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H I G H L I G H T S  

• Degradation mechanism of Li-ion Ni-rich NMC positive electrodes was determined. 
• Contact resistance in the composite electrodes mainly responsible for degradation. 
• Impedance rise depends on the initial surface composition and structure of NMC. 
• Surface pre-treatment of NMC supresses impedance increase during electrode cycling.  
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A B S T R A C T   

The cycling performance of nickel-rich lithium nickel cobalt manganese oxide (NMC) electrodes in Li-ion bat
teries (LIBs) partially depends on the control of the kinetics of degradation processes that result in impedance 
rise. The impedance contribution from surface film formation at the NMC/electrolyte interfaces is highly 
dependent on the initial chemical composition and the structure of the NMC surfaces. Through comparison of 
film quantity and electrochemical performance of composite electrodes made of pristine- and surface treated-NMC 
materials, we are able to demonstrate that a simple surface treatment suppressed the subsequent film formation 
and reduced impedance rise of the Li/NMC half-cells during cycling. Detailed modelling of factors affecting cell 
impedance provide further insights to index individual interphase resistance, highlighting the underlying posi
tive effects of the proposed surface treatment, and demonstrating the importance of homogeneous, electronically 
conducting matrices throughout the composite electrode.   

1. Introduction 

Ni-rich LiNixMnyCozO2 (NMC) (x > y, z) electrode materials hold 
great promise as next-generation high-voltage, high-capacity positive 
electrodes in lithium ion batteries (LIBs). However, impedance rise and 
capacity decay during prolonged cycling limit their practical applica
tions [1]. Identifying, understanding, and mitigating processes respon
sible for the impedance increase are essential for extending cell 
lifetimes. Several reports have attributed impedance rise to degradation 
phenomena at the NMC electrode/electrolyte interface during cell 
operation [2]. Such processes include electrolyte oxidation [3,4], gas 

evolution [5], surface film formation [6–8], surface phase reconstruc
tion [9–11], transition metal (TM) reduction and dissolution [8,12,13] 
primary particle cracking [14–16], side reactions at carbon additives 
[17], secondary NMC particles decrepitation from anisotropic structural 
distortion [18,19] and bulk fatigue induced by surface reconstruction 
[20]. Whilst it is clear that multiple degradation processes may occur in 
parallel or in sequence, determining which is the original and dominant 
cause of impedance rise in the NMC electrodes is essential for enabling 
Ni-rich NMC chemistry in high-energy Li-ion cells. 

Degradation processes at the electrode/electrolyte interface play a 
key role and, as such, the electrode original surface composition and 
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structure and their evolution during cycling have been the subject of 
many investigations. The surface of nickel-rich NMC particles have been 
shown to undergo reconstruction within the first few atomic layers of 
the NMC in contact with the electrolyte changing from layered-to rock 
salt-phases during storage or upon electrochemical cycling [9–11]. At 
the electrolyte side of the interface, metal-organic films have been 
observed on the outer layer of the electrode [21]. Electrolyte solvents, 
such as ethylene carbonate (EC) and diethyl carbonate (DEC), oxidize at 
the Li-ion high voltage positive electrode surface, producing poly
ethylene glycol [21] and β-diketonate ligands, which form coordination 
compounds with transition metal ions and surface films on NMC [8]. 
Formation of both i) surface reconstruction layers and ii) metal-organic 
films can lead to buildup of electronic and ionic barriers at the 
NMC/electrolyte interface. 

A possible interdependence of these degradation processes and their 
impact on the overall impedance rise can be promoted or suppressed 
through careful materials selection, preparation and cycling regime. The 
NMC surface physico-chemical properties can be influenced by multiple 
factors; from different synthesis methods, composite electrode/cell 
assembling processes [22], surface treatments [23] or storage conditions 
[24]; seemingly similar materials can have different surface properties, 
which may often be difficult to detect and quantify. Differences in 
electrolyte additives are reported to affect the growth of surface 
reconstruction layers [25] and various TM oxides are also known to 
catalyze electrolyte oxidation [3]. Whilst there are strong hints 
throughout the literature, it is yet largely unknown what the influence of 
the electrode surface’s preparation is, in terms of reactivity with the 
electrolyte and interfacial impedance. It is therefore important to assess 
the root cause and impact of such changes, in an attempt to separate out 
from other degradation processes that may occur in parallel. As it is 
demonstrated by the strict level of quality control of materials and 
manufacturing in commercial cells, the combinatory effect of these 
many seemingly small differences can significantly improve (or impede) 
long-term cycling performance. One relevant example of such practice 
for commercial cells is a pre-treatment at elevated temperatures, which 
occurs after cell assembly. This thermal processing constitutes part of 
the electrolyte wetting and formation process in LIBs, which is 
conventionally applied to develop a stable solid electrolyte interphase 
(SEI) on the anode. The exact details of electrolyte wetting and forma
tion processes for commercial cells (the temperatures and duration used) 
are not well documented in the literature and the effects of the formation 
process on the positive electrode are not well understood. 

