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Additives prevent initial solvent oXi- 

dation but not resistance increase of 

cathode. 

Surface reconstruction layer of 

cathode did not grow past high tem- 

perature cycling. 

New resistance layers between pri- 

mary grains due to particle cracking. 
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A  B  S  T  R  A  C  T   

 

A comprehensive study on high temperature cycling (80 °C) of industrial manufactured Li-ion pouch cells (NMC- 

111/Graphite) filled with different electrolytes is introduced. Ageing processes such as capacity fade, resistance 

increase and gas generation are reduced by the choice of appropriate electrolyte formulations. However, even by 

using additive formulations designed for elevated temperatures a large resistance increase is observed after 200 

cycles and more (which does not happen at 55 °C). Symmetrical EIS (Electrochemical Impedance Spectroscopy) 

shows that the cathodic charge transfer resistance is the main reason for this behaviour. Nonetheless most of the 

active Li is still available when cycling with suitable additives. No change of the cathode crystalline structure or 

a growth of the cathodic surface reconstruction layer is observed post cycling at 80 °C. Therefore a disintegration 

of NMC secondary particles is believed to be the main reason of the cell failure. A separation of single grains is 

leading to new decomposition and reconstruction layers between primary particles and an increased charge 

transfer resistance. Further approaches to improve the high temperature cycle stability of NMC based materials 

should therefore be aimed at the cathode particles morphology in combination with similar electrolyte for- 

mulations as used in this study. 
 

 

 
 

1. Introduction 

 
Manufacturers of Li-ion batteries specify the upper operational 

temperature range of their products to be approXimately 50–60 °C. If 

 
operated at higher temperatures than suggested, cells have been shown 

to generate gas and age much faster [1–3]. However, some industrial 

applications require their devices to be thermally stable up to 80 °C. 
Such applications include cells for sensor technologies, military 
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operations and downhole, high temperature environments (such as 

mining or oil and gas exploration) [1]. More common situations such as 
prolonged sunlight exposure on the dashboard of a car, can also result 
in temperature environments ≥75 °C [4]. Batteries containing Li(Ni1/ 

3Mn1/3Co1/3)O2 (NMC-111) as a cathode material have been reported 
to show an increased thermal stability compared to cells based on 

LiCoO2 (LCO) or Li(Ni0.8Co0.15Al0.05)O2 (NCA) [5–8]. During thermal 
runaway tests a delayed temperature onset was observed with minor 
amounts of energy released. A similar observation has been reported for 
cells based on LiFePO4 (LFP) cathodes or Li4Ti5O12 (LTO) anodes 
[7,9,10]. However, the use of either of these materials results in lower 
cell voltages and worse cycling stabilities at elevated temperatures 

[3,11–13]. Several publications have focused on the thermal stability of 

Li-ion batteries at temperatures above 80 °C and  higher, yet little in- 
formation has been reported around investing the degradation of cells 

cycling under these conditions [5–7,14–17]. In a half-cell study An- 

dersson and Edström found that the morphology and chemical com- 
position of the solid electrolyte interface (SEI) formed on graphite an- 
odes changed during cycling at 80 °C [18]. Lithium alkyl carbonates 
disappeared and LiF crystals were found to cover the surface. The de- 
gradation of the cathode material has been the focus of many studies, 
stating that a gain in electrode resistance of layered materials such as 
LCO leads to an increased capacity fade [1,19,20]. Recent publications 

show the importance of studying full cells for a broader understanding 
of degradation mechanisms, as it is believed that both electrodes can 

interact with each other [21–24]. Another potentially misleading ob- 

servation from half-cells vs. lithium can be seen for the work published 
by Chang et al. [25]. An improvement in capacity retention at elevated 
temperatures was achieved by Ti and Fe coatings of LFP cathodes. 
However, when cycling the same electrodes vs. carbon anodes an ad- 
verse effect was discovered. Many other types of coatings have been 
applied to positive and negative electrode materials to improve the 

cycling stability at high temperatures [26–29]. These will not be com- 

prehensively explored within the scope of this article. NCA, due to its 
high specific capacity, has been studied frequently at elevated tem- 
peratures using full cells. Sasaki and Muto et al. showed a moderate 
capacity retention in cylindrical cells with this cathode type at 80 °C 

[30,31]. After 350 cycles, approXimately 80% of the capacity was still 
available. They found that the capacity fade directly correlated with the 
amount of inactive Ni+2 and Ni+3 areas. Both, Kojima and Muto et al. 
analysed NCA full cells aged at 70 and 80 °C [31,32]. They found that in 

addition to a phase reconstruction layer, large quantities of fluoride 
species were located between grain boundaries of primary particles. 
Recently the interest in layered Li(Ni1-X-yMnXCoy)O2 as a positive elec- 

trode material has increased. This is linked to its advanced thermal 
stability compared with NCA in combination with a high specific ca- 
pacity and an acceptable cycle stability [8]. These characteristics are 
related to large quantities of Mn4+-ions, which stabilize the cathode 

structure at high state of charges (SoC) [33,34]. Bang et al. also found 
that the stability of these materials improves with higher Mn contents 
and the capacity increases with larger Ni contents within the structure 
[35]. This is because the redoX reaction Ni2+ ↔ Ni4+ primarily com- 

pensates for the charge transfer during lithiation and delithiation [34]. 
Bodenes et al. cycled Li(Ni1-X-yMnXCoy)O2 vs. graphite in  cylindrical 
cells at elevated temperatures and analysed the aged electrodes via X- 

ray photoelectron spectroscopy (XPS) [36,37]. In contrast to results 

et al. found that 2% of propane sultone as an additive influenced the 
composition of the cathode decomposition layer [38]. This resulted in a 

better cycle stability of coin cells following storage at 75 °C. Xia et al. 
used various similar substances based on sulphites, sulphates, sultones, 
di-sulfonates and also the well-known vinylene carbonate (VC) [39]. 
They cycled NMC(111)/graphite pouch cells with various miXtures of 

different additives at 55 °C. A combination of these substances led to 
improved cycling stabilities compared with single component addi- 
tions. It was suggested that different additives can interact with each 

other but to our knowledge no mechanism was proposed which would 
substantiate these findings. In this study, our objective is to determine 
the influence of different electrolyte compositions on the cycling per- 
formance   of   Li(Ni1/3Mn1/3Co1/3)O2/graphite   pouch   cells    cycled    at 

