of the regional charge. The weak Bragg diﬀraction
peaks of the NCM523-70 days at 21.26, 30.46, and 31.94°
(Figure S2c) are ascribed to the newly formed crystalline
Li2CO34,6 after storage. Figure 1d shows the scanning electron
microscopy (SEM) images of the NCM523 materials before
and after storage. The pristine material shows clean and clear
primary particles (Figure 1d1), whereas the stored materials
(Figure 1d3,d4) show relatively more rough surface, with the
junction and accumulation of the primary particles ﬁlled with
grainy impurities (the red cycle in Figure 1d3,d4), which is
believed to be consisted of hydroxide, carbonates, and
bicarbonate.4,16,26
Figure 2 gives the cycle and rate performances of NCM523
before and after storage in air. Notably, the ﬁrst charging
plateau of the stored materials overtops that of the pristine
materials by 0.05 V, and the discharging plateau is lower than
that of the nonstored material about 0.03 V (Figure 2a).
According to the previous reports, the foreign matters with
inferior ionic/electronic conductivity attached to the surface of
the material may isolate some of the active particles, resulting
in a higher charge voltage plateau, a lower discharge voltage
plateau, and a sudden drop in the initial discharge
voltages.6,11,21 To ﬁgure out the reason why the charging
plateau rises along with the storage time, the electrochemical
impedance spectroscopic (EIS) measurement has been
performed. Figure 3 gives the raw and the ﬁtting data of the

Figure 3. (a) Electrochemical impedance spectroscopy (EIS) proﬁles
and (b) the ﬁtting data of the stored and pristine NCM523 cathode
materials.

NCM523 before and after storage at the charged state, and the
ﬁtting data are obtained by the Zview software. Clearly, three
semicircles, respectively, located at high frequency, high to
middle frequency, and middle frequency, appear in the Nyquist
plot. According to refs 27−29, the high-frequency semicircle is
attributed to the immigration of lithium ions through the solid
electrolyte interface (SEI) ﬁlm coated on the surface of
NCM523 particles, the middle-frequency semicircle is related
to the charge transfer through the electrode/electrolyte
interface, and the high- to middle-frequency semicircle is
corresponding to the electronic properties of the materials,
which is involved in the conductive materials, the binder, the
active materials, the SEI ﬁlms covered on the surface of the
active materials, and the contact among particles and
conductive materials. The equivalent circuit is inserted into
Figure 3b, where the Rsei represents the resistance of SEI ﬁlms,
the Re stands for the electronic resistance of the material, and
the Rct is the resistance of charge transfer reaction.27 With
storage time prolonging, either Rsei or Re shows few changes
but the Rct grows sharply after storage and contributes to the
most increase of the total resistance. As aforementioned, the
Rct represents the charge transfer impedance at the electrode/
electrolyte interface, and the materials surface is covered with a
layer of low ionically/electronically conductive impurities after
storage. Thus, we believe that the impurities covered on the
surface of the materials after 4 weeks storage, less than 0.8% in
mass ratio, signiﬁcantly lead to the impedance or the charging
plateau increase of the stored materials.
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the P−O or P−F vibration,31 and the band at 1163 cm−1 is
ascribed to the vibration in the compound LixPOyFz or
LiF.30,31 The new modes at 939.7 and 957.4 cm−1 may be
related to the vibration of CO or O−CO based on some
references.29 While for the pristine NCM523, these bands do
not appear. These all suggest that the impurities generated
after storage at 55 °C and 80% RH will react with the
electrolyte and form new impurities shrouding the surface of
the materials, i.e., LixPOyFz, LiF, and species containing CO
or O−CO. The redundant LixPOyFz and LiF rapidly created,
we think, are derived from the reaction between the impurities,
e.g., Li2CO3, LiOH, bicarbonate, and LiPF6, and the species
containing CO or O−CO deﬁnitely come from the
decomposition of the solvent, i.e., EC−DMC. Both the
inorganic components (LixPOyFz or LiF, Li2CO3, LiOH) and
the organic species (species containing CO or O−CO)
are badly electronic conductor,32,33 consequently resulting in a
high-charge potential platform and a low-discharge potential
platform. And this is why the charging plateau of the stored
materials overtops that of the nonstored materials from the
outset of charging.
In Figure 2b, the cycle discharge capacities of NCM523 after
storage exhibit a small decay in the ﬁrst 10 cycles and then
maintain stability in the following 90 cycles, whereas the
discharge capacities of pristine NCM523 do not decrease
obviously in the total cycles. The charge/discharge voltage
proﬁles of the NCM523-pristine and NCM523-28 days in the
ﬁrst 10 cycles are plotted in Figure S3a,b, and the coulombic
eﬃciencies (CEs) of the total cycles are given in Figure S3c,d.
Evidently, the charge and discharge potential curves of
diﬀerent cycles of NCM523-pristine almost overlap at 3.0−
4.3 V, whereas those of NCM523-28 days do not overlap due
to the increasing overpotential, indicating that more surface
species with low electronic/ionic conductivity cover the
particles of sample NCM523-28 days with cycles. The
coulombic eﬃciencies of all of the pristine and stored materials
nearly approach to 100% since the second cycle, and the CE of
the ﬁrst cycle decreases with the storage time increasing,
indicating that the parasitic reactions related to the formation
of solid electrode interface (SEI) inevitably increase at the
surface of the cathode materials.34,35 To ﬁnd out if there is a
new electrochemical reaction resulting in capacity fading for
the stored materials, the cyclic voltammetry (CV) tests are
carried out, as described in Figure 5. For the pristine and
stored materials, there are only one oxidation peak at around
3.90 V and one reduction peak at around 3.70 V, which are
respectively corresponding to the deintercalation and intercalation of lithium ions,36,37 without any new redox reactions
emerging. However, the oxidation peak shifts to a high
potential and the reduction peak shifts to a low potential for
the storage materials at the ﬁrst cycle. In the subsequent cycles,
the oxidation peaks of the stored materials shift back to a low
potential but that of the pristine material almost stay at the
same position with only few shifts. For the NCM523-pristine,
the oxidation peak moves from 3.86 to 3.84 V at the second
cycle and then moves back to 3.85 V at the ﬁfth cycle. For
NCM523-7 days, the anodic peak potential of the ﬁrst cycle
located at 3.90 V moves to 3.845 V (second cycle) and then
back to 3.86 V (ﬁfth cycle). For the NCM523-28 days, that is
from 3.97 V (ﬁrst cycle) to 3.87 V (second cycle) and then to
3.86 V (ﬁfth cycle). At the ﬁfth cycle, the oxidation peaks of all
of the samples almost move to the same position. The ﬁrst
anodic peak located at a higher voltage than that of the