In this study, nickel-rich NMC powder was pre-treated via exposure 
to the electrolyte at 60 ◦C to understand what effect this process has on i) 
the electrode surface and ii) the electrode electrochemical performance 
in a battery cell. A far less aggressive processing procedure, has been 
shown in other work to result in modest surface reconstruction to rock 
salt [9]. Lin et al. [9] found that soaking NMC powders in electrolyte at 
room temperature led to shallow (a few nm) changes in particle surface 
structure, specifically a surface reconstruction. The treatment used in 
the presented work is at higher temperature (60 ◦C vs. room tempera
ture) and for longer duration (240 vs. 30 h) compared to the work in the 
previous study by Lin et al. The more aggressive treatment presented 
here simulates the elevated temperatures in the electrolyte wetting and 
formation procedure for commercial LIB cells; allowing us to investigate 
how such treatment changes the NMC electrode/electrolyte interface 
and its influence on the cell degradation. We demonstrate that the sur
face pre-treatment of NMC in the electrolyte at elevated temperatures 
has a positive effect on the subsequent electrode impedance and 
long-term electrochemical performance. 

2. Experimental 

2.1. Surface pretreatment of NMC particles and preparation of composite 
electrodes 

The following electrolyte-exposure process was used to modify NMC 
particles: LiNi0.5Mn0.3Co0.2O2 (NMC-532, Umicore TX10) particles were 
soaked in the 1 M LiPF6 in ethylene carbonate/diethyl carbonate (1:2 
vol) electrolyte with 1:1 wt ratio at 60 ◦C in an Ar atmosphere for 10 
days. For each gram of NMC powder 10 ml of electrolyte was used in the 
pretreatment process. Then, the NMC particles were washed with DEC in 
an ultrasonic bath, and finally dried in vacuum at room temperature. 
Both pristine NMC and pre-treated NMC powders were used as active 
materials to prepare composite electrodes for investigation. The com
posite electrodes consisted of 92.8 wt% NMC active material, 3.2 wt% 
carbon black (Acetylene Black), and 4 wt% PVdF (Kureha). A slurry of 
these powders in N-Methyl-2-pyrrolidone solvent was doctor-bladed 
onto Al foil and dried in Ar-filled glove box at 20 ◦C, 1 atm for 12 h. 
The electrodes were subsequently roll pressed at 100 ◦C to 50% of their 
original thickness and punched out into 12 mm diameter foils. Typical 
electrodes were ~20 μm thick and contained ~5 mg cm− 2 active ma
terial. Prepared electrodes were dried in Ar-filled glove box ante- 
chamber vacuum oven at 120 ◦C, 0.2 Torr for 12 h. 

2.2. Coin cell assembly and testing 

2325 coin cells were assembled with Li-foil anodes and Celgard® 
2300 separators wetted with 1 M LiPF6 in ethylene carbonate/diethyl 
carbonate = 1:2 electrolyte and NMC composite electrodes. The elec
trochemical measurements were performed using a VMP3 potentiostat 
(model 273 A) with frequency response analyzer (model FRD100). 

Each cell underwent two preliminary formation charge discharge 
cycles at constant current of 20 mA g− 1 (~0.1 C-rate) between 3.0 and 
4.2 V followed by cycle-life testing carried at 100 mA g− 1 (~0.5 C-rate) 
at 25 ◦C. A total of 7 cells were prepared: 2 pairs of cells with pristine and 
pre-treated NMC were cycled between 2 and 4.7 V, and one pair of cells 
with pristine and pre-treated NMC were cycled between 2 and 4.5 V, and 
1 cell with pristine NMC which was held at 60 ◦C for 12 h after assembly. 
The impedance of each cell was measured at 4 V at selected cycles over a 
frequency range of 0.1 Hz–100 kHz. Rate performance of the electrode 
was tested in the current density range 17–2000 mA g− 1. All tests and 
measurements were carried out at ambient temperature. 