80 °C. Additionally to study values like resistance increase, capacity 
fade and volume expansion also the degradation state of single cell 
components was evaluated. We thereby used post-mortem analyses 
such as symmetrical EIS measurements, surface-sensitive techniques 

(XPS), bulk structural measurements (XRD) and TEM/STEM. 

 
2. Experimental 

 
2.1. Cell filling, formation and cycling 

 
Li[Ni1/3Mn1/3Co1/3]O2 (NMC111)/graphite pouch cells (ca. 1.2 Ah) 

without electrolyte were obtained from LiFun Technology (Xinma 
Industry Zone, Golden Dragon Road, Tianyuan District, Zhuzhou City, 

Hunan Province, PRC, 412000, China). The electrode loading for the 
anode was 95 g/m2 with 95% active material, 3.8% binder (CMC/SBR) 
and 1.2% conductive carbon. The cathode loading was 185 g/m2 with 

96.4% active material, 2% binder and 1.6% conductive carbon. Cells 
arrived vacuum sealed with extra pouch material for the degassing 
process still attached. Before filling with electrolyte, the cells were cut 
open within the excess pouch foil region and dried at 70 °C, under 

vacuum for at least 12 h, to remove most residual water. Afterwards 
each cell was filled in a dry room (dew point of -45 °C) with 4.8 g of 
electrolyte (4 g Ah-1). The electrolyte compositions and their suppliers 

can be found in Table 1. 
Composition C was achieved by adding PES (Prop-1-ene-1,3-sultone 

– Fluorochem, 95%), DTD (1,5,2,4-DioXa-dithiane 2,2,4,4-tetraoXide – 

Fluorochem, 95%) and TTSPi (Tris-trimethylsilyl-phosphite – Sigma 
Aldrich, 95%) to Electrolyte A. Electrolytes A, B and E exhibited a water 

content around 2 ppm, while the modified electrolyte C measured ap- 
proXimately 20 ppm (due to the water within the additives). Cells with 
electrolyte D were pre-filled by the manufacturer and so an analysis of 
the water content was not possible. After filling, the cells were trans- 

ferred into a vacuum sealer (MFC-2 Solith) and underwent a soak cycle 
between 100 and 800 mbar before being sealed at a final pressure of 
10 mbar. For the formation cycle, all cells were held for 24 h at 1.5 V in 

a climate chamber set at 40 °C and charged at 60 mA (C/20) to 3.8 V. A 
VMP3 potentiostat (Bio-Logic) was used for all electrochemical cycling. 
After the initial formation the cells were cut open in the dry room and 
resealed under vacuum (degassing step). Before cycling at elevated 

 
Table 1 

Electrolyte compositions for cells cycled at 80 °C – the salt concentration for each com- 

position was 1 M LiPF6 except for electrolyte E where it was 1.2 M LiPF6. 
based on NCA, they concluded that the resistance increase observed for    

cycling cells at 85 °C might be a result of the growing anode SEI. When 
cycled at 120 °C they found a migration of the PVDF binder to the 

No.      Solvents (vol. 

Ratio) 

Additives (mass 

ratio) 

Supplier Colour 

Code 

cathode surface, resulting in an even faster capacity fade and resistance 
increase. Many of the above mentioned studies are focused on the de- 

 

A EC:EMC (3:7) none BASF (LP57) Orange 
B EC:EMC (3:7) 1% VC Soulbrain Red 

gradation of the electrode materials. There has been minimal in- 
formation given about the possible influence of electrolyte composi- 

C EC:EMC (3:7) 2% PES, 1% DTD, 

1% TTSPi 

Electrolyte A 

modified 

Green 

tions used for these experiments. Most published work concerning 
different electrolyte formulations has been performed either on coin 

D EC:PC:DEC 

(35:30:45) 

1% VC, 1% 

PES + other 

LiFun Technology      Blue 

cell levels (half-cells vs. Li/Li+) or at lower temperatures (≤60 °C). Xu 
E EC:EMC (1:3) 15% FEC, 3% VC Soulbrain Purple 
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temperatures the formation step was completed at 25 °C and the cells 

also underwent two comparison cycles at 240 mA (C/5) to demonstrate 
reproducible capacity and resistance values. For long-term cycling at 
least three cells of each electrolyte composition were placed in thermal 
chambers set at 80 °C ( ± 0.1 °C) and were cycled between 2.5 V and 

4.2 V in a CC-CV mode with 400 mA (C/3) constant current (CC) down 
to 60 mA (C/20) during the constant voltage step (CV) at 4.2 V. Every 
25 cycles the impedances of the pouch cells were measured after a 
discharge to 3.5 V with 30 min waiting time, using potentiostatic 

electrochemical impedance spectroscopy (PEIS). The scanning range 
was between 100 kHz and 10 mHz with an amplitude of 10 mV. Fig. 
S1a shows a typical Nyquist plot for EIS data of these pouch cells, 

measured at room temperature and at 80 °C. The data were fitted by 
using ZView with the following circuit elements: inductor (L), series 
resistance (Rs), SEI resistance (Rsei), charge transfer resistance (Rct), 
constant phase elements (CPE) and Warburg element (W). Fig. S1b 

shows the circuit model used for curve fittings at 25 °C. Due to faster 
kinetics at elevated temperatures, only one semicircle was observed and 
this effect continued as a function of cycle number. The circuit was 
therefore simplified by combining the SEI and charge transfer resistance 

for further evaluations (shown as Rct within the results). The experi- 
mental setup for the in-situ expansion measurements has been de- 
scribed in detail by Aiken et al. [40]. Thin film load cells (0.2 N) were 

obtained from Strain Measurement Devices and the voltage reading was 
amplified using a self-built device. The signal was measured via the 
external VMP3 port to enable time resolved data acquisition of battery 
voltage and volume expansion. 

