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Abstract
The deterioration behaviors of the lithium-ion pouch full cells consisted of Ni-rich  LiNi0.8Co0.1Mn0.1O2 (NCM811) cathode 
and SiO–C composite anode after stored at 55 °C for 7 days were investigated. A significant increase in the interface 
impedance of the cell and a change in structure of the anode surface passivation films are attributed to constant elec-
trolyte decomposition inducing the regeneration of SEI films, which result in the constant consumption of active lithium 
source and rapid capacity fading. After high-temperature storage, the initial charge capacity of anode is reduced from 
609.1 to 514.3 mAh  g−1. Furthermore, the disintegration of NCM811 cathode secondary particle was observed, and after 
high-temperature storage, the reversible capacity of cathode decreases from 170.6 to 134.9 mAh  g−1.
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1 Introduction

Lithium-ion battery (LIB) possesses favorable electrochem-
ical performance, such as outstanding energy density and 
excellent cycle performance. It has been extensively used 
in many energy storage devices. However, with the high-
speed development of stationary batteries for energy 
storage systems as well as electric vehicles (EVs) and 
plug-in hybrid electric vehicles (PHEVs) in recent years, 
the advanced LIBs modules with lightweight, long-life 
and high thermal-stable batteries need to be developed.

In terms of lightweight, the LIBs must possess high 
energy density and the cathode and anode active mate-
rials should exhibit high reversible specific capacity and 
favorable electrochemical performance.

N i - r i c h  t r a n s i t i o n  m e t a l  l a y e r e d  o x i d e s 
 (LiNixCoyMn1−x−yO2, Ni-rich NCM) possess high revers-
ible specific capacities (> 200 mAh  g−1) which have been 
spotlighted in recent years [1, 2]. The further NCM material 

research strategy has focused on adjusting the proportion 
of the nickel content to improve its specific capacity to 
satisfy the growing demand for battery energy storage 
applications such as EVs [3, 4].

Silicon monoxide (SiO) exhibits the highest theoretical 
capacity than graphite [5, 6] and slighter volume expan-
sion than Si [7, 8]; however, SiO shows poor conductivity 
and the initial coulombic efficiency is unsatisfactory [9, 10]. 
Preparing SiO–C composite is an optimal strategy to sur-
mount these intractable problems. The carbon matrix can 
not only dramatically reduce the volume expansion during 
the cycling, but enhance the electronic conductivity of SiO 
significantly [11, 12].

Fortunately, we find that the full cell using Ni-rich 
NCM811 and SiO–C composite possesses high energy den-
sity (> 300 wh  kg−1), indicating that this full cell is a prom-
ising substitute to use in battery energy storage applica-
tions. However, this electrochemical system shows a fragile 
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thermal stability, which is considered as fatal defect for the 
large-scale application of high energy density LIBs [13, 14].

In this work, we concentrate on the thermal stability of 
full cells consisted of Ni-rich NCM811 and SiO–C compos-
ite. It is found that the full cell shows a significant capacity 
fade and obviously increased in the interfacial impedance 
after stored at 55 °C for 7 days. The NCM811 cathode and 
the SiO–C composite anode before and after high-temper-
ature storage are investigated through SEM, XRD, CV and 
EIS analysis. The causes of the deterioration phenomena 
were discussed.

2  Experimental

2.1  Preparation of cathode

97.5 wt% NCM811 powders (Rongbay New Energy Tech-
nology Co., Ltd.) were used as the cathode active material, 
1.5 wt% polyvinylidene fluoride (PVDF) (Solvay, 5130) was 
served as the binder and 1 wt% carbon nanotubes (CNTs) 
were used as conductive agent.

2.2  Preparation of anode

Anodes were prepared using a mixture of SiO–C compos-
ite (BTR New Energy Materials Inc.), carbon black (Super 
P), synthetic conductive graphite (KS-6) and water-soluble 
binder in the weight ratios of 91:2:1:6. Deionized water 
was used as the solvent.

The both-sides coated anodes and cathodes were 
sealed in an aluminum-polymer pouch films. The full cells 
were vacuum-filled with electrolyte composed of 1 M 
 LiPF6 in EC:DEC:EMC:FEC (2:2:5:1 in volume ratio) with 1 
wt% vinylene carbonate (VC). Cells were galvanostatically 
cycling at 1/3 C current rate between 2.5 and 4.2 V. High-
temperature storage tests were carried out at charged 
states (4.2 V) for 7 days at 55 °C.