2.3. Chemical and physical characterization of the NMC electrodes 

For characterization of the cycled electrodes, the cell was fully dis
charged at 0.1 C-rate to 2.0 V, and disassembled in an Ar glovebox. 
Then, the NMC electrodes were washed in dimethyl carbonate (DEC) for 
3 h and dried in vacuum overnight prior to evaluation. The surface 
morphology of the NMC particles was characterized by scanning elec
tron microscopy (SEM, JEOL, JSM-7500F). Fourier Transform Infrared 
Spectroscopy (FTIR) measurements were performed on a Shimadzu 
IRTracer-100 system. To prepare the samples for FTIR, powder samples 
or composite samples removed from cycled electrodes were mixed with 
KBr and pressed into pellets. FTIR spectra were recorded in an N2-filled 
environmental chamber and acquired in transmission mode. Raman 
measurements were performed on a Raman microscope system (Horiba 
Jobin Yvon USA, Inc.) with an Ar-ion laser (Lexel Laser TM) tuned at 
488 nm. Spectra were recorded with an 80x microscope objective 
(Olympus America Inc.) with the laser power ≤1 mW and a laser spot 
size at the sample of ~2 μm in diameter. X-ray diffraction (XRD) on 
powder samples was performed on a Bruker D2 Phase diffractometer 
using CuKα radiation. 

XAS measurements were performed on beamline 8–2 at Stanford 
Synchrotron Radiation Lightsource (SSRL) using a ring current of 500 
mA and a 1000 lines mm− 1 spherical grating monochromator with 40 
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μm entrance and exit slits, providing ~2*1010 ph s− 1 at 0.2 eV resolution 
in a 0.1*0.1 mm2 beam spot. During the measurements, all electrode 
samples were attached to an aluminum sample holder using conductive 
carbon tape. Data were acquired under ultrahigh vacuum (10− 9 Torr) in 
a single load at room temperature using TEY and sample drain current 
was collected for TEY. Contributions from visible light were carefully 
minimized before the acquisition, and all spectra were normalized by 
the current from freshly evaporated gold on a fine grid positioned up
stream of the main chamber. The residual organic content of cycled 
NMC electrodes after washing were analyzed using a thermogravimetric 
analyzer (TGA, TA Instruments, SDT-Q600) with temperature ramping 
from room temperature to 600 ◦C at the heating rate of 5 ◦C per min. 

3. Results and discussion 

3.1. Electrochemical behavior of pristine and pretreated NMC composite 
electrodes 

The electrochemical performance of the composite electrodes pre
pared from pristine NMC and the pre-treated NMC 532 powders was 

evaluated at ca. 0.5 C-rate between 2 - 4.7 V and 2–4.5 V. Fig. 1 shows 
the charge-discharge voltage profiles for the 2nd and 100th cycles. At 
the beginning of the long-term cycling both electrodes display a very 
similar behavior, suggesting that the pretreatment has no significant 
effect on the initial capacity and impedance of the NMC electrode. 
Similarly, in the 2–4.7 V range, pristine and pre-treated NMC electrodes 
show no major difference in the 1st cycle coulombic efficiency, which 
was 88.9% and 89.5%, respectively. After 100 cycles between 2 and 4.7 
V, the pristine and pre-treated NMC electrodes showed 23.2% and 
20.4% capacity loss, respectively. Moreover, the pristine NMC electrode 
displayed a noticeable higher ohmic polarization than the pretreated 
NMC electrode. The pre-treated NMC also outperformed the untreated 
NMC by a larger margin upon cycling between 2 and 4.5 V with better 
capacity retention and less ohmic polarization after 100 cycles. This is 
also consistent with the NMC/Li half-cell rate performance evaluation 
data (Fig. 2), which show more capacity retention in 2–4.7 V range and 
lower ohmic polarization at current densities higher than 200 mA/g; i.e., 
ca. 1C rate. These results were fully reproducible for duplicate cells 
tested under the same conditions. 

Fig. 3 shows the Nyquist plots of the complex impedance of the 
NMC/Li half-cells at OCV after cutoff at 4 V during the charging process 
for the 2nd and 100th cycles between (a) 2–4.7 V and (b) 2–4.5 V. The 
impedance plots of the fresh electrodes (2nd cycle) show one flattened 

Fig. 1. Charge-discharge curves of half-cells containing pristine and pre-treated 
NMC electrodes for the 2nd (solid line) and 100th (dashed line) cycle during 
galvanostatic cycling between 2 – 4.7 V (a) and 2 – 4.5 V (b) at 100 mA g-1 

(~0.5 C-rate). 