 
2.2. Post mortem analyses 

 
After the cycling procedure at 80 °C each cell was discharged at 

25 °C to 3.5 V and the impedance was re-measured. The batteries were 

opened in an argon filled gloveboX (O2 and H2O below 0.1 ppm) and 
the electrodes were washed with DMC (di-methyl carbonate) for further 
use. SEM images were obtained using a Carl Zeiss Sigma Field Emission 
Scanning Electron Microscope (FE-SEM) at 5 kV accelerating voltage in 

combination with in-lens detection at working distances of approXi- 
mately 2 mm. Coin sized discs (15 mm diameter) of anodes and cath- 
odes were cut from the aged electrodes to build coin cells inside the 

gloveboX. Symmetrical cells (two discs of the same electrode against 
each other)  were assembled  according to Petibon  et al.  and half-cells 

were built against lithium (15.6 mm discs – PI-KEM) [41]. All cells were 
filled with fresh electrolyte of composition A (Table 1). The impedance 
for symmetrical coin cells was measured at 25 °C using the same set- 
tings as for the pouch cell measurements. Half cells have been cycled 

with a MACCOR Series 4000 system using different current densities. X- 
ray photoelectron  spectroscopy (XPS)  was carried  out using a  Kratos 
AXis Ultra DLD spectrometer (Kratos Analytical Ltd.) with monochro- 
matic Al-Kα source (hn = 1486.6 eV). High-resolution spectra were 

obtained using a 20 eV pass energy and an analysis area of approXi- 
mately 300 × 700 μm. Samples were transferred under argon atmo- 

sphere and peak fitting was conducted by using the CasaXPS software. 
X-ray crystallography (XRD) was performed using a PANalytical X'Pert3 
MRD diffractometer with a Cu Kα1 radiation operated at 45 kV and 

40 mA. Data were collected at a 2θ range of 15–70° at 1°/min. Lattice 

parameters were calculated by Rietveld refinement using TOPAS. 

Scanning Transmission Electron Microscopy (STEM) samples and SEM 
cross-sections were prepared using a FEI Scios dual beam scanning 
electron/focused ion beam microscope (SEM/FIB) at 30 kV and chan- 

ging currents (3 nA milling down to 0.1 nA for surface cleaning). 
Samples were baked under vacuum at 50 °C for at least 12 h before 
transferring them into a JEOL ARM 200F. The microscope was operated 
at 200 kV in STEM mode and images were acquired with an annular dark-

field (ADF) detector. EELS spectra were obtained, using a Gatan Quantum-
SE spectrometer with 0.25 eV per channel dispersion. The full width at 
half maximum (FWHM) of the zero-loss peak (ZLP) was 2 eV 

 

 
Fig. 1. a) Discharge capacity b) charge transfer resistance and c) series resistance over the 

cycle number of NMC/graphite pouch cells filled with different electrolyte compositions 

(see Table 1) and cycled at 80 °C – pouch cell images are representative for indicated 

electrolyte compositions. 

 

with a center error of 0.05 eV. 

 
3. Results and discussion 

 
3.1. Cycle stability, resistance increase and volume expansion 

 
Fig. 1a shows the cycling performance of pouch cells filled with 

different electrolytes and cycled at 80 °C. Batteries filled with the 
standard electrolyte A, with no additional additives lose up to 90% of 
their initial capacity within the first 25 cycles. They also show an ex- 

cessive amount of cell swelling. It is believed that the conductive salt 
LiPF6 decomposes at elevated temperatures to form LiF and PF5 [42]. 
The latter product is a strong Lewis acid which can react with water to 

form HF and POF3, but it was also reported to induce reactions with 
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⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ 

 

organic solvents to form different types of polymers (e.g. 
polyethylene oXide - PEO) and CO2 [43,44]. 

LiPF6 ⎯
Δ
⎯⎯→⎯

T  
LiF  +  PF5 

PF5 + H2 O→ 2HF + POF3 

C3H4O3 (EC) 
PF5/POF3 

PEO + CO2 

Additionally a cathode-induced oXidation of the solvents will lead to 
gas generation, including CO, CO2 and other products [45,46]. Detailed 
mechanism for the reaction of PF5 with solvent molecules and oXidation 
induced reactions of carbonate esters are described by Xing et al. and 

Wilken et al. [45–47]. By adding 1% of VC to the standard electrolyte 

(Fig. 1a - Curve B) the cycle performance was greatly improved. Due to 
its double bound this additive is mainly known for its reductive beha- 

viour to build a more stable, anodic SEI layer [48–50]. However it is 

also believed to form a thin, polymeric decomposition film at the 
cathode interface, thus increasing the oXidation stability for solvents 
[51]. Electrolyte composition C was identified to improve the cycling 
performances at 55 °C. 

