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A B S T R A C T

A full series of variously delithiated LixNi0.8Co0.15Al0.05O2 (NCA) (x < 1) battery cathodes is extracted from cylinder Li-ion batteries of 18650-type, and structural 
studies of electrode materials are performed ex situ applying high-resolution neutron powder diffraction. A set of structural and microstructural parameters at 
different state-of-charges (SOC) is gathered from full-profile Rietveld refinements. Accurate cell metrics of the NCA lattice are obtained and compared for both, ex situ 
and operando modes of data collection. A detailed analysis of lithium occupancies and interatomic distances in the NCA cathode is carried out, revealing a shrinking 
material response of the NCA structure during delithiation, while the experimental quantification of Li/Ni cation mixing showed an SOC independent behavior. The 
observed deintercalation driven anisotropic broadening of the Bragg reflections in real-life NCA cathodes were analyzed and assigned to an increasing internal 
anisotropic microstrain, which is linked to the non-uniform distribution of Li in the structure of NCA, resulting in an unstable and unpredictable performance of LIBs.   

1. Introduction

After the commercialization of lithium-ion batteries (LIB) by Sony in
1991, the related developments of portable electronic devices, from 
laptops and headphones up to today’s modern smartphones, experi
enced an increasing popularity and progress [1,2]. Nevertheless, the 
growing demand on batteries and the development of new applications, 
like electrified drivetrains, as well as large-scale energy storage, 
constantly enquire for LIBs with higher energy and power densities, 
improved cycling life, better performance and safety, and all this at 

lower costs [1,3,4]. Most of the above-mentioned demands can be 
directly related to the materials utilized in Li-ion batteries and the 
development of LIBs can be vis-à-vis associated with the progress of 
battery cathodes. The LiCoO2 cathode material utilized in the first 
patented LIB was proposed by J. Goodenough in 1980 [5–7] as a next 
generation follower of very successful LiTiS2 [8,9]. Positive electrodes 
based on LiCoO2 have a very successful history. They display high en
ergy density, good cycling reversibility and structural stability, supply
ing their active use over the years. However, the high reactivity of CoO2 
along with the high cost, limited availability and localized abundance of 
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cobalt metal, stimulated the search for alternative cathode materials. 
The complete substitution of cobalt by nickel resulting in LiNiO2 (LNO) 
is considered as a viable alternative [10,11]. However, the material 
suffers from poor thermal stability along with rapid capacity and power 
density fading. Furthermore, the introduction of nickel to the Li con
taining cathode is often supplemented by the formation of antisite de
fects (cation mixing), where nickel tends to change its oxidation state 
from Ni3+ to Ni2+, thus getting even more similar in its ionic radii to Li+

[12–14], which, in turn, results in the partial occupational exchange of 
the lithium octahedral site by nickel and vice versa. The resulting 
structural disorder is considered as a negative factor, e.g. in the form of 
the limitation in diffusivity of lithium, due to the blocking of the 2D 
diffusion pathways of Li + by Ni2+ during cycling, leading to the 
reduction of the cell capacity and to decreased structural stability. 

Nevertheless, several families of ternary transition metal (TM) mixed 
oxides, either nickel-manganese or nickel-aluminum doped LiCoO2, got 
their use in state-of-the-art LIBs. In such a way, doped LiCoO2 materials 
typically display higher energy and power density at lower costs. They 
can withstand higher cycling rates and are essentially safer than the 
LiCoO2 parent compound. Among various dopants, nickel remains 
highly advantageous. However, maintaining the structural integrity in 
high nickel content cathodes requires a low scale incorporation of either 
aluminum or manganese [15,16]. The Li/Ni cation mixing is an 
important parameter to determine the overall cell performance and 
lifetime in such systems. Nevertheless, the increase of nickel content in 
NMC materials is one of the most straightforward and viable approaches 
to increase the performance of LIBs, maintaining the overall chemistry 
of the cathode quasi unchanged. 