According to ref 29, the Li2CO3 ﬁlms are replaced by other
surface ﬁlms composed of a variety of species formed by
interaction between the active materials and electrolyte upon
cycling. And upon storage in the electrolyte (LiPF6 in EC−
DMC),14,30 the Li2CO3 will be slowly transformed into LiF
and other species, which further increases the surface
impedance of the materials. After storage in the air, the
complicated impurities covered on the surface of the NCM
materials may further react with the electrolyte, making the
traditional perspective of the mainly deteriorated eﬀect of
Li2CO3 diﬀerent. To verify whether the reaction between the
impurities generated after storage and the electrolyte occurs or
not, the NCM523-pristine, NCM523-28 days, and NCM52370 days are put into the electrolyte for 24 h and then taken out
for test after drying in a vacuum oven. Figure 4 presents the

Figure 4. (a) FT-IR of the NCM523-pristine, NCM523-28 days, and
NCM523-70 days before and after stored in electrolyte for 24 h and
(b) enlarged proﬁles between 500 and 1400 cm−1.

FT-IR spectra before and after storage in the electrolyte for the
NCM523-pristine, NCM523-28 days, and NCM523-70 days.
For the NCM523-28 days and NCM523-70 days, the
absorption peaks of CO32− at 1435, 1496, and 865 cm−1
surprisingly disappeared after stored in the electrolyte, whereas
the peaks at 3206 and 3426 cm−1 increased a lot, which are
previously assigned to the LiPF6 compound and O−H
stretching vibrations.29,30 In addition, a few absorption peaks
appear at range of 800−1200 cm−1, as presented in Figure 4b.
In the spectra of NCM523-28 days and NCM523-70 days, new
bands emerged at 889.8 and 930.1 cm−1, which correspond to
25458
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Figure 5. Cyclic voltammograms: (a) the ﬁrst cycle for the pristine and stored NCM523 materials, (b) the NCM523-pristine, (c) NCM523-7 days,
and (d) NCM523-28 days.