Xia et al. showed that NMC pouch cells can exhibit a capacity re- 
tention of around 88% after 1000 cycles at this temperature [39]. 
However, when cycling cells with this composition at 80 °C, only a 

slightly better performance was observed, compared with batteries 
using formulation B (1% of VC). Cells with electrolyte D displayed a 

similar capacity fade during the first 200 cycles, but showed a ‘roll over’ 
effect afterwards, where an abrupt capacity fade occurs within a few 
cycles (see Burns et al.) [23]. This observation was repeated at ≈ 

250 ± 50 cycles. However, reproductions are deliberately not shown 
to display clearer relevant chart features. Electrolyte composition E 
contains 15% FEC which is a common portion for silicon containing 
batteries [52]. In these cells it is a necessary additives as it is able to 
increase the amount of LiF within the anode SEI which increases the 
mechanical stability of the decomposition film [53,54]. In low quan- 
tities FEC is known as an additive which can improve the cycle stability 
at elevated temperatures [55]. However, in this study NMC/graphite 
cells with electrolyte E also show a premature capacity fade and cell 
swelling within the first 25 cycles. This might be due to a thermal de- 
composition of FEC (e.g. de-hydro-fluorination) which also results in 
higher HF contents at elevated temperatures [54,56]. 

C3H3O3F (FEC) ⎯
Δ
⎯⎯→

T  
HF  +  C3H2O3  (VC) 

The fitting results of the charge transfer resistance (Rct) over the 
cycle life at 80 °C are displayed in Fig. 1b. The increase is non-linear 
which might be explained by the CC-CV charge mode. At high cell 
voltages the resistance increase is believed to be accelerated. During the 

constant voltage phase the battery remains at these potentials for a 
longer time to reach the same cut-off current. It can be observed that 
the charge transfer resistance of cells with electrolyte C does not grow 

as fast as in the case for cells with composition B. This is possibly re- 
lated to an increase in the oXidation stability of the solvents by the use 
of PES as an additive although, the trend of the increase is similar. 
When compared with a cycling study including the same electrode 

materials and electrolyte formulation (NMC-graphite, electrolyte C), 
the resistance increase was much lower at 55 °C [39]. The series re- 
sistance fits, which are displayed in Fig. 1c are almost constant for 

batteries with the electrolyte composition B and C. Cells with these 
electrolytes are the only ones that retained a liquid phase when opened 
under argon, following high temperature cycling. Therefore the in- 
crease in series resistance is indicative for the decomposition of the 

electrolyte. Cells with electrolyte D show a linear increase of Rs until 

the start of the capacity ‘roll over’. At this point it seems likely that most 
of the electrolyte was consumed, resulting in a stepwise increase of the 
charge transfer and series resistance. This behaviour is likely related to 
the   different   solvents,   owing   to   similar   additives   consistent   with 

 

 
Fig. 2. a) Volume expansion and voltage over time for cells cycled with electrolyte A at 

40 and 80 °C b) volume expansion  for cells  with different  electrolytes  (see Table 1) at 

80 °C c) initial volume expansion during the first cycle with different electrolytes at 80 °C. 

 
formulations B and C being used. Propylene carbonate (PC) is known 
for solvent co-intercalation into the graphite structure [57,58] and di- 
ethyl carbonate (DEC) showed lower oXidation stabilities in LiPF6 based 

miXtures [59]. Both ageing effects might be accelerated at elevated 
temperatures. 

The cell images in Fig. 1a show that the stepwise increase of the 
resistance is not connected with an excessive amount of gas generation 

as it is the case for cells with electrolyte A and E, suggesting a different 
degeneration process. Fig. 2a shows the initial voltage profile as well as 
the in-situ volume expansion of cells filled with the standard electrolyte 
A, cycled at 40 and 80 °C. The repeated expansion and contraction 

baseline at lower temperatures exists due to the volume change of both 
electrode active materials. It is connected to a change in the lattice 
parameters of the intercalation materials during lithium insertion and 
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extraction [40,60–63]. Typical expansion values of electrodes are ≈8% 

during the lithiation of graphite and ≈2% for the delithiation of tran- 
sition metal oXides [64]. For cells incorporating the standard electrolyte 
there is an additional volume increase at elevated temperatures. The 
onset occurs at approXimately 3.9 V during the charge with a decline at 

a similar potential during the discharge. It is well known that the anode 
potential in this area is almost constant. We can therefore conclude that 
an oXidation reaction with gaseous products on the cathode side must 

be responsible for the volume expansion of the pouch cells. This has 
been confirmed by Onuki using 13C-labeled solvents [65]. Product gases 
mainly consist of CO and CO2, generated by an oXidative decomposition 
of the solvents. EC is regarded to be the main source of these gases, as it 

has been reported that cyclic carbonates were more reactive then ali- 
phatic ones [65]. The volume expansion profile between cells filled 
with electrolyte A, B and C (cycled at 80 °C) is displayed in Fig. 2b. 

Batteries containing electrolyte B (standard + 1% VC) show a de- 

layed expansion onset compared to the electrolyte without additives 
(composition A). This is likely to be due to the passivating effect of a 
stable decomposition layer by VC. The expansion onset for cells filled 

with electrolyte composition C occurs at around 3.7 V as shown in 
Fig. 2c. This occurrence is prior to the gas generation for cells filled 
with the standard electrolyte with no additives. However, following the 
expansion during the first two cycles no further gas generation was 

observed. This could be an indication that decomposition products from 
sulfur based additives (as PES or DTD) generate a more stable surface 
layer on the cathode interface and prevent a further oXidation of sol- 

vents. An indication for this behaviour could be the verification of R- 
SO3Li species on both electrode interfaces, after storing NMC cells with 
2% propane sultone (PS) at 75 °C [38]. The effect of TTSPi, which is a 
Lewis-base should also be considered. Other chemicals with an analo- 

gous structure are known as LiPF6 salt stabilizers and act by reducing 
the reactivity and acidity of PF5, therefore preventing additional HF 
and gas generation as described above [50]. It is further noted that 
more gas is generated during the discharge than during the charge but 

the potential range remains consistent. 