In the current work, we are considering a high nickel content 
LiNi0.8Co0.15Al0.05O2 (NCA) cathode material [17,18]. Similar to 
LiCoO2, it crystallizes in a rhombohedral structure with space group 
R-3m in a triple block ABCABC stacking sequence built up by alternating
blocks of lithium ions and transition-metal ions of trivalent coordination
sitting on the octahedral positions, each separated by a layer of oxygen
atoms (LixTMO2 block) [19–21]. The material got broad use as a positive
electrode in high energy cells, which are characterized by stable and
predictable cycling behavior, high energy densities etc. For instance,
NCA-based full cells are actively used in the automotive industry, e.g.
the 18650-type was utilized as an energy storage solution in Tesla Model
S of the first generation [22,23]. However, besides its relative popu
larity, the accurate and systematic investigations of its structure and its
coupling to the battery performance are rather limited, e.g. an
increasing structural disorder at higher SOCs was reported along the c
axis, resulting in the fading of the battery performance [24–26]. Addi
tionally, antisite types of disorder for LiNiO2 and a series of Li(NixM
nyCoz)O2 (x + y + z = 1) (NMC) structures are broadly discussed in
literature [27,28]. Theoretical simulations of physical and chemical
behavior of antisite defects by either using force-field [29–31] or density
functional theory [32] were reported. Additionally, experimental
studies using electron diffraction revealed a controlled ordering of Li/Ni
vacancies on the tetrahedral site of the Li slab [33]. A dependence be
tween the NMC composition and the antisite defect concentration was
established by using combined X-ray and neutron diffraction studies
[34]. Two techniques are generally utilized for the quantification of Li
\Ni cation mixing, as following.

(i) Analysis of intensity ratio for 003/104 Bragg reflections couple
[35,36].

(ii) Full-profile Rietveld analysis including simulation of Li\Ni mixed
occupancies [37].

It is worth to be noted that most of the studies focus on the charac
terization of cation mixing in synthetic NMC-based cathodes [38–41], 
while the presence and the effect of cation mixing in the NCA-type 
materials and their real-life behavior have been little explored. 

In order to address this topic in a systematic and non-ambiguous 

way, ex situ and operando neutron powder diffraction studies on differ
ently electrochemically delithiated NCA cathode materials, harvested 
from commercial 18650-type batteries is presented in a broad range of 
compositions. The focus is set on the structural behavior of the NCA 
cathode, where structural parameters are obtained by full-profile Riet
veld refinement using high-resolution neutron diffraction data directly 
correlated to the electrochemical data. 

2. Experimental

A set of fresh commercial cylindrical lithium-ion batteries of type
18650 (Panasonic NCR18650B) based on NCA|C chemistry was chosen 
for the studies. Their nominal capacity was 3360 mAh with an opera
tional voltage window of 2.5–4.2 V, corresponding to a gravimetric 
energy density of around 240 Wh kg 1 as well as a volumetric energy 
density of around 670 Wh L 1 [42,43]. The cells taken from the same 
batch were galvanostatically cycled several times in the 2.5–4.2 V po
tential window using constant-current constant-voltage (CCCV) by 
applying ~ C/8 (0.4 A) current and C/20 cut-off current. The cycling 
was executed with a VMP3 potentiostat from BioLogic and ended in a 
fully discharged state. Afterwards, the cells were charged to a specific 
state of charge (SOC) with the same parameters. Below SOC 90%, the 
constant current charging mode was applied, whilst to achieve higher 
SOCs a CV stabilization was used. In total, a set of 26 cells with different 
stabilized SOC was prepared. However, the applied charging protocol 
was not able to retain the full capacity of the cell, leaving a fully charged 
state of 3307mAh, corresponding to ca. 98% of the nominal capacity. 
Therefore, in the following contribution, the charge state of 3307 mAh is 
referred to as fully charged state and mentioned as 100%. The cells were 
disassembled in the glove box from MBraun under an argon atmosphere 
having a humidity and O2 level below 1 ppm. Electrode sheets were 
taken apart and rolled separately. The separated NCA cathode rollovers 
were placed into thin wall vanadium containers (150-μm wall thickness 
and ca. 10 mm in diameter) and metal sealed under argon for further 
neutron studies. 

The high-resolution neutron powder diffraction measurements were 
carried out in Debye-Scherrer geometry at the powder diffractometers 
SPODI [44–46] (FRM II, Garching b. München, Germany) and ECHIDNA 
[47] (ANSTO, Sydney, Australia). The used experimental setup was
similar in both cases. At SPODI the higher monochromator take-off angle
of 155◦ and the 551 reflection of the vertical focusing germanium
monochromator supplied a monochromatic neutron beam with a
wavelength λ = 1.5482 Å. The incident beam in front of the sample has a
dimension of 20 × 40 mm (h x v). The angular dependence of the
scattered neutron intensities was collected with a vertically sensitive
curved multidetector covering an angular range of 160◦ and consisting
out of 80 3He detector tubes with 10’ Soller collimators in front of each.
The vanadium containers were mounted at a sample changer on the
diffractometer table having 10 positions. The typical data acquisition
time per pattern was in the range of hours. Measurements of a
Na2Ca3Al2F14 filled vanadium container served as a reference for
instrumental contributions to peak broadening. Examples of selected
data from SPODI and ECHIDNA for selected SOCs are presented in
Figs. S1 and S2, accordingly.