cycles indicates that the minimally formed and fairly stable
surface ﬁlms protect the NCM523 electrode materials against
the electrolyte,41 even for the stored materials. Also, the minor
augment of Rsei illustrates the modest gain in quantity of SEI
with continuous cycles. The Re denoting the conductivity of
the electrode27 also ﬂuctuates a little for NCM523-pristine
(8.2−10.1 Ω) and NCM523-28 days (10.0−11.6 Ω) after 70
cycles but increases a lot for the sample NCM523-70 days
(11.7−40.9 Ω), indicating that the contact among active
particles and conductive agent worsens after repeated cycle.
The Rct, derived from the charge-transfer process at the
interface between the electrode particles and the electrolyte,41
shows a signiﬁcant evolution for the storage samples and is
stable for the nonstored sample along with the cycles. The Rct
of the NCM523-28 days doubles during the ﬁrst three cycles,
varying from 130.2 to 261 Ω, and quickly drops until the 10th
cycle (83.8 Ω), and then gradually increases, reaching 264.5 Ω
at the 70th cycles, indicating a changing lithium-ion diﬀusion
coeﬃcient in the material and/or the electrode kinetics.41
Similarly, the NCM523-70 days give the same trend of the
evolution of Rct along with cycles. However, the Rct of the
pristine NCM523 sample only slightly ﬂuctuates in the ﬁrst
four cycles with the variation less than 7 Ω. Interestingly, the
fast variations of Rct exactly corresponds to the rapid
attenuation of the speciﬁc discharge capacity in the ﬁrst 10
cycles of the storage sample in Figure 2b, and the correlations
between the two are discussed below.

subsequent cycles was related to the formation of a layer of
SEI, and the shifts back to lower voltage would be completed
by the ﬁfth cycle.38−40 Undoubtedly, the anodic peak potential
of the ﬁrst cycle of the pristine material shows a slightly higher
voltage, which is related to the formation process of SEI,
whereas that of the stored materials presents a hugely higher
potential, which should be the integrated result of the SEI
formation and the chemical reaction before the charging
process. As abovementioned, the new inorganic components
(LixPOyFz or LiF) and the organic species (species containing
CO or O−CO groups) are produced at the ﬁrst touch
between the impurities and the electrolyte through the speciﬁc
chemical reaction, causing a huge overpotential, which may be
the major reason for the oxidation peak shifting to higher
potentials. Besides, the quickly shifting back of oxidation peak
in the following cycles for the stored materials shares the same
mechanism as that of the pristine materials to form a stable
interface between the electrode and the electrolyte.
Figure 6 presents the dynamic changes of the impedances of
the pristine and stored materials along with cycles. The
equivalent circuits of successive lines in Figure 6a,c,e are
presented in Figure 3b. As can be seen, the ﬁtting lines are in
well accordance with the experimental points. The Rsei of all
three batteries, which represent the resistances of lithium ions
migrating through SEI ﬁlms, does not show obvious changes
even at the 70th cycle (varying from 2.7 to 4.7 Ω for NCM523pristine, 3.3 to 6.0 Ω for NCM523-28 days, and 23.3 to 18.5 Ω
for NCM523-70 days). The low and stable value of Rsei with
25459
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Figure 6. Nyquist plots and ﬁtting curves at series of cycles: (a) NCM523-pristine, (c) NCM523-28 days, and (e) NCM523-70 days. The
successive variation of ﬁtting data: (b) NCM523-pristine, (d) NCM523-28 days, and (f) NCM523-70 days.