2.3  Physical characterization

Sample structure morphology and elemental composition 
were analyzed by scanning electron microscopy (SEM, FEI 
NOVA NANOSEM 450) and EDS, respectively. The sam-
ple crystal structure was performed using X-ray diffrac-
tion (XRD, Philips X’ Pert PRO MPD) with Cu-Kα radiation 
(λ = 1.5406 nm).

2.4  Electrochemical diagnostics

The unstored and stored pouch full cells were disassem-
bled in Ar-atmosphere glove box and the electrodes 
were cleaned in dimethyl carbonate (DMC). After dried in 

vacuum, the electrodes were assembled in coin cells in 
Ar-atmosphere glove box using the Li-metal foils as the 
counter electrodes and reference electrodes.

Herein, the fresh anodes were represented by SC1 and 
the anodes after high-temperature storage test were rep-
resented by SC2. The CV tests were recorded on a Solar-
tron SI1287/1260 analyzer at 0.1 mV  s−1 scanning rate. The 
NCM811/SiO–C full cells and coin cells for EIS measure-
ments were carried out on 4.2 V and 0.2 V, respectively and 
relaxed for 12 h before test.

3  Results and discussion

3.1  NCM811/SiO–C full cell

Figure 1a depicts the room temperature charge/discharge 
curves of the pouch full cell for the 1st, 2nd and 3rd cycles 
at a current rate of 1/3 C. The full cell delivers reversible 
capacities of 7.61, 7.56, 7.52 Ah at the 1st, 2nd and 3rd 
cycles, respectively.

The (dQ/dV) plot (Fig. 1b) of full cell before high-tem-
perature storage test, where capacity is represented by Q 
and voltage is represented by V, observed a distinct reduc-
tive peak at 4.0 V and two relatively weak reductive peaks 
at 3.7 and 3.2 V. However, after high-temperature stor-
age, no conspicuous peak shift was identified except for 
an unobvious peak at 3.9 V from the (dQ/dV) plots, which 
manifests the deterioration of the electrode active mate-
rials and the decreased peak currents arise from sluggish 
solid-state diffusion-related reaction between lithium-ions 
and electrode active materials [15].

The Nyquist plots of full cells are shown in Fig. 1c. The 
equivalent circuit is used to model the EIS of the unstored 
and stored full cells. In the equivalent circuit, R1 is the elec-
trolyte and separator resistances. The capacitance and 
the solid-electrolyte interface (SEI) films resistance are 
expressed by C1 and R2, respectively, which correspond to 
the high-frequency semicircle. C2 represents the double-
layer capacitance and the R3 is the charge transfer resist-
ance, corresponding to the medium frequency semicircle. 
The straight sloping line represents the diffusion of lith-
ium-ion within the electrodes, corresponding to the War-
burg impedance at low frequency, expressed by W [16, 17].

After high-temperature storage test, the R1 of full 
cell increases from 4.10 to 14.14 mΩ and the R2 of full 
cell increases from 2.15 to 30.25 mΩ. It implies that the 
electrolyte is decomposed on the surface of electrode 
materials during the high-temperature storage process, 
the regeneration of SEI films will lead to an irreversible 
Li consumption, which causes a significant capacity fade 
(capacity retention at 1/3 C is about 36%) [18–20]. The R3 
values of the full cell before high-temperature storage and 
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high-temperature stored full cell are calculated to be 4.34 
and 15.97 mΩ, respectively, showing an obvious growth 
of the charge transfer resistance. The degeneration of the 
ionic transmission path caused by the changes of interface 
films and electrodes structures as well as the obstruction 
of electronic transmission path caused by the deteriorated 
of solid–liquid interface will result in the aggravation of 
the electrode kinetics [18, 20].

3.2  NCM811 cathode

The XRD patterns of unstored and stored cathodes are 
shown in Fig. 2a. The cathode materials manifest typical 
pattern of α-NaFeO2 layered structure with R3̄ m space 
group. In particular, the (006/102) and (108/110) splitting 
peaks also can be identified, which indicate that the cath-
ode samples have an ordered layer structure [21, 22]. The 
XRD pattern shows no additional reflections in the stored 
materials, suggesting that no obvious crystal structural 
changes occur during high-temperature storage test. Fig-
ure 2b shows the charged/discharged curves of cathode 

between 2.75 and 4.3 V at 190 mA  g−1. The discharge 
capacity of fresh cathode and stored cathode is 170.6 and 
134.9 mAh  g−1, respectively, showing a capacity decreas-
ing after high-temperature storage test.