Additionally, operando measurements were carried out at SPODI on 
an activated fresh commercial lithium-ion battery of type 18650 
(Panasonic NCR18650B) with an experimental setup different from this 
mentioned above. The monochromator take-off angle of 155◦ and the 
331 reflection of the vertically focusing germanium monochromator 
maintained monochromatic neutrons with a wavelength of λ = 2.536 Å 
and a beam dimension of 20 × 40 mm2 (h x v) in front of the sample. The 
cell was firmly mounted to the sample table and connected to a BioLogic 
VMP3 potentiostat, maintaining a slow cycle program with a charging/ 
discharging rate of ~C/44 (75mAh) and cycling limits of 2.5V lower and 
4.2V upper voltage cut-off. The collected in operando data (Fig. S3) was 
acquired with a time discretization of 30 min per pattern, corresponding 



to an acquisition time of 45s, including the stepwise positioning of the 
multidetector (40 steps) to cover the entire diffraction angle of 160◦. 

The obtained 2D diffraction data were reduced to 1D diffraction 
patterns using a geometrical data correction. The reduced neutron 
diffraction data were modeled using full-profile Rietveld method as 
implemented in the FullProf program package [48,49], where each 
diffraction pattern was analyzed separately. The peak profile shape was 
described by the Thompson-Cox-Hastings pseudo-Voigt function and a 
linear interpolation between a set of manually selected background 
points was used to model the background. 

In order to verify the modeled data by the Rietveld method, various 
chemical reference measurements were carried out via an inductively 
coupled plasma optical emission spectroscopy (ICP-OES) method to 
determine the elemental composition of the cathode material LixNi0.8

Co0.15Al0.05O2 (x < 1) quantitatively and with high precision, repre
senting the state of charge of the cell [50]. For this contribution, portions 
of the NCA material of 30 or 50 mg from the disassembled cells were 
scrubbed off, collected from the current collector, and dissolved in a 
solution containing 3 ml HCl (37% p. a., Fa. Merck) and 1 ml HNO3 (65% 
p. a., Fa. Merck) in a microwave equipment (Fa. CEM) during 15 min at
180 ◦C. After dissolving, the solution was diluted to 500 or 1000 g and
utilized for further analyses, which have been performed using an
ICP-OES system (iCAP 6500 Duo View, Fa. Thermo Fisher Scientific) at
the IFW Dresden.

3. Results and discussion

The obtained diffraction data exhibit the contribution from two
phases corresponding to the signal from the layered NCA cathode ma
terial and the diffraction from the aluminum foil, which corresponds to 
the current collector. Note that the electrode material was not scraped 
from the current collector, but the electrode sheet was re-rolled new and 
contained in the sealed vanadium tubes. The layered transition metal 
oxide LixNi0.8Co0.15Al0.05O2 shows a single-phase behavior during the 
electrochemical cycle. It crystallizes in a NaCrS2 type structure with the 
space group R-3m corresponding to a rhombohedral unit cell depicted in 
Fig. 1. Structural parameters of NCA were chosen from Ref. [51] as a 
starting model for full-profile Rietveld refinements of the obtained ex 
situ neutron diffraction data. 

The scale factor, angular shift, cell parameters, asymmetric param
eters, displacement parameters, as well as microstructural parameters in 
the form of anisotropic strain and size parameters were refined during 
the data analysis. The only atomic coordinate to be refined was the 
oxygen z/c fractional coordinate on the 6c site (0,0,z). The best results in 
terms of fit convergence were obtained for the model, where the 
displacement parameter at the 3a site was fixed to 1.7 Å supplying 

stability of the fit. Considering only an exchange of the nickel and 
lithium ions, due to their similar radii in terms of cation mixing [52], the 
occupancies of lithium and nickel distributed over the 3a (0,0,0) and 3b 
(0,0,1/2) site is described in more detail below. Fixed isotropic 
displacement parameters at the 3a site enabled the obtaining of realistic 
lithium concentrations and calculation of atomic occupancies at 3a and 
3b sites in the structure (see section 3.2). 

An example of the collected diffraction data corresponding to a 
discharged (SOC = 0.0%) and charged (SOC = 100.0%) state, along with 
the results of their simulations using the full-profile Rietveld method is 
shown in Fig. S1. The patterns contain the diffraction signatures of the 
NCA phase combined with the aluminum phase of the current collector. 
The diffraction signal from the current collector remains unchanged vs. 
SOC, while in the NCA phase, a systematic shift of the Bragg reflections, 
as well as a change of widths for selected peak families, was observed as 
a response on the delithiation of the material supplementing the increase 
of SOC. The best fits were obtained with the structural parameters for 
the cathodes listed in Table 1. Graphical representations of Rietveld fit 
quality for the data collected for a charged state (SOC = 100.0%) at two 
distinct wavelengths at the instrument ECHIDNA (ANSTO) is presented 
in Fig. S2. 

