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Following the demand for increased energy density of lithium-ion batteries, the Ni content of the Nickel-Cobalt-Manganese oxide
(NCM) cathode materials has been increased into the direction of LiNiO2 (LNO), which regained the attention of both industry and
academia. To understand the correlations between physicochemical parameters and electrochemical performance of LNO, a
calcination study was performed with variation of precursor secondary particle size, maximum calcination temperature and Li
stoichiometry. The structural properties of the materials were analyzed by means of powder X-ray diffraction, magnetization
measurements and half-cell voltage profiles. All three techniques yield good agreement concerning the quantification of Ni excess
in the Li layer (1.6%–3.7%). This study reveals that the number of Li equivalents per Ni is the determining factor concerning the
final stoichiometry rather than the calcination temperature within the used calcination parameter space. Contrary to widespread
belief, the Ni excess shows no correlation to the 1st cycle capacity loss, which indicates that a formerly overlooked physical
property of LNO, namely primary particle morphology, has to be considered.
© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ac33e5]
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The current generation of lithium-ion batteries (LIBs) requires further
improvements to ease the commercialization and strengthen the market
share of battery electric vehicles (BEVs).1–3 While all parts of the
battery cells are targeted by researchers, one of the key components
under investigation is the cathode active material (CAM), as it is the
main cost driver of the overall electrochemical cell and it strongly affects
the achievable energy and power density.4 Although the interest in
olivine LiFePO4 as low-cost CAM with moderate specific capacity
recently has risen and other alternatives such as spinel Li(Mn,Ni)2O4 and
overlithiated Li-rich and Mn-rich cathodes are currently examined,5 the
predominant choice of materials are the layered transition metal oxides
Li(Ni1−x−yCoxMny)O2 (NCM) and Li(Ni1−x−yCoxAly)O2 (NCA). These
show a good compromise between high power and high energy density
applications at sufficiently low cost and, provided that the Co content is
minimized, raw material abundancy.6 Driven by the requirements of
BEV manufacturers for further driving range increase and reduction of
costs, the Ni content of these layered transition metal oxides has been
increased over the past years and the market share of BEVs using LIBs
with Ni contents of 80% and above is expected to significantly increase
in the near future.7 With increasing Ni fraction in the CAM, the
extractable amount of Li increases (and thus, the achievable capacity and
resulting energy density at a fixed voltage cut-off), but this comes at the
cost of reduced cycling stability.8,9 Ni-rich NCM and NCA phases tend
to show increased degradation, involving the bulk and most importantly
the surface of the CAM. For example, oxygen loss at high degree of
delithiation is connected with decomposition of the surface structure
(densification towards rock salt-like structure), while large anisotropic
crystal lattice changes (total change of unit cell volume during charge of
e.g. ∼ 5% for Li(Ni0.8Co0.1Mn0.1)O2) eventually lead to particle
fracture.10–13 Major efforts have been spent to chemical stabilization
approaches like bulk substitution with other elements or surface
modification in form of thin coatings on the particles.14–18 Novel

approaches also involve material modifications to address the fracturing
issue by optimizing the particle morphology (single crystal or rather
monolithic materials).19 Moreover, intentional orientation of primary
particles in radial direction was introduced to better accommodate the
volume changes during cycling. Materials with transition metal concen-
tration gradients were also investigated, which reduce the amount of
reactive Ni in contact with the liquid electrolyte.20–22

Unfortunately, in comparison to the originally commercialized
layered compound LiCoO2, NCM- and NCA-type materials suffer
from poor 1st cycle coulombic efficiencies, a clear limitation that has
to be better understood to fully exploit the potential of this class of
cathode active materials.23–26 Due to such a 1st cycle capacity loss,
not all the deintercalated Li can be reintroduced into the CAM
structure during discharge. LiNiO2 (LNO) as the 100% Ni end
member of the NCM and NCA materials is the natural model system
to investigate this effect. Early research showed that LNO always
tends to be Li deficient and contains an excess of Ni2+ (“Ni excess”
or “off-stoichiometry”) in the Li layers, despite optimized calcina-
tion conditions, leading to a stoichiometry of Li1−zNi1+zO2.

27–29

Incomplete oxidation and deficiency of Li2O leads to the solid
solution of LiNiO2 (z = 0) and NiO (z = 1), where 2z Ni2+ ions are
present with half of them located in the Li layer and the other half in
the Ni layer. This Ni excess was shown to have a significant impact
on physical and electrochemical properties, e.g. on magnetic proper-
ties and phase transitions during cycling.30

A commonly found hypothesis throughout the literature is the
connection between the poor 1st cycle coulombic efficiency and the
excess Ni2+ in the Li layers.31–33 Numerous reports on the synthesis of
near-stoichiometric LNO were published, but the general approach in
the literature is to vary one or more calcination parameter(s) in large
steps to see clear effects on the resulting physicochemical properties
and electrochemical performance.27,31,34–36 Unfortunately, this often
leads to conclusions that are hard to generalize and could be easily
misinterpreted. Furthermore, in industrial optimization processes
narrow parameter ranges are considered in contrast to academia,
where a more fundamental understanding is intended.