Figure 7 gives the initial discharge potentials of the pristine
and stored materials, obtained from the discharge data in
Figures 2a,b and S4. Notably, the initial discharge potentials of
the stored materials at the ﬁrst 10 cycles show signiﬁcant
voltage waving and continuously attenuate after 10 cycles in
contrast to the pristine NCM523 material. Moreover, the
initial discharge potentials of the ﬁrst 10 cycles for the stored
materials, which show a sudden drop in the ﬁrst three or four
cycles but quick return within the 10th cycle, change
oppositely against the Rct with cycles, revealing that the initial
discharge potentials can be directly intervened by the

impedance of charge-transfer process during the lithiated and
delithiated process and indirectly reﬂect the delithiation degree
of the cathode materials at the end of the charge process.
Therefore, the fast waving intervals of Rct in the ﬁrst 10 cycles
directly constrain the initial discharge potential at the same
charge/discharge cut-oﬀ condition and further result in the
discharge capacity instantly decreasing, as depicted in Figure
2b and aforementioned description.
To verify above conclusion, the electrochemical performances of the stored and pristine materials are again measured at
low charge/discharge current. In this regard, the hindered
25460
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relieved especially at low charge/discharge current. Also, the
charging plateau decreases and the discharging plateau
increases at the low charge/discharge rate (Figure 8b) due
to the minor polarization.42 For the sample NCM523-28 days,
although it has a slight decrease in ﬁrst three cycles and a
relatively lower discharge capacity compared to the NCM523pristine, the electrochemical discharge capacity gets slow
recovery at 0.1 and 0.2 C (1 C = 160 mA/g) charge/discharge
current within 10 cycles and then stabilize, whereas the
discharge capacity at 0.5 C current also decreases in the ﬁrst 10
cycles, indicating that the stored materials at the testing current
more than 0.5 C cannot recover the electrochemical discharge
capacity due to the fast changing interval of Rct in the ﬁrst 10
cycles.
Figure 2c,f presents the rate discharge performances of the
materials. Obviously, with the extension of the storage time,
the rate performances of the stored materials get deteriorated,
especially at the large discharge rate, which is believed to be
hindered by the impurities generated after storage and the
reactions between the impurities and the electrolyte.
The thermal stability of the stored and pristine NCM523
materials (charged to 4.3 V) is studied by the diﬀerential
scanning calorimetry (DSC) and thermogravimetry test, as
shown in Figure 9. Two exothermic peaks, located at around
275 and 302 °C, are observed. The exothermic peak at 275 °C
is attributed to the oxidation reaction between the delithiated
materials and the electrolyte and the decomposition reaction of

Figure 7. Initial discharge potential of the NCM523-pristine,
NCM523-28 days, and NCM523-70 days after charged to 4.3 V at
successive cycles.

electrode kinetics caused by the larger charge-transfer
impedance after the storage is largely impaired, as shown in
Figures 8 and S5. The great enhancement of the ﬁrst discharge
capacity and CE (Figure 8a) with the decreasing charge/
discharge rates reveals that the sluggish kinetics involving the
low lithium-ion and electrons conductivity get enormously

Figure 8. (a) Speciﬁc discharge capacity and (b) ﬁrst charge/discharge proﬁles of the NCM523-28 days at 1, 0.5, 0.2, and 0.1 C (1 C = 160 mA/g);
the charge/discharge proﬁles at (c) 0.1 C and (d) 0.2 C of NCM523-28 days.
25461
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Figure 9. DSC proﬁles: (a) pristine and stored NCM523 materials after charged to 4.3 V and (b) NCM523-28 days after charged to 4.2 and 4.4 V.

NCM523 electrode quickly declines in the ﬁrst 10 cycles at
high rates (≥0.5 C) owing to a larger and changeable
electrochemical impedance, and this phenomenon disappear at
low charging/discharging current (≤0.2 C). In addition, the
thermal stability of the stored NCM523 materials getting
slightly better is due to the relatively lower delithiated state at
the charged states, which is caused by the superﬁcial higher
impedance impurities.