3.1. Lattice parameter analysis 

Facing higher charging states results in the reduction of the Li con
tent, leading to a systematic structural distortion, which in turn, reflects 
in the shifts of Bragg reflections. In Fig. 2, a couple of characteristic 
reflections 003 and 104 are shown, representing the structural evolution 
of the NCA material along c- and a-direction, respectively. At the 
beginning, the 003 reflection displays a shift towards lower 2θ angles, 
reaches the “minimum” around SOC≈75% and then “relaxes” back, 
which can be directly linked to a change of the unit cell dimension along 
the c-axis (Fig. 1(c)). At the initial stage of lithium extraction, the c 
lattice parameter increases linearly from 14.21697 Å by 0.27312 Å 
corresponding to ca. 1.9% linear elongation, which is attributed to the 
electrostatic binding energy of lithium ions in the NCA structure main
taining the integrity of TMO2 layers (TM – transition metal), as well as 
the oxidation of Ni and Co to tetravalent states. When lithium ions are 
extracted, the TMO2 layers exhibit an increase in electrostatic repulsion 
due to the increasing interactions between negatively charged oxygen- 
oxygen layers resulting in an elongation of the unit cell in c-direction 
until a maximum expansion at a lithium content of ca. Lix ≈ 0.3 is 
reached [53–55]. Upon further delithiation, the lattice in the c-direction 
rapidly contracts at the vicinity of critical lithium occupancy at Lix ≈ 0.3 
by 0.31291 Å corresponding to ca. 2.2%. Accordingly, the structure 
undergoes an increase in the valence charge of transition metals (for 

Fig. 1. Structure of NCA cathode (a), change of lattice metrics in a- and c-direction of rhombohedral lattice (b, c), lattice volume (d) and c/a ratio (e). Ex situ data are 
presented by black points, whilst in operando data are marked by red color while charging and in blue while discharging. Solid lines in a- and c-lattice parameters 
correspond to 6th order polynomial fitting the experimental cell dimensions with coefficients listed in Table S2. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 



Table 1 
Structural parameters of LixNi0.8Co0.15Al0.05O2 cathode material (spacegroup R-3m, no.166) harvested from NCA 18650-type commercial lithium-ion batteries.  

SOC [%] Q [mAh] Lix [f. u.] Lattice Parameter Li site occupancy B-factor Oxygen coordinate Reliability factors [f. u.] 