Figure 3a, b shows the SEM images of cathode before 
and after high-temperature storage test. As exhibited in 
Fig. 3a, the NCM811 secondary particles keep a spherical 
morphology. However, there is disintegration of NCM811 
secondary particles after high-temperature storage test 
(Fig. 3b). The suppress pressure during calendering has 
important effect on the fracture of NCM811 secondary 
particles. The attached small particles on the surface of 
stored cathode are more likely to be broken product of 
secondary particles. It also has been suggested that the 
activity and evolution of oxygen in NCM materials, particu-
larly at charged state and under extreme thermal environ-
ments, can directly impact the chemo-mechanical stabil-
ity. The phase transformation caused by release of oxygen 
generates partial stresses, which can potentially result in 
the chemo-mechanical deterioration [23, 24]. Otherwise, 
the disintegration of cathode secondary particles can also 

Fig. 1  a Room temperature charged/discharged curves of full cell at 1/3 C; b The (dQ/dV) plots for the second discharge of the unstored and 
stored full cell; c Nyquist plots of unstored and stored full cell
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Fig. 2  a XRD patterns of unstored and stored cathodes; b Charged/discharged curves of fresh cathode and stored cathode

Fig. 3  SEM images of unstored cathodes (a) and stored cathodes (b); c the corresponding elemental mapping images of carbon, oxygen, 
fluorine, phosphorus, manganese, cobalt and nickel of the stored cathode; EDS spectra of d unstored and e stored cathodes
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lead to the increase in specific surface area, which aggra-
vates the decomposition of the electrolyte, promoting 
the dissipation of the active lithium source in the cathode 
active materials. The elemental mapping images of stored 
cathode are exhibited in Fig. 3c, and the EDS spectra of 
the cathode are exhibited in Fig. 3d, e. It is found that the 
atomic percentage of F, O and P of stored cathode is higher 
than that of unstored cathode. The above result reveals 
that decomposed adducts of NCM particles surface are 
ascribed to the decomposition of electrolyte and lithium 
salts.

Thus, the mechanical strength of NCM secondary parti-
cles should be taken into account in the processes of mate-
rials preparation and the single crystal of Ni-rich cathode 
material is a better selection.

3.3  SiO–C composite anode

Figure 4a presents the charged/discharged curves of SC1 
and SC2 between 0.05 and 1.5 V at a current density of 
30  mA.g−1. The initial charge capacity of SC1 and SC2 is 
609.1 and 514.3 mAh  g−1, respectively, showing a signifi-
cant capacity fading after high-temperature storage test. 
The capacity retentions of SC1 and SC2 after 100 cycles at 

current density of 30  mA.g−1 are 65.6% and 53.1%, respec-
tively (Fig. 4b). It indicates that the specific capacity and 
cycle stability of stored anode are deteriorated, which may 
be caused by the aggravation of the electrode kinetics due 
to degeneration of the ionic transmission path caused by 
the changes of interface films.

Figure 4c presents the first cycle of CV curves of SC1 
and SC2, respectively. It should be noted that a slight 
irreversible reduction peak can be observed at near 1.1 V, 
which is attributed to the reduction of the FEC on the elec-
trodes surface [25, 26], and the reduction peak detected 
at 0.02 V is ascribed to the electrochemical Li-alloying 
reactions and the lithium-ions intercalation into carbon 
materials [27, 28]. The R2 of SC2 (17.86 Ω) is higher than 
that of the SC1 (1.80 Ω), which implies that the constant 
electrolyte decomposition induces the regeneration of SEI 
films on the surface of anode materials during the high-
temperature storage process. We can speculate that the 
main reasons for capacity fading are originated from the 
continuous dissipation of lithium inventory caused by the 
degeneration of the SEI films.

The XRD patterns of SiO–C composite samples are 
exhibited in Fig. 5g. The results show that SiO–C com-
posite anodes exhibit several clear peaks at 26.6°, 50.4°, 

Fig. 4  a Galvanostatically charged/discharged curves of SC1 and SC2; b Cycle stability of SC1 and SC2; c The CV curves of SC1 and SC2 at 0.1 
mV  s−1; d Nyquist plots of SC1 and SC2
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54.9°, and 74.3°, which correspond to the (111), (220), (311) 
and (331) lattice orientations of Si, respectively [29]. The 
two diffraction peaks at approximately 23° and 43° are 
originated from the (002) and (100) planes of the carbon 
materials [30]. These peaks were not observed in the bare 
SiO spectrum, suggesting that SiO consists of nanocrystal-
line Si and amorphous silicon oxide [31]. The XRD results 
imply that there is no significant structural collapse of 
SiO–C composite anode during high-temperature stor-
age process.