 
3.2. SEM characterisation of electrodes 

 
Fig. 3a shows SEM images of the cathode composites after cycling at 

25 and 80 °C with electrolytes A and C. Micrographs of both pristine 

electrodes can be found in Fig. S2. It is apparent that a thick film of 
decomposition products is formed when NMC cells are aged at elevated 
temperatures and without additives. A possible component could be 

polyethylene carbonate, as it was also found on the surface of different 
cathode materials aged at 60 °C [66]. The image features for electrolyte 
C are representative for the rest of the electrolyte formulations (B to E). 
In contrast to cells with the standard electrolyte (A) no change in sur- 

face morphology was observed. However, it does not follow that elec- 
trolytes with these additives prevent solvent oXidation. As reported by 
Burns et al. and Xiong et al. soluble oXidation products can be formed at 
the cathode and migrate to the negative electrode [21,23]. Here they 

can be reduced to form a growing SEI layer or constitute additional 
gaseous products. SEM micrographs of the 25 and 80 °C aged anode 
composites with different electrolytes are shown in Fig. 3b. 

It was observed that cycling at elevated temperatures changed the 
surface morphology of these electrodes similar to findings from 
Andersson and Edström [18]. When no additives were used, a thick 
crystalline like layer covered the particles. The majority of these crys- 

tals consist of LiF, as Bodenes et al. reported that compounds such as 
carbonates disappear from the anode surface when electrodes were 
cycled above 60 °C [36]. It has yet to be clarified whether these com- 
pounds become dissolved in the electrolyte or if a new decomposition 

layer grows on top. A smaller amount of particle coverage and crys- 
tallite size was observed for cells with electrolyte B and E. It can be 
concluded that by using these formulations either a more stable anodic 

SEI was formed or that less material was oXidized at the cathode 

interface and transported to the anode. A different kind of morphology 

was observed on anodes from cells with electrolyte D. Blossom shaped 
crystals covered the surface of the graphite particles, which did not 
dissolve upon washing with DMC. This eliminates the possibility of 
crystalized LiPF6. An explanation for this phenomenon might be a 

gentle decomposition of the conductive salt whilst the solvents are 
slowly consumed. The increase of the series resistance (Fig. 1c) for cells 
with electrolyte D supports this theory. Cells with the electrolyte for- 
mulation C were the only ones to show a similar surface morphology 

when compared with cells cycled at 25 °C. Overall it could be assumed 
that the resistance increase, which was observed during the cycling at 
elevated temperatures, is connected to the change of the anode mor- 

phology as suggested by Bodenes et al. or Jalkanen et al. [36,67]. 
However, the following results will show that the cathode is more ac- 
countable. 

 
3.3. Symmetrical EIS and half-cell results 

 
Fig. 4a shows Nyquist plots of symmetrical cathode coin cells with 

electrolyte C, having undergone different ageing conditions. Electrodes 

from cells which were aged at 80 °C demonstrated a charge transfer 
resistance twenty five times larger than the ones following formation. 
By contrast, cathodes aged for the same number of cycles at room 

temperature showed a doubling of resistance. Yet in the case of the 
anode (Fig. 4b) the resistance grows only slightly during the 25 °C 
cycling and even decreases in pouch cells cycled at 80 °C. Especially the 
first semicircle at high frequencies seems to be smaller. This area is 

reported to be connected with the SEI resistance [68]. A reduction in 
this range could be related to the disappearance of carbonate species 
from the graphite surface, as mentioned in the previous section. In 
Fig. 4c it can be seen that different electrolyte formulations lead to 

varying degrees of resistance increase for the cathodes. For cells 
without additional additives (composition A) this could be explained by 
the visible decomposition layer on the positive electrode surface. 

However, the largest resistance increase was measured for cells with 
electrolyte B, containing 1% VC. The difference can be explained by the 
variation in the number of cycles undergone by these cells at 80 °C. 

Whilst cells with electrolyte B were running for 350 cycles, those 
with composition A lost more than 90% of their initial capacity during 
the first 100 cycles (see Fig. 1a). Based on the diverse amount of gas 
generated, we assume that the resistance increase for these cells follows 
a different degradation mechanism. A small amount of VC can impede 

the initial solvent oXidation seen in cells with the standard electrolyte 
but it cannot fully mitigate the mechanism which increases the cathode 
resistance over the subsequent number of cycles. Cells filled with 
electrolyte C experience a slow-down of this second type of degradation 

but they ultimately follow the same trend. A lower resistance for 
symmetrical cells with electrolyte D (Fig. 4c) is therefore most likely 
connected to the abrupt capacity fade. Cathodes from cells with this 
electrolyte formulation might undergo an increase in resistance only 

during the first 175 cycles before the degradation of the electrolyte 
leads to an accelerated capacity loss. Similar rules apply for cathodes 
from cells incorporating electrolyte E, which show the lowest resistance 

increase of all cathodes aged at 80 °C. Due to the early capacity loss of 
these cells, almost no additional cathode resistance was developed. 
Compared with the significant alterations in the positive electrode re- 
sistance, the influence of the electrolyte is smaller for the negative 

electrode - as can be seen in Fig. 4d. Differences between electrolyte 
formulations could certainly be explained by the observed changes in 
surface morphology (Fig. 3b). Thick decomposition films formed on 
anodes from cells with compositions A and D result in larger charge 

transfer resistances than it is the case for other formulations. Fig. 4e and 
f shows half-cell voltage profiles of cathodes and anodes aged at 80 °C. 
A reduction of the specific capacity, which can be observed for positive 

electrodes, is also related to an increase in resistance and therefore the 
voltage hysteresis. Hence, batteries with a large cell resistance reach the 
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Fig. 3. SEM micrographs of NMC cathodes (a) and graphite anodes (b) cycled in pouch cells at 25 °C and 80 °C with different electrolyte compositions (A – E, see Table 1). 