a [Å] c [Å] c/a 3a [f. u.] 3b [f. u.] Li1 [Å] Li2 [Å] 6a z/c [f. u.] Rp Rwp Х2 

0 0 0.89860 2.86116(1) 14.21697(7) 4.9690(2) 0.074(2) 0.0003(3) 1.7 0.12(1) 0.2396(3) 6.71 5.74 3.13 
2.1 71 0.90028 2.85992(1) 14.21719(6) 4.9712(2) 0.075(2) 0.0003(2) 1.7 0.15(1) 0.2396(3) 6.50 5.31 2.03 
5.1 170 0.84327 2.85854(1) 14.23015(7) 4.9781(2) 0.070(2) 0.0005(3) 1.7 0.15(1) 0.2393(3) 6.97 6.00 3.46 
7.2 241 0.73611 2.85535(1) 14.24558(7) 4.9891(2) 0.061(2) 0.0001(3) 1.7 0.22(1) 0.2388(4) 7.02 5.99 3.34 
10.1 340 0.79443 2.85684(1) 14.23836(6) 4.9840(2) 0.066(2) 0.0003(3) 1.7 0.20(1) 0.2390(3) 6.48 5.28 2.42 
12.2 411 0.76683 2.85377(1) 14.24821(6) 4.9928(2) 0.063(2) 0.0002(3) 1.7 0.20(1) 0.2386(3) 6.65 5.42 2.55 
17.3 581 0.73911 2.85032(1) 14.26615(7) 5.0051(2) 0.061(2) 0.0001(3) 1.7 0.16(1) 0.2382(3) 6.54 5.45 2.64 
22.3 751 0.65079 2.84724(1) 14.28385(7) 5.0167(2) 0.054(2) 0.0008(3) 1.7 0.18(1) 0.2378(4) 6.51 5.62 3.11 
27.4 921 0.63675 2.84361(1) 14.30927(8) 5.0321(2) 0.053(2) 0.0003(3) 1.7 0.22(1) 0.2374(4) 6.83 5.78 3.10 
32.4 1091 0.52934 2.84101(2) 14.3321(2) 5.0447(3) 0.044(3) 0.0009(4) 1.7 0.30(2) 0.2371(5) 8.80 8.12 6.20 
37.5 1261 0.54842 2.83699(2) 14.3615(2) 5.0622(3) 0.045(3) 0.0001(4) 1.7 0.25(2) 0.2368(5) 8.28 7.26 4.83 
42.6 1431 0.56786 2.83332(2) 14.3905(2) 5.0790(3) 0.047(3) 0.0005(4) 1.7 0.22(3) 0.2365(7) 9.10 8.27 7.28 
47.6 1601 0.50090 2.83036(2) 14.4128(2) 5.0922(4) 0.041(3) 0.0003(4) 1.7 0.24(3) 0.2362(7) 9.54 8.59 7.81 
52.7 1771 0.45578 2.82665(1) 14.4399(2) 5.1085(3) 0.037(2) 0.0002(3) 1.7 0.32(2) 0.2358(5) 6.62 6.13 3.93 
57.7 1941 0.38510 2.82417(1) 14.4534(2) 5.1178(3) 0.032(2) 0.0006(3) 1.7 0.34(2) 0.2355(5) 6.44 6.03 4.09 
62.8 2111 0.40334 2.82101(2) 14.4753(2) 5.1313(3) 0.033(2) 0.0001(4) 1.7 0.31(2) 0.2351(5) 6.46 6.05 3.93 
67.8 2281 0.33469 2.81814(2) 14.4859(2) 5.1402(3) 0.027(2) 0.0001(4) 1.7 0.33(2) 0.2348(5) 6.28 5.89 3.93 
72.9 2451 0.30265 2.81578(2) 14.4901(2) 5.1460(4) 0.025(3) 0.0001(4) 1.7 0.33(2) 0.2345(6) 6.59 6.26 4.10 
77.9 2621 0.26929 2.81343(2) 14.4828(2) 5.1477(4) 0.022(3) 0.0000(4) 1.7 0.28(2) 0.2343(5) 6.36 6.01 3.95 
78.7 2648 0.18745 2.81205(2) 14.4676(2) 5.1449(4) 0.015(3) 0.0006(4) 1.7 0.35(2) 0.2341(4) 7.35 6.66 5.22 
83.0 2790 0.24205 2.81304(2) 14.4776(2) 5.1466(4) 0.020(2) 0.0000(4) 1.7 0.37(2) 0.2342(4) 7.24 6.65 5.31 
85.2 2864 0.18145 2.81128(2) 14.4521(2) 5.1407(4) 0.015(3) 0.0004(4) 1.7 0.37(2) 0.2341(4) 7.30 6.59 5.37 
90.2 3035 0.13885 2.80994(1) 14.4028(2) 5.1257(4) 0.011(2) 0.0005(4) 1.7 0.39(2) 0.2340(4) 7.42 6.51 5.13 
94.3 3171 0.13585 2.80862(1) 14.3061(2) 5.0936(3) 0.011(2) 0.0007(3) 1.7 0.26(1) 0.2344(4) 6.36 5.73 4.24 
97.9 3291 0.17605 2.80810(1) 14.2244(2) 5.0665(3) 0.014(2) 0.0006(3) 1.7 0.24(1) 0.2347(4) 6.20 5.42 3.36 
98.3 3307 0.18649 2.80772(1) 14.1772(2) 5.0494(3) 0.015(2) 0.0008(3) 1.7 0.24(1) 0.2347(4) 6.57 5.32 3.30  



instance Ni3+ → Ni4+) at higher charged states and a simultaneous 
decrease of valence charge on the oxygen ions, which results in the 
weakening of the electrostatic repulsion between the TMO2 layers and in 
a contraction of the unit cell in c direction. A further collapse of the 
structure upon charging is prevented by the electrostatic attraction be
tween negatively charged oxygen’s and the remaining positively 
charged Li ions (screening effect) in the structure of NCA [56]. 
Although, the deeper lithium extraction allows even a further shrinkage 
beyond the initial lengths of lattice parameter c [57–59]. 

In contrast to the 003 reflection, the position of 104 Bragg reflection 
is defined by both, c- and a-parameters of the rhombohedral lattice (in a 
hexagonal setting). Its behavior vs. SOC substantially differs from the 
003 one, i.e. upon the increase of SOC, the position of the 104 reflection 
undergoes a shift towards higher 2θ angles in the whole range. Such 
behavior corresponds to a non-linear contraction of the hexagonal lat
tice in a (=b) direction 2.86116(1) Å at a SOC of 0%–2.80772(1) Å at a 
SOC of 100%, which is ca. 1.87% in terms of relative elongation. The 
lattice contraction in a-direction is non-linear, i.e. a change of slope 
occurs at ca. SOC≈75% ∝ Lix ≈ 0.3, thus separating regions with a rapid 
and slow decrease of a lattice parameter, see Fig. 1(b). 