Fig. 2. Charge-discharge curves of half-cells containing pristine (a) and pre- 
treated NMC electrodes (b) for galvanostatic cycling between 2 – 4.7 V at 
different current densities. 
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semicircle followed by a low frequency Warburg component that rep
resents diffusion though a semi-infinite medium. Contrary to the cycling 
data at 0.5 C-rate, the overall cell impedance of the fresh pretreated 
NMC electrode was ca. 30% lower than the fresh pristine NMC cell. As 
the cycling continued, the impedance spectra of both NMC electrodes 
showed impedance rise and a rapid emergence of the second low- 
frequency semicircle. The yellow stars mark 37 Hz, which roughly 
separates the impedance spectra between two low- and high-frequency 
semicircles. The overall cell impedance of the cells with pristine NMC 
electrode after 100 cycles was almost twice that of the cells with the 
pretreated NMC electrode. 

Interestingly, the impedance rise of the cell with pretreated NMC 
seems to occur mainly in the lower frequency semicircle area whereas 
the cell impedance rise for the pristine NMC electrode happened across 
the whole frequency range no matter whether the upper voltage limit 
was 4.5 V or 4.7 V. The pristine NMC electrode cells show a fast growth 
of the high-frequency semicircle from 20 to 55 Ω in the first 20 cycles 
and then the impedance increases at a slower rate for the following 
cycles. The high-frequency semicircle of the cells with the pre-treated 
NMC electrode increased from 10 to 30 Ω in 20 cycles, after which it 
remained almost constant during subsequent cycles. The impedance 
growth in the low-frequency range (~37 Hz–~0.1 Hz) is linear with the 
number of cycles for both cells, but the slope of impedance rise doubled 

when cells were charged to 4.7 V vs. 4.5 V, indicating the acceleration of 
electrode degradation processes at high potentials. Nevertheless, the 
cells equipped with pre-treated NMC electrode consistently showed 
slower impedance growth in this frequency range than the pristine NMC 
cells. 

3.2. Characterization of pristine and pre-treated NMC before and after 
cycling 

Advanced surface and bulk analysis techniques were employed to 
identify possible origins of the observed differences in electrochemical 
performance of pristine and pre-treated NMC electrodes. No clear dif
ferences between the pristine and pretreated NMC powders after 
washing in DEC were observed using SEM, IR, Raman, and XRD mea
surements (see Fig. S1 and Fig. S2 in supplementary materials), i.e., no 
appreciable differences in NMC surface morphology, bulk chemical 
composition, and structure were observed within the detection limits of 
the respective techniques. However, the pretreated NMC powder before 
washing in DEC shows a thick layer of electrolyte decomposition prod
ucts, which is strongly fluorescent and consist of a mixture of organic 
and inorganic compounds. This suggests that the electrolyte reacted 
with NMC and possibly affected the surface properties of the NMC 
particles. 

The FTIR spectra of the fresh and cycled electrodes are compared in 
Fig. 4a. Most peaks in the fresh electrode can be indexed to the PVdF 
binder (the vibration modes of NMC are located at lower frequencies and 
are not shown in the spectra). After cycling, new peaks at 1730 and 
1610 cm− 1 emerge, which can be indexed to the asymmetric vibration of 
–C––O from organic carbonate species [6,26]. These peak positions are 
different from the signature at 1805 and 1770 cm− 1 of the EC residue 
[27] and are presumed to result from electrolyte decomposition prod
ucts with β-diketone ligands [8]. The Raman spectra of the cycled 
electrodes (Fig. 4b) exhibit strong fluorescent backgrounds, which is 
related to the presence of TM-organic coordination compounds from the 
electrolyte oxidation and TM dissolution reactions at NMC particle 
surfaces [8]. Interestingly, the cycled pre-treated NMC electrode shows a 
significantly (3X) lower fluorescence intensity than the cycled pristine 
NMC electrode, indicating lower amount of metal-organic coordination 
compounds at the surface of the electrode. 