 

Fig. 4. a,b) Nyquist plots of symmetrical cathode and anode coin cells with electrolyte C, aged under different conditions c,d) Nyquist plots of symmetrical cathode and anode coin cells 

with  different  electrolytes  formulations  (see  Table  1)  aged  at  80  °C  e,f)  half-cell  voltage  profiles  vs.  Li/Li+  of  cathodes  and  anodes  aged  with  different  electrolytes  at  C/20  – all 

measurements were done at 25 °C. 
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Fig. 5. a) XRD pattern of NMC cathodes with electrolyte C, after the formation and aged 

at 80 °C, discharged to 3.5 V and held at 1.6 V b) fitted a/c lattice ratio in hexagonal space 

group as a function of X in Li(X)(Ni1/3Mn1/3Co1/3)O2 for pristine and fresh cells charged to 

different SoC (lithium contents). 

 
cut-off voltage sooner. The capacity sequence for cathodes aged with 

different electrolyte formulations agrees herein with the resistance 
observed from Nyquist plots. Different anode half-cells do not show 
large changes in the voltage hysteresis and specific capacity except for 
those aged with electrolyte A. Anodes from cells aged with this for- 
mulation also showed an excessive amount of electrode delamination 
from the copper current collector. All coin cells were cycled with the 
same current rather than being adjusted relative to the mass of active 
material. Therefore a lower amount of graphite would lead to a higher C-
rate and a larger voltage hysteresis/less capacity. 

 
3.4. Structural characterisation and lithium content by XRD 

 
In order to find out more about the process of the cathode de- 

gradation, XRD was performed on fresh and aged electrodes. Fig. 5a 
shows the diffraction pattern of electrodes with electrolyte C before and 

after the ageing at 80 °C. The hkl values are related to the hexagonal 
R3m space group of the NMC lattice. Following high temperature de- 
gradation, no additional bulk phases were found and this was also the 
case for cathodes from cells with other electrolytes. This finding agrees 

with literature on similar ageing studies [67,69,70]. 
A minor amount of peak broadening can be explained by lattice 

distortions linked to the “platelet” and “strain” effect (see R. Hausbrand 

et al.) [63]. These distortions are considered highly reversible and are 
therefore not related to a large fatigue contribution of the active ma- 
terial. However, a clear change of diffraction positions was observed 
between fresh and aged electrodes discharged to 3.5 V. These shifts are 

well observed for hkl values of 006/012 and 018/110 and relate to a 

change of the lattice parameters a and c. It is known that the volume of 
the NMC unit cell changes during the intercalation and deintercalation 
of lithium ions [63,70]. When opening fresh and aged pouch cells they 
are likely to be at different lithiation levels, even when discharged to 

the same cut off potential. This is due to differences in cell resistance 
and voltage hysteresis as shown previously. Buchberger et al. showed 
that a change in the a/c ratio is linear over the lithium content of NMC 
and can be used to calculate the amount of active lithium within a cell 

[70]. Fig. 5b shows such a calibration of a/c values over the lithium 
content for the cathode material used in this study. They also revealed 
that NMC held at 1.6 V vs. Li is able to restore approXimately all of its 

missing lithium without showing changes in the bulk phase. The dif- 
fractogram of an 80 °C aged cathode with electrolyte C and held for 
12 h at 1.6 V is shown in Fig. 5a. No additional diffraction lines are 
observed here and the peak broadening seems to be decreased. By using 

Rietveld refinement the a/c ratio for the lattice parameters of these 
electrodes were calculated. As shown in Fig. 5b, the ratio of 4.994 
equals to a lithium amount of X ≈ 0.952, stating that most of the active 
lithium inside the aged cells (Electrolyte C) is still available. This would 

relate to a remaining SoC value of ≈96.4%. One could argue that ad- 
ditional Li ions from the electrolyte or other sources (decomposition of 
SEI) were used to take part in the reintercalation of Li into the cathode. 

However, when applying the same procedure on a cell after the for- 
mation, an a/c ratio of 4.986 was obtained. This relates to a Li value of 
X ≈ 0.968. The difference to X = 1 agrees well with first cycle loss 
during the formation of the SEI. Therefore, we imply that it is unlikely 

that lithium from sources other than graphite was intercalated. When 
comparing the a/c ratio of cathodes with the electrolyte containing 1% 
VC (electrolyte B) and the electrolyte composition for high tempera- 

tures (electrolyte C) a larger number of 5.039 was obtained. This shows 
that a much greater fraction of Li is lost due to parasitic side reactions 
(≈74.4% SoC remaining). The a/c ratio of cathodes aged with the 
unaccounted electrolytes (composition A, D and E) was high enough to 

be out of the SoC calibration range (c/a > 5.10), indicating an even 
larger proportion of Li loss. Considering the XRD results from cells with 
electrolyte C, we learned that almost all of the active Li inside the cells 
is still available after 350 cycles at 80 °C (SoC value of ≈96.4%). 

However the measured discharge capacity at this point is ≈ 55 mAh 
gNMC-1(SoC value of ≈35%). The difference can be explained by the 
resistance increase, which results in an enormous voltage hysteresis. 
The origin of this additional resistance was found to be primarily 
cathode related, yet XRD measurements confirmed that the bulk 
structure of the NMC cathode material does not change. 

 
3.5. Cathode surface analyses by XPS 

 
In order to investigate the reason behind the resistance increase for 

cathodes with electrolyte C, XPS was performed on electrodes aged at 
25 and 80 °C. C 1s spectra of these samples can be seen in Fig. 6a and b 
and spectra related to the pristine cathode are shown in Fig. S3. The 
intense signal at 284.8 eV is assigned to the conductive additive (C-C) 
while two other peaks at 286.2 and 290.7 eV are related to -CH2- and 

-CF2- from the PVDF binder. Other carbon signals are connected to 
oXygenated environments like C-O, C=O and CO3 [36,37]. As a results 
of the ageing at elevated temperatures a clear intensity increase for 
these substances can be observed. 