Considering the effect of Li content on the interatomic distances 
yields a totally distinct behavior/response of Li–O (3a-6c), TM-O (3b-6c) 
and O–O (6c-6c) interatomic distances on the delithiation. All inter
atomic distances are exclusively determined by three parameters, a- and 
c-lattice parameter and z oxygen coordinate. The TM-O bond-length in Å
displays a linear decrease vs. SOC, i.e. by 3.2% relative elongation
starting from 1.9507(3) (Fig. S4), whilst the behavior of Li–O distance
resembles this of c-lattice parameter: a quasi-linear increase below SOC
≈75% and increased negative deviations from linear behavior at higher 
SOCs. The linear decrease of TM-O interatomic distances can be attrib
uted to the oxidation of Ni3+ to Ni4+, leading to the decrease of its ionic 
radius [12] and an increased covalent contribution of the Ni–O bond. 
The linear increase of Li–O distances vs. lithium removal may be linked 
with the above-mentioned complex and repulsive character of 
oxygen-oxygen interactions. 

Therefore, oxygen-oxygen (6c-6c) distances resemble different re
sponses defined by three different interatomic distances within the NCA 
structure (Fig. S4). The first “family” of oxygen-oxygen (6c-6c) inter
atomic distances can be found in the apicals and vertices of both, the 
LiO6 and the TMO6 octahedra (Fig. S11), describing the interatomic 
distances of the oxygen layer separating the Li slab from the TM slab. 
The second kind of interatomic oxygen-oxygen distance is found in the 
TMO6 octahedral connecting their vertices and apicals. Both bond 
lengths show a quasi-linear decrease in their distances upon charging, 
which can be coupled to the evolution of the unit cell during electro
chemical cycling in a and b direction. Additionally, a third group of 
equal oxygen-oxygen (6c-6c) interatomic distances is represented in 

selected LiO6 octahedral apicals and vertices, which show increasing 
behaviour, followed by shrinking interatomic distances, similar to the 
evolution of the unit cell in c direction. 

The results on lattice metrics in the operando dataset are in good 
agreement with those obtained using the ex situ method. Large inco
herent scattering cross-sections for hydrogen, nickel and cobalt along 
with the fact that the neutron diffraction dataset collected operando is 
dominated by the signal from the graphite anode (Fig. S5), steel housing 
and current collector makes the high-quality structural characterization 
of the cathode materials not trivial. However, the mentioned effects like 
the cation mixing and the systematics of the atomic displacements 
require a scattering contrast better than this available from non-resonant 
X-ray diffraction. This was the primary motivation for carrying out ex
situ studies and detailed modeling of the structure results.

3.2. Lithium occupancy analysis 

In the LiCoO2 battery electrode, the lithium is located exclusively at 
the 3a (0, 0, 0) interlayer atomic site. Nickel doping in various contents, 
either in the form of NCA or NCM cathodes, has been reported to exhibit 

Fig. 2. Evolution of 003 and 104 reflections for NCA as a function of the state of charge. Dashed lines illustrate the shifts of Bragg reflections maxima vs. 
de/lithiation. 

Fig. 3. Evolution of refined site occupancies in NCA-type cathode vs. applied 
state-of-charge. Red points correspond to transition-metal concentrations at the 
3b site, the green points and black points illustrate Ni and Li at 3a, the blue 
points result from ICP-OES. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 



Li/Ni cation mixture leading to the appearance of lithium on the inter
layer 3b (0, 0, 1/2) site [37], which in LiCoO2 was exclusively occupied 
by transition metals. Considering it in the context of neutron scattering, 
the increase of SOC leads to a reduction of the negative structural 
amplitude at the 3a site, which is a direct consequence of the lithium 
extraction (or deintercalation). The refined lithium content at the 3a site 
has been found to be linearly proportional to the applied SOC (Fig. 3). At 
SOC = 0% the lithium occupancy corresponds to 90% of lithium content 
in the structure, where its deviation from nominal 100% is attributed to 
the irreversible capacity loss, caused by the cell formation. In a fully 
charged state at SOC = 100% the lithium content has been refined to 
18.6% site occupancy. The determined lithium content has been found 
sufficiently lower than 50% lithium site occupancy and the structure has 
been found rhombohedral in the whole range of SOCs, i.e. no traces of 
rhombohedral-to-monoclinic phase transition have been observed 
(similar to this reported in Ref. [60]). Experimentally determined trends 
of lithium contents behavior have been independently confirmed by 
ICP-OES measurements (blue points in Fig. 3). 

