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Nickel-rich lithium transition metal oxides are becoming the most promising cathode materials for lithium
ion batteries (LIB), such as LiNixMnyCo1--,02 (NMC, x > 0.5), LiNixCoyAl1-,O2 (NCA, x > 0.5) and

LiNiO2 [1][2]. The energy density of Ni-rich cathode can be enhanced by increasing the ratio of Ni.
However, the cycle life of Ni-rich cathode is reduced due to its structural degradation and thermal
instability during electrochemical cycling. Therefore, the degradation mechanisms must be studied in
order to provide design and manufacture strategies for Ni-rich cathode materials that will be implemented
in next generation of electric vehicles.

Currently the degradation mechanism of the layered Ni-rich cathodes e.g. LiNio.sMno.1C00.102
(NMCB811), stems from the high interfacial lattice strain between the reconstructed rock-salt surface and
the bulk layered structure where such surface reconstruction is surface facet-dependent [3][4]. So far the
in situ TEM heating experiments showed structural and compositional evolution of Ni-rich cathode
focused on the intergranular cracking along the grain boundaries in layered cathodes e.g.

LiNi0.4Mno.4Co0.202 as well as the local phase transformation induced stress buildup [5]. Moreover, the
rock-salt phase was formed along the coherent twin boundary due to the Li/transition metal ion mixing in

the layered phases of LiNio.76Mno.14C00.1002 cathode during delithiation [6]. Additionally, dissolution
process of Mn and Co can also be observed during galvanostatic charge/discharge cycling in in situ liquid
TEM experiments [7].

In this work, we report first direct observation of breathing phenomena and phase transformation in Ni-
rich cathode materials upon charge and discharge cycling by using in situ (S)TEM open cell approach
(Figure 1a). We can observe breathing phenomena, causing volume expansion during delithiation and
contraction during lithiation, as well as rapid formation of new Ni-rich phases in the Ni-rich cathode
(Figure 1). We can also observe the formation of rock salt structure in NMC cathode during in situ and ex
situ STEM experiments (Figure 2) as the initial layered structure (Figure 2a), and the surface area is
gradually transformed into the rock salt structure during the cycling (Figures 2b-c), indicating the rapid
formation of rock salt structure from the edge of the particle inwards. This mechanism is in agreement
with the ex situ dark-field STEM image (Figure 2d) where phase transformation occurs at the surface of
NMC cathode after cycling [3]. In both cases we can identify the core area as layered R-3m structure
(Figure 2¢), and the surface area as rock-salt Fm-3m (Figure 2f). This indicates that the phase
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transformation process starts from the edge and progresses inwards to the core of the particle during ling,
shedding light on degradation mechanisms of the Ni-rich cathode materials for long cycle life applications.
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Figure 1. In situ TEM images showing the breathing phenomenon during (a-d) delithiation and (e-h)
lithiation of a Ni-rich cathode nanoparticle, respectively. The orange and blue dashed lines indicate the
original sizes of the Ni-rich cathode nanoparticle at the beginning of delithiation and lithiation,
respectively.
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Figure 2. In situ HRTEM images of a NMC cathode nanoparticle and their corresponding FFTs (a) at the
pristine state, (b) after 1st delithiation, and (c) after 2nd delithiation. (d) Ex situ dark-field STEM image
of an aged NMC particle after 300 cycles. (e,f) FFTs of the corresponding regions in Figure d.
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