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A B S T R A C T   

The gradual loss of capacity and increase in the cell impedance are the mainstream of aging patterns for the 
lithium-ion batteries and mainly result from the depletion of cell’s cyclable-lithium reservoir. The irreversible 
drain from this reservoir is well understood and originates from the phenomena such as electrolyte oxidation and 
reduction at the electrode/electrolyte interfaces. There is, however, limited knowledge about the circumstances 
leading to the recuperation of misplaced lithium, gain in cell’s energy, and impedance drop. Here, we showcase 
that the intragranular fracture induces a peculiar aging behavior in the LiNi0.6Mn0.2Co0.2O2 electrodes. Fracture 
enables an alternative path for the (de)insertion of lithium from the hard-to-reach center of the secondary 
particles by lithium pore-wall flux instead of solid-state diffusion. The possible consequences are the energy 
recovery and decrease of the charge-transfer resistance in the electronically well wired electrodes.   

1. Introduction 

Porous electrodes with high areal loadings of densely packed active- 
material particles are very desired for the development of high energy 
density lithium-ion and lithium batteries. Increasing the thickness of the 
porous electrodes and use of polycrystalline active materials packed 
from primary particles are popular strategies in the research and 
development of cathodes such as Li[Ni1-x-yCoxMny]O2 (NMC) [1–3]. 
These strategies, however, render the electrodes more vulnerable to the 
structural inhomogeneity and limit their operation to lower C-rates to 
avoid premature end of life [4–7]. At the electrode level, the most 
common forms of heterogeneity in the porous electrodes are process 
induced and reported to be the spatial variance in the electrode 
composition [8,9], carbon-binder morphology [10–12], particle size 
[4,13], tortuosity [14,15], and contact resistances [16]. At particle 
scale, the anisotropic lattice breathing of the NMC primary particles 
induces inter- and intra-granular fracture in the secondary NMC parti
cles [17–19]. Upon delithiation the Young’s moduli, interfacial fracture 
toughness and the cohesive energy of the NMC materials decrease and 
the volume change of primary particle causes cracks to form at the in
terfaces and grain boundaries where the diffusion induced stress exceeds 
the cohesive strength [20,21]. Such circumstances, notwithstanding the 
length scale, entail the fragmentation of the total active mass into the 

under-utilized zones versus over-utilized or hotspots within the porous 
electrode. As such the local lithiation state of the active material parti
cles can be significantly different from the bulk average values at high 
current densities [22,23]. For instance, if the transport limitations 
within the electrolyte exceed that of the porous electrode solid phase 
then the active particles located next to the separator are overstressed 
during (dis)charge [24,25]. 

Here, we analyze the dynamics of aging during 200 cycles for a series 
of porous LiNi0.6Mn0.2Co0.2O2 electrodes from the perspective of 
cyclable lithium (re)distribution in a cell with Li4Ti5O12 (LTO) as anode 
active material. We use different configurations of electronic percolation 
network in the four otherwise analogous porous electrodes formulated 
with 94%wt polycrystalline NMC particles and 2.5%wt carbon. This 
model experimental system highlights the sensitivity of the cell aging 
trajectory to the synergistic interaction of the electrode’s microstruc
tural detail and the intragranular fracture of secondary NMC particles 
[26]. The choice of LTO counter electrode and a voltage window of 
1.4–2.8 V was made to limit the kinetics of electrolyte reduction and 
oxidation at the anode and cathode interfaces with the electrolyte and 
that of irreversible transformation of NMC from layered to the spinel or 
rock-salt structure. Such a framework, unlike the existing literature 
[27–30], facilitates it to correlate the evolution of cell metrics (i.e. ca
pacity and impedance) with the dynamics of lithium redistribution 
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among ‘cyclable,’ and ‘inactive’ states. We demonstrate that the fracture 
at NMC grain boundaries has two main effects on the lithium balance 
inside the cell. Beyond promoting the permanent loss of lithium (inac
tivation) via the interfacial side reactions at fresh interfaces, intra
granular fracture can improve the uniformity of lithium distribution by 
exposing hard-to-reach interior of the secondary NMC particles to the 
electrolyte for the direct pore-wall flux of lithium. 