To further quantify the amount of organic film formation during 
cycling, the TGA profiles of the as-prepared uncycled and cycled NMC 
composite electrodes are compared in Fig. 4c. The weight loss of pristine 
NMC (unwashed), pre-treated NMC (unwashed), cycled & washed 
pristine NMC and cycled & washed pre-treated NMC electrodes after 
heating to 650 ◦C are 6.4%, 6.4%, 11.4% and 8.0%, respectively. Given 
that the temperature was limited to 650 ◦C, the observed weight loss 
difference between fresh and cycled electrodes is assumed to come from 
organic components in the electrode with the inorganic components 
remaining largely unaffected. It is anticipated that much of the loss from 
fresh pristine and pre-treated NMC electrodes is from the PVdF binder 
(4%) and possible organic residues from the electrode manufacturing 
process (e.g. NMP) adsorbed on the conductive carbon additive. The 
additional weight loss from the cycled samples would therefore indicate 
the removal of additional organic compounds formed during cycling 
[28], which were not removed with washing, and including any solvent 
residues trapped inside the pores of the composite electrode, carbon 
additive, and organic film on the electrode surface. From these results, 
we postulate that the pre-treated NMC material produces less organic 
side reaction products during cycling, which is consistent with reduced 
catalytic activity of the treated surface compared to the pristine NMC 
material. This surface film may contribute to the growth of electronic- or 
ionic-resistance during the electrode and cell operation. 

In order to probe the NMC structure and chemical composition at 
shallow depths (2–5 nm) from the particle surface, X-ray absorption 
spectroscopy in total electron yield mode (XAS-TEY) was used. Fig. 5 
shows XAS spectra at the Ni, Co and Mn L-edges for the pristine and pre- 

Fig. 3. Nyquist plots of the complex impedance of half-cells containing pristine 
and pre-treated NMC electrodes at 4 V during galvanostatic cycling between (a) 
2 – 4.7 V and (b) 2 - 4.5 V at 100 mA g-1 (~0.5 C-rate). 
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treated electrodes before and after 100 cycles in 2–4.7 V. In the case of 
Ni, the ratio of the high energy L3 peak to the low energy one in the L3 
double peak centered near 853 eV contains information about the 
average oxidation state near the surface (TEY mode probes approxi
mately 5 nm into the surface). A lower L3high/L3low ratio is indicative of a 
lower average oxidation state for Ni, as is observed for the pre-treated 
NMC compared to the pristine sample before cycling. Likewise, the 
small shoulder at lower energies observed in the Co L-edge spectrum of 
the treated sample also suggests a slightly lower average oxidation state 
for this metal at the surface of the pre-treated sample. There is also 
similar evidence for slight reduction of Mn. In other words, the XAS-TEY 
spectra indicate that there may be a partial reduction of TM on NMC 
surfaces after the exposure to electrolyte at elevated temperatures, 

Fig. 4. (a) FTIR, (b) Raman spectra and (b) TGA profiles of the pristine NMC 
and pre-treated NMC electrodes before and after 100 cycles between 2 - 4.7 V at 
0.5 C-rate. 

Fig. 5. X-ray absorption spectroscopy in TEY mode of fresh and 2-4.7 V cycled 
pristine and pre-treated NMC electrodes at the Ni L-edge (a), Co L-edge (b), and 
Mn L-edge (c). 
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although the effect is very modest. Whilst this reduction is consistent 
with surface reconstruction to rock salt [9,11,29], it is less pronounced 
than observed by Lin et al., where they observed extensive reduction of 
Ni after extensive cycling [9]. 

The XAS spectra of cycled NMC electrodes (Fig. 5) clearly show that 
the extent of Ni reduction at the surface of NMC after 100 cycles is 
almost the same. Taking into account the amount of partial surface TM 
reduction that occurred during the pretreatment of NMC in the elec
trolyte, we observe much less Co and Mn reduction after 100 cycles for 
the pre-treated NMC electrodes compared to the pristine ones, sug
gesting less surface reconstruction and/or formation of reduced metal- 
organic species at the surface during cycling. This suggests that the 
rate of surface reduction and associated processes (e.g. metal dissolution, 
surface film formation) during cycling is strongly dependent on the 
initial state of the surface. We observe that the surface treatment and 
creation of the reduced TM layer on NMC surface appears to slow down 
the subsequent TM reduction and electrolyte oxidation processes during 
cycling, which may play a key role in extending battery lifetime. The 
observed positive effects on degradation rate, result from a relatively 
minor observable difference in the NMC surface structure that is possibly 
coupled with other degradation processes at the electrode-electrolyte 
interface during cycling. 