Much reported research connects this change to a thickness increase 
of the decomposition layer on the cathode surface, but also the con- 
ductive carbon (which covers a large amount of the electrode interface) 

should be considered here, as it shows a similar surface chemistry 
[36,71,72]. Younesi et al. showed that electrodes which were based 
only on conductive carbon and binder generate an increase in oXidized 
species when cycled at high potentials [71]. Additionally, storage ex- 

periments at 40 °C in LiPF6 based electrolytes lead to the formation of 
ether based species (C-O) [71]. Therefore, we believe that the cycling of 
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Fig. 6. C 1s (a,b) and O 1s (c-f) XPS spectra of NMC cathodes cycled at 25 °C and 80 °C with electrolyte C (see Table 1). 

 

conductive additives at elevated temperatures will also result in an intercalation axis was not visually obtained in this study as samples 
increase of carbon-oXygen compounds   on   its   surface.   Yet,   to   our were ≈150 nm in thickness, too high for good atomic resolution ima- 
knowledge, tests in this direction still have to be comprehensively 
performed and understood. 

Fig. 6c–f shows O 1s core peaks of differently aged positive elec- 
trodes before (c, d) and after (e, f) 60 min of Ar-ion sputtering. Cells 

which were aged at 25 and 80 °C showed two major differences. Firstly, 
the reduction of the peak related to metal-oXygen bonds at 529.5 eV 
and secondly the increase of C-O related species at 533.8 eV [36,73]. 
The signal around 532 eV, which barely changes in intensity, is at- 

tributed to C=O species as reported from Li2CO3 and polycarbonates 
[73,74]. The metal-oXygen peak is related to the oXygen within the 
NMC structure and a decrease in its intensity is therefore attributed to 

the growth of the decomposition layer [36]. The increase upon ageing 
at elevated temperatures arises mainly from C-O species as found in 
PEO and further polyether. Other oXygen containing compounds like 
LiXPOyFz have not been included, as only small amounts of phosphorus 

bounds were detected. It was reported that the decomposition film on 

the cathode interface is likely to be smaller than 5–10 nm when metal- 
oXygen bonds are still detected [36]. This is based on the XPS depth of 

analysis which changes for different surface chemistries. However, a 
second interpretation could also be an inhomogeneous film covering of 
the particle surface. After 60 min of Ar+ sputtering most of the surface 
species have disappeared from both samples with the oXygen-metal 

peak gaining in intensity. Yet, compared with the electrodes that were 
aged at 25 °C, those cycled at elevated temperatures still show a lower 
signal at 529.6 eV. It would be misleading to conclude that a major loss 

of oXygen from the bulk structure is the reason for this finding, as the 
XRD pattern did not show any additional diffraction lines for these 
samples. We therefore conclude that the oXygen reduction could be 
related to a growing reconstruction layer on the NMC particle surface. 

 
3.6. Cathode reconstruction layer analyses using STEM and EELS 

 
Fig. 7a displays a high resolution annular dark field (HR-ADF) STEM 

image over the cathode surface of an electrode aged at 80 °C with 

electrolyte C. The upper left corner of this image shows electron de- 
posited platinum particles that have been applied to protect the NMC 
particle  surface  from  the  Ga+  ions  during  FIB  sample  thinning.  The 

contrast increase close to the NMC particle edge is caused by a larger 
amount of transition metals within a reconstruction layer. However, 
this change in contrast could also occur due to a variable sample 
thickness over the acquired imaging area. Other research groups pre- 

sented Z-contrast HR-STEM images of NMC particles along the R3m 

[100] zone axis in combination with nano-beam diffraction, indicating 
a     Fm3m     rock-salt-type     reconstruction     layer     [34,75,76].     The 

ging. A major disintegration of secondary particles occurred when 
thinned further. However, EELS line scans were performed over the 

particle edge of the samples for further analyses of the reconstruction 
layer. Fig. 7b shows an EELS spectra from the bulk of the 80 °C aged 
NMC sample. The magnified Mn, Co and Ni L-edge EELS spectra for 

position A and B of the line scan are displayed in Fig. 7c. A clear shift to 
lower energy losses of the Mn and Co L3 and L2-edges was observed for 
spectra within the high contrast line. The position of L-edges for tran- 
sition metals is associated to the change of electrons from 2p core states 

to 3d states [75]. 
The shift to lower energies correlates with a minor oXidation state of 

Mn and Co atoms but is absent for the Ni L-edge. This is due to the fact 

that the oXidation state of Ni is already +2 within the bulk structure of 
pristine NMC [75]. Fig. 7d shows the fitted peak positions of Mn, Co, 
and Ni L3-edges over the grain boundary for differently aged NMC 
particles. The position of all line scans was determined by the ADF 

signal intensity. For both, Mn and Co L3-edges a shift to lower energies 
was observed within the first 5 nm of the grain boundary, when cells 
where cycled at 25 or 80 °C. This agrees well with the estimated 
thickness of the altered layer from the ADF image. EELS line scans from 

pristine electrodes did not show a change of L3-edge peak positions for 
these transition metals. Interestingly the thickness of the reconstruction 
layer did not increase when cells were aged at elevated temperatures. 

This could be due to an inhibiting effect of the PES additive as reported 
by Li et al. [76]. Therefore the oXygen loss observed for XPS spectra in 
Fig. 6f may not be directly related to the thickness of the reconstruction 
layer. However, Lin et al. found that the structural reconstruction at the 

particle surface is highly anisotropic and more pronounced along the Li- 
ion intercalation pathways [75]. Whereas Liu et al. stated that different 
levels of electrolyte exposure might play a more dominant role [34]. 
Due to the time-consuming specimen preparation only three areas 

within two different electrode regions have been analysed per cell. 
Within these samples our findings were reproducible. 