2. Materials and methods 

2.1. Model experimental system for NMC electrodes 

A single layer NMC electrode with a porosity of 30%, hereafter 
referred to as SL, represents a conventional design and serves as a 
reference in this study. Two distinct methods were used to prepare 3 
other electrodes with different electronic conduction path with respect 
to the reference design (SL). In the first method, a low level of calen
daring was used to densify one single-layer electrode to a final porosity 
of 40%, hereafter referred to as SL-poor, compared to the 3 other elec
trodes with porosity of 30%. In the second approach, two bilayer elec
trodes were prepared by an uneven allocation of the carbon (2.5%) 
between the two layers [8]. As such, BL-poor and BL-rich bilayer elec
trodes are featured with a carbon deficient (1%) and carbon rich (4%) 
layer close to the current collector, respectively (see supporting 
information). 

2.2. Characterization 

Electrochemical cycling of the Li|NMC and LTO|NMC 2025 coin cells 
was done with a Biologic BCS-805 battery cycler. The coin cells were 
assembled in an M− Braun glovebox (H2O & O2 < 1 ppm), with Celgard 

2325 as the separator and EC: EMC 3:7, 1 M LiPF6 + 2 wt% VC as 
electrolyte. The cells were allowed to rest for 24 h before formation 
cycles: three charge and discharge cycles at C/10 in the potential win
dow of 1.4–2.8 V. The formation cycle ended with 1 h of rest and 
eventually the galvanostatic aging cycling of the cells initiated with 
symmetric (dis)charge at 1C for 200 cycles. To follow the state-of-health 
of the cells during the aging cycling tests, an intermediate character
ization period was foreseen after every 50 cycles. These intermediate 
tests consisted of a low rate (dis)charge cycle at C/10 and the electro
chemical impedance spectroscopy (EIS) in a frequency range of 10 kHz- 
10 mHz with a voltage amplitude of 5 mV. At the end of aging tests, the 
cells were opened in the glovebox and electrode punches were rinsed 
with DMC solvent for 30 sec to remove the remnants of the electrolyte, 
and dried overnight in the glovebox environment for further postmor
tem analyses. The cross-section of the cathode punches was prepared by 
ion beam polisher and imaged with Zeiss 450 FEG-SEM with Gemini 2 
optics. Details of differential capacity analysis used for the estimation of 
stoichiometry window of NMC electrodes during cycling and the 
equivalent-circuit modelling of EIS spectra are discussed in the supple
mentary information. 

3. Results and discussion 

Fig. 1a summarizes the cycling performance of the four LTO| NMC 
cells assembled with the SL, SL-poor, BL-poor, and BL-rich cathodes 
during 200 (dis)charge cycles at 1C. The BL-rich cell has the highest 
initial discharge energy (339.5 mWh/g) together with a discharge ca
pacity of 151.5 mAh/g, and an average discharge voltage of 2.241 V (see 
Table S1 and Fig. S1 in Supporting information). SL cell shows the 
second best performance (331.3 mWh/g) followed by the SL-poor 
(313.7 mWh/g) and the BL-poor (284.7 mWh/g). The remaining 