3.3. Impedance analysis and mechanism of NMC electrode degradation 

To assign the impedance individual contributions of the NMC elec
trode or lithium anode, a symmetrical cell containing two cycled NMC 
electrodes was analyzed. Two Li/NMC half-cells (A and B) were galva
nostatically cycled at 100 mA g− 1 (~0.5 C-rate) between 2 and 4.7 V for 
100 cycles and cutoff at 4 V during charge which located state-of-charge 
at a.u. 60%, the impedance measured, and then the cells were dis
assembled. Then a symmetrical cell with two cycled NMC electrodes was 
assembled, filled with the fresh electrolyte and the cell impedance was 
measured. The Nyquist plot of the cell impedance (Fig. 6) shows that the 
diameters of the two semi-circles from the symmetric cell are almost 
twice that of the individual half-cells, demonstrating that both the 
impedance from high and middle frequency semi-circles mostly arise 
from the NMC electrode. 

To explain how the surface treatment helps reduce impedance rise 
via suppressing transition metal reduction and the associated surface 
film formation during prolonged cycling, the following sections analyze 
and discuss causes of impedance in more detail. To correlate the 
observed impedance contributions across different frequency ranges 
with interfacial processes in the composite NMC electrode, an imped
ance data simulation was utilized. By combining composite electrode 
distributed impedance models already reported in the literature 
[30–32], a simplified four-particle model was used to simulate the 
impedance behavior of the NMC composite electrode. The resistances 
considered and their abbreviations are given in Table 1. In this model 
depicted in Fig. 7a, four NMC particles are aligned in one stack 
perpendicular to the current collector and direct contact with the 
conductive carbon matrix aligned in the same direction. Each NMC 
particle has a single point of contact with the carbon matrix, which 
forms an electron bridge between the current collector and each NMC 
particle. NMC particle cracking is known to be one of the major issues in 
degradation, with one of the major effects being broken electronic 
conduction pathways as well as exposure of new surfaces to electrolyte 
[14–16]. Here, particle cracking is simulated by depicting each single 
particle as divided into three equal reaction parts having a crack resis
tance (Rcr), connected in series. 

Based on these principles and assumptions, the model equivalent 
circuit was constructed with the various interface impedances and 
capacitance elements as shown in Fig. 7b. Each element is physically 
described and is given a set control value, listed in Table 1. The Warburg 
impedance element is absent in this model under assumption that this 
system under the current experimental conditions is not ion diffusion 

limited. The simulation results are shown in Fig. 7c, demonstrating two 
arcs with diameters of a similar magnitude and turning point at ~37 Hz 
(marked by yellow stars), separating high- and low-frequency semi- 
circles, as observed in the Nyquist plots of the experimental data 

Fig. 6. Schematic diagram (a) and impedance Nyquist plot of the Li/NMC half 
cells (A and B), and symmetrical NMC/NMC cell (C) with NMC composite 
electrodes (b). 

Table 1 
The description and control values of elements for Nyquist plot simulation.  

Element Description Value Unit 

RI Electronic resistance of circuit connected out of 
the cell 

0 Ω 

Ri Electrolyte resistance 5 Ω 
RAl Aluminum surface resistance 10 Ω 
Rc Electronic contact resistance between carbon and 

NMC 
10 Ω 

Rf Ionic resistance of the film between NMC and 
electrolyte 

0 Ω 

Re1 Electronic resistance of carbon between Al and 1st 
layer of NMC 

10 Ω 

Re2 Electronic resistance of the carbon chain between 
two nearby NMCs 

50 Ω 

Rct Charge transfer resistance 300 Ω 
CAl Interface capacitance on Aluminum surface 10− 6 F 
Cr Interface capacitance on NMC surface 3.33*10− 4 F  
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described in this work. By systematically varying the values of each 
impedance individually, we were able to deduce the individual contri
butions to the electrode overall impedance and derive the mechanism of 
these complex inter-related degradation processes and their resulting 
impact on the electrode performance. 

As the RAl and Re1 are simply connected in series, changes in either 
result in equal overall effects on the Nyquist plot. When any of RAl + Re1, 
Rc or Rf increase, the high frequency arc would be subsequently 
enlarged, however there is little or no change observed for the low- 
frequency arc, shown in Fig. 7c. This result is consistent with a similar 
explanation in the literature, showing that the high frequency arc 
impedance rise can be attributed to the rise of either interfacial 

resistance with aluminum [30,33], the carbon matrix-NMC contact 
resistance [34] or the lithium ion diffusion resistance affected by the 
surface film [26]. 