3.3. Transition metal occupancy analysis 

Analyzing the occupancy at the transition metal (3b) site, the pre
viously reported model of antisite disorder in NMC type materials was 
considered [37,61–63]. Cobalt and aluminum were assumed to be 
localized at the 3b site, where their occupancies were fixed to G(Co) =
3
36*0.15 and G(Al) = 3

36*0.05 rel. un. The total occupancy for lithium and 
nickel was set to Gtotal(Li) = 3

36 and Gtotal(Ni) = 3
36*0.8. Elemental dis

tribution at the 3a (Li1/Ni1) and 3b (Li2/Ni2) site was refined by 
assuming that G(Ni1) = G(Li2) and G(Ni1) + G(Ni2) = Gtotal(Ni) [63]. 
The Ni obtained in this way residing at the 3a site has been found close to 
zero, indicating the absence of measurable Ni3+ migration from the 3b 
towards the 3a site within the sensitivity of the method. This enables us 
to conclude that there are no antisite defects (cation mixing) present in 
the structure of the NCA cathode material during the applied electro
chemical cycle. Applying the volume averaged method, we cannot 
entirely exclude its presence on a local level, similar to this previously 
reported by local probe TEM [64]. Another popular way to quantify the 
cation mixing is the analysis of 003 and 104 Bragg reflection intensity 
ratio [35,36]. For example in Ref. [65] the occurrence of cation mixing 
has been detected and quantified in this way. Note that such evaluation 
is somewhat ambiguous and need to be carried out with a lot of care, e.g. 
taking into account that the intensity ratio of 003 and 104 reflections 
depend not only on Li/Ni ratio at 3a site, but also on the lithium content 
(Fig. S10). 

In general, the lack of cation mixing in NCA-type material can be 
explained by the suppression of superexchange interactions between the 
transition metals [66–68] and their coupling to the intrinsic behavior of 
the post-transition metal aluminum. For instance, Ni/Li cation mixing in 
NMC structures happens not only due to the similar radii of Ni and Li but 
also due to the tendency of Ni to form strong σ bonds between the p 

orbital of oxygen and the eg orbital of the nickel ion, resulting in a super 
exchange Ni3b-site/Mn3b-site – O – Ni3a-site interlayer chain. With 
increasing amounts of non-magnetic low-spin Co3+, the superexchange 
of Ni2+ and O2- can be shielded and intermixing of Li and Ni is prevented 
due to the lack of unpaired electrons in its electronic structure. Materials 
similar to Co3+ without unpaired spins, such as aluminum will have the 
same effect on the structure [27]. The following substitution of the Mn4+

cation with Al3+ will result in the cathode structure NCA and in an even 
higher energy barrier for antisite defects to occur, as seen in Ref. [32]. In 
conclusion, the combination of cobalt and aluminum in the NCA struc
ture may increase the energy barrier to such an extent that no more 
intermixing of nickel and lithium ions is further possible. 

3.4. Peak broadening analysis 

The evaluation of the diffraction line profiles for the studied NCA 
type materials reveals their systematic broadening upon increased SOC. 
The broadening has an anisotropic character, proceeding in certain 
reciprocal space directions more pronounced than in others. In the 
operando dataset, the strong peak overlap for Bragg signals from cathode 
and anode was observed, which is not the case for datasets collected ex 
situ. The anisotropic strain was modeled using the full-profile Rietveld 
method, applying the Stephens model [69]. In accordance with -3m1 
Laue class embedding the space group R-3m a set of three independent 
anisotropic strain parameters (S400, S112, S004) and a Lorentzian strain 
mixing coefficient were refined. 

Compared to SOC = 0%, a number of peak groups that display sys
tematically higher reflection broadening can be observed upon deli
thiation. In a series of such groups, the peak FWHM is rapidly increasing 
with the growth of the l index, where the reflection groups 00l and 10l is 
most remarkable. All this indicates a highly anisotropic character of the 
microstrain in real battery electrodes. Note that a certain degree of 
anisotropy occurs already at SOC = 0%, as illustrated by the Williamson- 
Hall plots presented in Fig. 4a and S7. At SOC = 0%, the microstrain 
tensor can be represented by an ellipse, created from a sphere elongated 
in c-direction. Upon increase of the SOC, the elongated sphere contin
uously diverges into a two-ball shaped tensor surface with a smaller 
waist forming a dumbbell at SOC ≈100%. 

The observed dominance of the microstrains for the l-type indexes 
can be attributed to the structural imperfections in a-b plane of the 
hexagonal lattice. Based on the structural motives of the NaCrS2 lattice 
and excluding cation mixing, one can identify two possible sources of 
structural deviations in the lateral plane.  

- growth of in – plane structural imperfections, leading to a loss of
periodicity;

- deintercalation-induced changes in the stacking character.