As shown in Fig. 5a, the SiO particles are embed in the 
carbon matrix and the carbon acts as a buffer area for vol-
ume expansion of SiO during the cycling and employed as 
an electrical conducting medium. It is known that the SEI 
films are formed on anode of full cell in the initial charge 
cycle, which corresponds to an activation process [32]. 
Figure 5b represents the SEM of SiO–C composite anode 
before high-temperature storage test. We can observe that 
the loose and porous SEI film was formed on the surface 
of SiO–C composite anode after the initial charge cycle.

The morphology of anode after high-temperature stor-
age (Fig. 5c, d) shows a significant difference from that of 
unstored one (Fig. 5b). Figure 5c, d shows that the surface 
of stored anode consisted of the paste-like decomposed 
adduct, which originates from constant electrolyte decom-
position inducing the regeneration of SEI films, due to the 
electrolyte would penetrate through the less dense and 
porous SEI film into the active material for further decom-
position during high-temperature storage process.

The elemental mapping images (Fig. 6) and EDS spectra 
(Fig. 5e, f ) of the stored anode show that the decomposed 
adduct generated on the surface of anode consists mainly 
of F and P elements, and the atomic percentage of F is 
increased significantly, proving the electrolyte decom-
posed on the surface of SiO–C composite. The results from 
the SEM and the EDS are in coincidence with the EIS tests 
of the stored anode, confirming the deterioration of the 
electrode/electrolyte interphase.

Furthermore, we think that the loose and porous SEI 
layer structure (Fig. 5b) generated on the surface of the 

Fig. 5  SEM images of a fresh 
SiO–C composite, b unstored 
anode, c stored anode and 
d cross section of the stored 
anode; EDS spectrum of e 
unstored and f stored anode; g 
XRD patterns of unstored and 
stored anode
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anode possesses fragile thermal stability, and the SEI 
films will be degenerated and regenerated during high-
temperature storage process. However, if a compact SEI 
film is constructed, the electrolyte molecules would not 
penetrate through SEI layer into the active material for 
further decomposition, thereby suppressing continual 
regeneration of the SEI film. In comparison, we report a 
homogeneous and compact SEI film by modified the elec-
trolyte additives.

Figure  7a–c presents the SEM and elemental map-
ping images of stored anode of modified full cell, we can 
observe that a homogeneous and compact SEI film was 
formed on the surface of anode, which is obviously dif-
ferent from that of SC2 (Fig. 5b). Significantly, after high-
temperature storage test, the modified full cell can deliver 
a capacity retention of 88.5% at 1/3 C (Fig. 8a), which is 
favorable compared to the full cell with loose and porous 
SEI film structure (capacity retention at 1/3 C is about 
36%), showing superior thermal stability. The R1, R2, R3 

of modified full cell increase from 2.95, 2.03, 3.04 mΩ to 
3.86, 2.37, 5.60 mΩ after high-temperature storage test 
(Fig. 8b); the resistances increasing have been improved 
dramatically, proving the excellent thermal stability of the 
compact SEI film structure.

4  Conclusions

In this work, the fragile thermal stability mechanisms 
of this full cell were investigated carefully. Specifically, 
the NCM811 secondary particles are found to be dis-
integrated after high-temperature storage test. The 
loose and porous SEI layer structure generated on the 
surface of the anode possesses fragile thermal stabil-
ity. In addition, the constant electrolyte decomposition 
inducing the regeneration of SEI films on the surface of 
SiO–C composite anode during high-temperature stor-
age process, would give rise to the degeneration of the 

Fig. 6  a SEM images of stored 
anode; b-f the corresponding 
elemental mapping images 
of silicon, carbon, oxygen, 
fluorine, phosphorus of stored 
anode
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electrode/electrolyte interphase, which are confirmed 
by SEM, EDS and EIS. The disintegration of cathode 
materials and deterioration of anode/electrolyte inter-
phase cause the electrochemical performance of full 

cells deterioration after high-temperature storage. Col-
lectively, our findings emphasize the importance of the 
compact SEI layer structure and further suggest paying 
more attention to the chemo-mechanical stability of 

Fig. 7  a, b SEM images of stored anode of modified full cell; c the corresponding elemental mapping images of silicon, carbon, oxygen, fluo-
rine, phosphorus of stored anode of modified full cell

Fig. 8  a Galvanostatically charged/discharged curves of the unstored and stored modified full cell; b Nyquist plots of unstored and stored 
modified full cell
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NCM secondary particles when designing future high 
energy density cathode materials.
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