electrolyte itself,43,44 and the one at 302 °C is owing to the
oxidizing of solvents by oxygen released from the delithiated
materials.43,45,46 With the storage time increasing, the ﬁrst
exothermic peak moves to the higher temperature, whereas the
second exothermic peak keeps the temperature position with a
slightly increasing maximal heat ﬂow (Table S1). The
NCM523 materials are coated by a layer of impurities
consisting of easily decomposed adsorbed species and harddecomposed Li2CO3 and LiOH16 after storage, and the
impurities will further react with the electrolyte to generate
new low electron/lithium-ion conductivity impurities, such as
LixPOyFz (LiF, organic species containing CO or O−C
O), covered on the surface of the materials (Figure 4), causing
a higher impedance and charge potential plateau. Thus, the
delithiated state of the stored materials after being charged to
4.3 V is absolutely lower than that of the pristine materials. As
mentioned above, the ﬁrst exothermic peak is partly related to
the reaction of the delithiated materials and the electrolyte,
therefore the delithiated state of the materials determines the
temperature position of the ﬁrst exothermic peak to some
extent. To verify our point of view, the thermal behaviors of
NCM523-28 days charged to 4.2 or 4.4 V with the same
charging mode are tested, as shown in Figure 9b. The ﬁrst
exothermic peak of the sample charged 4.2 V moves to a high
temperature, whereas that of the sample charged to 4.4 V
moves to a low temperature. Thus, the slightly better thermal
behavior of the stored materials is ascribed to the lower
delithiated state, caused by the higher impedance impurities
generated in the air storage and the reactions of the impurities
and the electrolyte in the batteries, at the same charging mode.
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4. CONCLUSIONS
To sum up, we have systematically studied the eﬀects of
extreme storage condition on the physical properties and
electrochemical performances of NCM523 materials. After
stored at 55 °C and 80% RH, the NCM523 materials are
coated by a layer of impurities consisting of the adsorbed
species, Li2CO3 and LiOH, inevitably resulting in the mass
gain. When the stored NCM523 materials serve as the cathode
materials in the lithium-ion batteries, the impurities generated
in the air exposure quickly react with the electrolyte and
promptly turn into new inorganic components (LixPOyFz or
LiF) and organic species (species containing CO or O−C
O groups), causing a higher impedance and charge potential
plateau. Furthermore, the discharge capacity of the stored

ORCID

Jinbao Zhao: 0000-0002-2753-7508
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work is ﬁnancially supported by National Natural Science
Foundation of China (21603179), the Fundamental Research
Funds for the Central Universities (20720170021), National
Natural Science Foundation of China (21621091), National
Key Research and Development Program of China
(2017YFB0102000), and National Fund for Fostering Talents
of Basic Science (J1310024). The authors also wish to express
25462

DOI: 10.1021/acsami.8b07873
ACS Appl. Mater. Interfaces 2018, 10, 25454−25464

Research Article

ACS Applied Materials & Interfaces

(18) Shizuka, K.; Kiyohara, C.; Shima, K.; Okahara, K.; et al. ECSEffect of CO2 on Layered Li1+zNi1‑x‑yCoxMyO2 (M = Al, Mn) Cathode
Materials. ECS Trans. 2008, 11, 7−13.
(19) Ostrovskii, D.; Ronci, F.; Scrosati, B.; Jacobsson, P. Reactivity
of lithium battery electrode materials toward non-aqueous electrolytes: spontaneous reactions at the electrode-electrolyte interface
investigated by FTIR. J. Power Sources 2001, 103, 10−17.
(20) Xiong, X.; Wang, Z.; Yue, P.; Guo, H.; Wu, F.; Wang, J.; Li, X.
Washing effects on electrochemical performance and storage
characteristics of LiNi0.8Co0.1Mn0.1O2 as cathode material for
lithium-ion batteries. J. Power Sources 2013, 222, 318−325.
(21) Zhang, X.; Jiang, W. J.; Zhu, X. P.; Mauger, A.; Qilu; Julien, C.
M. Aging of LiNi1/3Mn1/3Co1/3O2 cathode material upon exposure to
H2O. J. Power Sources 2011, 196, 5102−5108.
(22) Reimers, J. N.; Dahn, J. N. Electrochemical and In Situ X-ray
Diffraction Studies of Lithium Intercalation in LixCoO2. J. Electrochem.
Soc. 1992, 139, 2091−2097.
(23) Li, W.; Dahn, J. R.; Reimers, J. In situ X-ray diffraction and
electrochemical studies of Li1−xNiO2. Solid State Ionics 1993, 67,
123−130.
(24) Balasubramanian, M.; Sun, X.; Yang, X. Q.; McBreen, J. In situ
X-ray diffraction and X-ray absorption studies of high-rate lithium-ion
batteries. J. Power Sources 2001, 92, 1−8.
(25) Dolotko, O.; Senyshyn, A.; Mühlbauer, M. J.; Nikolowski, K.;
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