 
3.7. Cathode SEM cross-sectional characterisation 

 
Since no thickness increase of the reconstruction layer could be 

observed, another degradation mechanisms must be the driving force 
behind the growing resistance of cathodes aged with electrolyte C. 

Fig. 8a and b shows cathode cross-sections of samples, aged at 25 and 
80 °C. 

It is clearly visible that NMC secondary particles consists of many 
sintered single grains. Electrodes that were cycled at elevated tem- 

peratures show a clear disintegration of these. Both electrodes were 
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Fig. 7. a) High resolution annular dark field (HR-ADF) STEM image from the edge of a NMC particle aged at 80 °C with electrolyte C b) EELS spectra from indicated position B in the ADF 

image c) EELS spectra from positions A and B in the ADF image – zoomed into metal L-edge regions d) fitted peak positions of Mn, Co, and Ni L3-edges of EELS line scans over the particle 

edge of different aged NMC electrodes with electrolyte C. 

 
 

 
Fig. 8. FIB/SEM cross-sections of NMC electrodes from cells aged for 350 cycles with 

electrolyte C at 25 °C (a) and 80 °C (b). 

 
cycled using the same C-rate. We can therefore discard the notion that 
this behaviour is connected to the volume expansion and contraction of 

the grains during normal  insertion  and extraction of lithium  ions.  To 

our knowledge, the following two effects might lead to the separation of 
primary particles. Firstly, there is a dissolution of transition metal ions 
at different cell voltages [70]. It is believed that these reactions are 

accelerated for both, high and low voltages, in the presence of HF and 
elevated temperatures [70]. Secondly, properties such as a lower visc- 
osity and increased vapour pressure could enable the electrolyte to 

move into new nano pores and ingress between primary grains during 
their volume change. The later theory is supported by the fact that more 
capacity loss and particle cracking was observed when cycling cells 
over the full range of SOC (0–100%) and less when cycling just at high 

voltages (SoC 40–100%) or low voltages (SoC 0–60%) at 60 °C [77]. 
However, both paths would lead to the point where the electrolyte gets 

in contact with fresh active material. This would result in the formation 
of a new decomposition and reconstruction layer between primary 
particle grains. Such phenomena can lead to an increase in contact 

resistance and surface polarisation within the electrode [31]. EELS line 
scans over grain boundaries between separated primary particles con- 
firmed the existence of reconstruction layers, albeit absent in regions 

where single grains were still in contact with each other. 
Referring to the secondary NMC particles in Fig. 8, areas with 

conductive additive can be found. Interestingly the contrast of this 
component changed after the ageing at elevated temperatures (under 

similar acquisition settings). Due to charging effects, brighter areas may 
be indicative of a lowered electronic conductivity. It is reported that 
intercalation of PF − into conductive carbon structures is possible at 

high voltages and elevated temperatures, leading to an increased 
number of structural defects [78]. Ruther et al. stated that this beha- 
viour is also accompanied by a decrease of the Raman D/G band in- 
tensity ratio of carbon species [79]. They further claimed that an in- 

crease in structural defects might have a negative impact on the 
electronic conductivity of the cathode. Fig. S4 shows Raman spectra for 
the carbon D and G band area of different aged, positive electrodes. No 
major changes in cells aged at 25 and 80 °C or cells with different 
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electrolytes were found. These results do not agree with findings of 

Ruther et al. who showed a clear D/G ratio change after 50 cycles at 
60 °C [79]. One of the main difference between both studies is a higher 
cut-off potential of 4.5 V for their cells. Syzdek et al. showed that pure 
conductive carbon electrodes can also exhibit a D/G ratio change when 

cycled at 45 °C up to 4.9 V [78]. It is therefore likely that the upper cut- 
off voltage has a larger impact than the temperature on the structural 
disorder of conductive carbons and a possible resistance increase of the 
cathode. 

 
4. Conclusions 

 
Industrially manufactured NMC/graphite cells with different elec- 

trolytes have been cycled at 80 °C. Using additive-free electrolytes or 
inappropriate additives, resulted in serious capacity fade and gas gen- 
eration within the first 25 cycles. When more suitable electrolyte 
compositions were incorporated, the cycling performance was im- 
proved and the volume expansion was reduced. Formulations based on 

PES containing electrolytes (composition C – Table 1) showed an ex- 
cellent cycling stability at 55 °C [39]. However, here we showed for the 
first time that at 80 °C these cells performed similarly to batteries with 
the standard electrolyte with only 1% VC (composition B). Around 80% 

capacity retention was observed within 200 cycles when using these 
compositions. The capacity fade was accompanied by a large resistance 
increase with the growth found to be predominantly cathode related. 
This dramatic resistance increase was not observed in similar ageing 

test at 55 °C [39]. XRD has been used to show that the bulk structure of 
the positive active material remained unchanged. Batteries aged with 
electrolyte C lost insignificant amounts of active lithium, equal to a 

capacity loss of ≈3.6%. The capacity loss during the cycling of cells 
with this electrolyte is therefore primarily based on the increase of the 
voltage hysteresis/loss of power. It was found that the thickness of a 
reconstruction layer at the cathode interface was subtly changing for 

electrodes cycled at 80 °C. However, a disintegration of secondary NMC 
particles led to additional decomposition and reconstruction layers 
between primary grain boundaries. This could essentially lead to the 
resistance increase observed during cycling. A connection between a 

possible conductivity loss of the cathodic carbon additive and the 
Raman D/G band ratio was not found. We suggest that an investigation 
on single grain cathode particles in combination with suitable electro- 

lytes is a strategy to further improve the cycling performance of NMC/ 
graphite based cells at elevated temperatures. 
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