Fig. 1. a) Discharge energy of LTO|NMC cells as a function of cycle number, b-e) discharge energy retention after every 50 cycles during duty cycles at 1C (dynamic) 
and after intermittent C/10 titration (static) f) Nyquist plots of the cell impedance spectra recorded after every 50 cycles during the intermittent characterization 
periods g) cross section SEM micrograph of the BL-poor electrode after 200 cycles. 
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discharge energy of the cells after 200 cycles and according to the duty 
cycles at 1C (dynamic) reads 89.5%, 85.5%, 76.76 %, and 61.72% for 
the BL-rich, SL, SL-poor and BL-poor cells, respectively. Noteworthy is 
the continuous increase in the performance deviation among the four 
cells during the cycling. The coefficient of variance for the discharge 
energy of the cells grow from 7.5% at the beginning of life to 21.8% after 
200 cycles. Fig. 1b-e highlights the higher energy retention relative to 
the dynamic values for all the cells measured at C/10 during the inter
mittent characterization periods (static) every 50 cycles. The BL-rich cell 
manifests a counterintuitive energy recovery (Fig. 1d). In this cell, the 
energy loss during the first 100 cycles is later recovered by 50% and 29% 
in the static and dynamic conditions, respectively. The impedance 
evolution reveals another peculiar behavior which is the reduction of 
charge transfer resistance over some periods of cycling in all the cells 
(Fig. 1f) [31]. The prima facie explanation for these observations is the 
tendency of secondary NMC particles to fracture which is observed in 
our electrodes (Fig. 1g). 

The lithium stoichiometry window (Δx = xmax − xmin) in the Lix

Ni0.6Mn0.2Co0.2O2 electrodes were tracked by analysing the differential 
capacity signature of the cells over 200 cycles (Figure S2-4). All the 
electrodes reach a fully lithiated state (xmax = 1) during the static con
ditions (C/10) irrespective of the cycle number. There is, however, a 
clear sign of sever cycling impact on the degree of lithium deinsertion 
(xmin) from the NMC under both static and dynamic conditions 
(Figure S4). The variation in xmin as a function of cycle number is more 
pronounced in the dynamic (0.42 < xmin < 0.61) compared to the static 
(0.37 < xmin < 0.44) conditions. The change in Δx is an ideal gauge to 
follow the evolution in the amount of cyclable lithium inside the LTO| 

NMC cells (Fig. 2). Overall, there is less and less lithium taking part in 
the (dis)charge of the four cells over 200 cycles. The gradual change in 
the percentage of cyclable lithium is much higher for the dynamic (red 
dashed lines in Fig. 2) relative to the static (black dashed lines in Fig. 2) 
tests due to the larger polarization at higher currents (1C). As such the 
cyclable-lithium deviation between the static and dynamic conditions 
(brown highlighted area in Fig. 2) represent the fraction of lithium 
disabled on account of the gradual rise in the cell impedance. The BL- 
rich cell manifests an unusual recovery in cyclable lithium (Fig. 2d) 
which is at clear contrast to the other three cells with a rather monotonic 
declining trend for cyclable lithium (Fig. 2a-c). This observation is in 
line with the energy recovery of the BL-rich cell mentioned earlier 
(Fig. 1d). The so called irreversible loss of cyclable lithium into the 
parasitic reaction products is traditionally inferred from the low rate 
titration data during the static tests (red dashed area in Fig. 2d) [32]. 
However, the clear sign of lithium recovery in the BL-rich cell (fence 
patterned area in Fig. 2d) calls for a reactivation mechanism in the NMC 
electrodes. 

In the absence of cracks in the secondary NMC particles, the (de) 
insertion of lithium from the central domains (central rectangles in 
Fig. 3a-d) is kinetically hindered mainly by the solid-state lithium 
diffusion. These parts experience a relatively higher polarization and 
end up with a higher average lithium residue (x) and a sharper lithium 
concentration gradient by the end of charge. The intragranular fracture 
(Fig. 3e and S6) exposes the interior of the secondary particles to the 
liquid electrolyte [33]. Therefore, the active electrode area in direct 
contact with the electrolyte increases resulting in two major conse
quences. First, the electrolyte decomposition and interfacial side 