Comparing this simulation with the EIS results shown in Fig. 3, the 
source of this impedance difference can be narrowed down to either Rc 
(NMC-carbon contact resistance) or Rf in this case, since the major 
observable difference between the NMC and pre-treated NMC cycled 
electrodes is the reduced surface and the increased formation of organic 
products after cycling for the former. It implies that thicker metal- 
organic film formation on pristine NMC surfaces will result in higher 
Rc and Rf resistances, compared the thinner film at the surfaces of the 
pre-treated NMC, as shown by the characterization results. Thus, the 

Fig. 7. (a) Schematic diagram of resistances in NMC electrodes using a four-particle model system and (b) equivalent circuit model of the NMC composite electrode. 
(c) Simulated Nyquist plots using different resistances. 
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pre-treatment of NMC is inferred to suppress the increase of contact 
resistance between NMC and carbon matrix or film ionic resistance rise 
by impeding organic surface film formation at NMC surface during 
cycling. 

The low-frequency impedance rise is mainly affected by increasing 
the charge transfer resistance (Rct), carbon chain resistance (Re2), and 
particles crack resistance (Rcr). Both carbon chain resistance (Re2) 
[35–37] and crack resistance (Rcr) [14,15,18,38], can be identified as 
the sources of inhomogeneity in electron conductivity. From the simu
lation results of Abarbanel et al. and Petibon et al., all the resistance of 
the low-frequency impedance semi-circle is attributable to charge 
transfer resistance [32,39]. However, our simulation demonstrates that 
the mid-frequency impedance can also be attributed to the electronic 
resistance of the carbon black network or particles cracking. We infer 
that a higher cut-off voltage might enhance the degree of carbon addi
tive degradation and electrolyte decomposition on carbon [17] and 
particles cracking [13,17,37], resulting in a fractal structure of the 
cycled NMC electrode, causing faster impedance rise. 

To demonstrate if similar improvements in electrochemical perfor
mance could be imparted by NMC aging at elevated temperature as part 
of the cell formation process protocol, a half-cell with pristine NMC 
electrode and Li anode was stored at 60 ◦C for 7 days after assembling, 
and then cycled at room temperature. Fig. 8 shows that impedance 
behavior of the treated cell was almost identical to those cells made with 
pre-treated NMC electrode. We therefore surmise that this treatment, 
whilst having a positive effect on the electrode and electrode/electrolyte 
interface within the studied conditions, does not appear to have any 
significant detrimental effect on other parts of the half-cell e.g. on the 
electrolyte. Therefore, we postulate that this simple pre-treatment of the 
NMC electrode material as well as full Li-ion cells can provide an effi
cient, non-expensive method to improve the cycling performance of 
NMC-based Li-ion cells for practical applications. 

4. Conclusions 

We demonstrated that a simple pre-treatment of NMC powder in 1 M 
LiPF6 EC:DEC (1:2 vol) electrolyte at 60 ◦C helps improve long-term 
electrochemical performance of NMC composite electrodes. Through 
an electrochemical evaluation, chemical analysis, and impedance data 
modelling of surface pre-treated and pristine NMC electrodes, we clar
ified how organic surface layer formation that is coupled with partial TM 
reduction at NMC surface during cycling contributes to NMC-carbon 
electronic contact resistance and electrode impedance rise in the NMC 
composite electrode. Because the pre-treatment of NMC materials leads 
to partial reduction of TM at the surface, pre-treated NMC experiences 
less subsequent surface reduction and associated organic film formation, 
and less impedance rise after electrochemical cycling than the pristine 
NMC material. Using a comprehensive and systematic simulation of the 
impedance profiles, we identified the NMC surface film resistance and 
inhomogeneous electronic conductivity of the NMC electrodes as the 
main causes of capacity fading. We show that seemingly small changes 
to the surfaces of these commercially important Li-ion positive electrode 
materials can change the kinetics of interfacial processes and reduce 
degradation, prolonging the cycle life of battery materials. We demon
strated how this knowledge can be directly and conveniently applied 
after cell assembly for improved lifetime and performance. The findings 
expose the importance of the development of the positive electrode 
interface during pre-treatment and formation protocol in industry in 
terms of long-term stability, rather than only the anode side. 
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