The stacking aspect is broadly discussed in the literature [70] for
various material classes. After many pioneering works [71–75], a 

Fig. 4. (a) Angular evolution of diffraction peaks in 
NCA at SOC 0% (black) and 100% (red). Lines 
illustrate the peak families and are guides for the 
eyes. (right) Graphical representation of microstrain 
tensor at selected SOCs†. 
† For animated version of the full dataset, please refer 
to Supplementary Information. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   



stochastic approach of modeling stacking disorder for the description of 
stacking systematics was realized in the program FAULTS [76,77]. This 
approach used the structure-relevant LiNiO2 example as an illustration 
and was successfully applied for the modeling of stacking faults in a long 
series of LIB relevant materials incl. NMC and NCA [26,78–85]. 
Recently, a grid search optimization routine for the determination of the 
microstructure was developed and validated for purposefully 
stacking-faulted NCA [86]. The method enables the evaluation of 
stacking probabilities for a given defect model in a rigorous and statis
tically viable way. The data analysis was adapted to the neutron 
experiment and carried out for three representative neutron datasets, 
taken at SOC = 0%, ~50% and 100%. Besides the simple structure 
model, three possible defect configurations were evaluated, namely (see 
Fig. S8 for details) situations when all or just 50% of Li/NiO6 octahedra 
were face sharing, as well as lithium in a tetrahedral configuration. For 
all three models, including faults yield only minimal improvement of 
Rwp at very low fault probabilities (Fig. S9), indicating a non-significant 
contribution from stacking faults. As already stated in Ref. [86], the 
violation of the ABC stacking order is typically reflected in the broad
ening of hk0 – type reflections, whilst the broadening of 00l was 
attributed to interstratification faults – a random intercalation of ions 
and molecules between the layers. 

Observed increasing magnitude and anisotropy of microstrains in the 
NCA material can be directly associated with the formation of intra
granular cracks, which may show the number of negative effects on the 
cell performance [87]. Crack formation and their effects on the cell 
operation are actively discussed in literature [88]. Their origin are often 
attributed to volume change and microstrains of the anisotropic lattice, 
e.g. due to evolving strains between primary grains during electro
chemical cycling [89]. Besides this, lattice gliding [90], nanopores [91]
and/or dislocation based crack incubation/spread as well as high
voltage cycling [92] lead to intragranular cracking of primary grains
[88]. Experimentally observed increase of microstrains in the deli
thiated NCA structure, along with the increase of its anisotropy, can be
attributed to the heterogeneous cathode lithiation. The degree of het
erogeneity increases with increase of SOC (upon cathode delithiation).
Big majority of cylinder-type lithium-ion batteries are heterogeneous in
nature [93,94] and their extended operation causes further stabilization
and growth of a heterogeneous state [95–97]. Heterogeneities occur on
different scales and in different directions [94], i.e. along and across the
electrode stripes, between and within the particle grains as a conse
quence of the current distribution, electrolyte wetting, ionic opacity of
the separator, availability of lithium etc. A non-uniform distribution of
lithium exhibits stress on the NCA material, which develops an
increasing internal strain of the structure and may lead to an unstable
and unpredictable performance of the LIB.

4. Conclusion

A set of LixNi0.8Co0.15Al0.05O2 cathodes harvested from commercial
Li-ion batteries of 18650-type were investigated using different 
methods. Studies were performed at predefined SOCs at which the 
battery was taken apart and the material was extracted for analysis. A 
good agreement of the structural properties with the experimental data 
collected operando is explicitly mentioned. 

The analyzed NCA structure remained in a single-phase state (space 
group: R-3m) for the whole range of SOCs. The lattice parameters reflect 
the changes of the lithium content and the ionic radii of the transition 
metals upon oxidation in the NCA structure in a non-linear manner. At a 
characteristic lithium content corresponding to Lix ≈ 0.25–0.30, a 
remarkable slope change occurs in the unit cell in the c-direction 
affecting the Li–O and certain O–O interatomic distances. The lithium 
concentration has been found to be proportional to the SOC and is in 
good agreement with the chemical analysis of the reference NCA ma
terial conducted by ICP-OES. The analysis of mixed occupancies at both 
Li and TM sites revealed no detectable hints for antisite defects (cation 

mixing) in the structure of LixNi0.8Co0.15Al0.05O2 during the dein
tercalation/intercalation process, which is in line with its excellent 
cycling performance at moderate C-rates. 

Besides this, the characteristic and systematic peak broadening was 
observed in the studied NCA materials, where the character and 
magnitude of the broadening depend on the SOC. The peak broadening 
displays an anisotropic character and was attributed to anisotropic 
microstrains that evolved upon delithiation. The microstrains were 
associated with the heterogeneous character of the lithium dein
tercalation in the NCA cathode. From the performed studies, however, it 
remains unclear whether the NCA cathode heterogeneities have a local 
character or represent directional gradients similar to the lithiated 
graphite. It will require series of additional studies with higher spatial 
resolution to address such questions. 
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