Fig. 2. Fractional variations in the amount of cyclable lithium in the LTO|NMC cells during 200 cycles obtained from the analysis of 1C duty discharge (dynamic, red 
markers) and C/10 discharge data during intermittent characterization periods (static, black markers). Cells differ in the NMC electrode: a) SL-poor, b) SL, c) BL-poor, 
d) BL-rich. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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reactions at the fresh interfaces are promoted in favour of lithium loss 
and the growth of cathode electrolyte interphase, i.e. CEI (red bound
aries in Fig. 3b, d). Second, the (de)insertion of lithium from the 
otherwise hard-to-reach centre of the secondary particles is facilitated 
due to the possibility of direct lithium exchange at particle/electrolyte 
interface (pore-wall flux). This can be interpreted as a lithium recovery 
mechanism leading to a more spatial uniformity of lithium (Fig. 3a-d) 
and a higher degree of lithium deinsertion from the NMC electrode as 
evidenced by the gradual decline of xmin in the BL-rich electrode after 
100 cycles (Figure S4). 

After formation cycles, the fraction of inactivated lithium, with 
respect to the beginning of life, in the LTO|NMC cells (Fig. 3f) is mainly 
determined from the counterbalance between the lithium loss for the 
formation of cathode electrolyte interphase (CEI) and recovery mecha
nisms triggered by the fracture at the grain boundaries. The configura
tion of the carbon matrix has a crucial impact on the dynamics of lithium 
deactivation in the NMC electrodes. The lithium recovery is insignificant 
for the poorly carbon-wired secondary particles (Fig. 3c-d) on account of 
the high probability for aggravation of electronic limitations for the 
internal particles after fracture. The consequence is a non-uniform cur
rent distribution and creation of the hot spots where the local polari
zation is higher and therefore the electrolyte degradation and crack 
growth are accelerated. Such a degradation runaway is evidenced in the 
SL-poor and BL-poor electrodes by the continuous rise in the percentage 
of inactive lithium during 200 cycles (Fig. 3f). In these electrodes any 
gain from the fracture-induced lithium recovery is counterbalanced by 
the higher loss from the side reactions and CEI growth in contrast to the 
BL-rich and SL electrodes that manifest a decline of inactive lithium after 
100 cycles (Fig. 3f). 

The rate capability of the SL-poor and BL-poor electrodes is subjected 
to ceaseless deterioration on account of the monotonic rise in the frac
tion of disabled lithium (Fig. 3g). The evolution of the charge-transfer 
resistance is an indirect sign of particle fracture and variation in the 
active surface area of the NMC electrodes. The charge-transfer resistance 
decreases as long as the new interfaces remain electronically connected 

to the percolation network of the porous electrode. As such, the defec
tive carbon wiring in the SL-poor and BL-poor electrodes is manifested in 
the sporadic increase of the charge transfer resistance (Fig. 3h and 
Table S2). 

4. Conclusions 

In this work, the synergistic interaction of the particle fracture and 
the electronic percolation network in the NMC622 electrodes was found 
momentous for the dynamics of aging in the LTO|NMC cells. The un
usual observation of the energy recovery and the enhancement of the 
charge-transfer kinetics over extended cycling testified to a complex 
pattern for lithium (re)distribution in the cell triggered by the particle 
fracture. The fresh interfaces exposed to the electrolyte are vulnerable to 
the (electro)chemical side reactions but in parallel can facilitate the (de) 
insertion of lithium via a more kinetically favorable route of pore-wall 
flux in contrast to the solid-state diffusion. The net impact on the 
lithium inventory is influenced by the electrode microstructure and the 
configuration of its electronic percolation network. The fracture induced 
aging anomalies discussed in this paper highlight the need for consid
ering the mechanical aspects in the optimization of the electrodes’ 
formulation for high energy and durable lithium-ion battery electrodes. 
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Fig. 3. Schematic representation of lithium distribution color coded in shades of green a,c) before and b,d) after e) intragranular particle fracture and exposure of 
new surfaces (red edges) to the electrolyte in the NMC electrodes with a,b) optimal electronic percolation and c,d) poor conduction networks. Variations in f) inactive 
lithium, g) disabled lithium, and h) charge transfer resistance for the LTO|NMC cells with SL, SL-poor, BL-poor, and BL-rich cathodes over 200 cycles. (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.elecom.2021.107134. 
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