Therefore, the goal of this study is to systematically vary multiple
calcination parameters (secondary particle size of hydroxidezE-mail: philipp.kurzhals@basf.com; juergen.janek@pc.jlug.de
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precursor, number of Li equivalents per mole of Ni, maximum
calcination temperature) with the aim to prepare Li1−zNi1+zO2 with
minimized z values, and to thoroughly analyze the resulting
physicochemical properties. In this first part of the study, synchro-
tron powder X-ray diffraction (PXRD), measurements of the
magnetic properties and 1st cycle voltage profile analysis are
performed to properly quantify the stoichiometry of the samples in
terms of Ni excess in the Li layers. Afterwards, the obtained values
are compared to the 1st cycle capacity loss. In a forthcoming and
complementary study, we will investigate the relationship between
primary particle morphology, its evolution upon cycling and the
electrochemical performance.

Experimental

Calcination of LiNiO2.—LNO samples were calcined through a
solid-state synthesis route starting from the base materials Ni(OH)2
and LiOH·H2O. Two commercial batch-type Ni(OH)2 precursors
(Hunan Zoomwe Zhengyuan Advanced Material Trade Co., Ltd.)
with two distinct secondary particle sizes (d50 values of (12 ± 0.5)
μm and (4 ± 0.5) μm, respectively, Fig. 1c) were utilized, further on
referred to as “12 μm precursor” and “4 μm precursor.” LiOH · H2O
was used as Li source (Albemarle Corporation), which was ground
prior to the synthesis with an air classifying mill to obtain particles
of ∼ 10–20 μm. 50 g of Ni(OH)2 and the respective amount of LiOH
· H2O to get the defined number of Li equivalents per mol of Ni were
mixed using a laboratory blender (Kinematica AG). Three different
numbers of Li equivalents (0.98, 1.01 and 1.04) were utilized in this
study. Afterwards, this premix was filled into a ceramic crucible and
fired in a laboratory box-type furnace (Linn High Therm GmbH). An
overview of the used calcination conditions and the color and shape
coding for the samples used in all figures throughout this study are
shown in Fig. 1a. A schematic of the calcination profile is shown in
Fig. 1b. First, the temperature was ramped up to 400 °C and fixed for

four hours and then the temperature was ramped up to the respective
maximum calcination temperature Tmax (680 °C, 700 °C and 720 °C,
respectively) and was kept for six hours. For both steps a heating rate
of 3 °C min−1 was chosen. This calcination profile was selected to
be as close as possible to an industrially feasible process. Thus, a
moderate heating ramp and dwell times, that result in an overall
calcination time of ∼ 14 h, were chosen. An additional cool-down
and grinding step after the 400 °C hold was avoided as this would
not be part of industrial practice. All experiments were run in pure
oxygen atmosphere (flow rate of 100 liters per hour corresponding to
about ten furnace-volume exchanges per hour). After the synthesis
the samples were cooled down to 120 °C and brought to a dry room
(21 °C, dew point < −40 °C) inside a gas-tight box to prevent
reactions with ambient moisture and CO2. Handling of dry CAM
powders was generally done in the dry room. Prior to characteriza-
tion of the materials and the electrode preparation, the powders were
sieved using sieves with a mesh size of 32 μm (Retsch GmbH).

Scanning electron microscopy (SEM) imaging.—A small
amount of cathode powder was fixed on a SEM pin holder (Agar
Scientific, Ltd.) covered with conducting carbon cement (Plano
GmbH). A 6 nm thick platinum layer was added by sputter
deposition (SCD 500 Sputter Coater, Bal-Tec AG). Measurements
were performed using a SEM with a thermal field emission cathode
and an Everhart-Thornley secondary electron detector at an oper-
ating voltage of 5 kV (Ultra 55, Carl Zeiss AG).

Powder X-ray diffraction.—Synchrotron powder X-ray diffrac-
tion (PXRD) measurements were performed at the ALBA synchro-
tron. The measurements at ALBA were carried out at the BL04-
MSPD beamline37 at a wavelength of λ = 0.62001 Å (calibrated
using a Si NIST standard) using a Si 111 monochromator and the
MYTHEN position sensitive detector in 2θ angular range of 2°−82°.

Figure 1. Overview of the samples prepared for this study. (a) Calcination conditions employed, with color referring to three different maximum calcination
temperatures Tmax (680 °C: blue, 700 °C: green, 720 °C: red) and symbols indicating three different Li equivalents per mol of Ni (0.98: triangles, 1.01: diamonds,
1.04: hexagons). (b) Temperature profile used for calcination. (c) Top view SEM images of the two chosen Ni(OH)2 precursors (precursor with d50 of ∼ 12 μm
marked by empty symbols and precursor with d50 of ∼ 4 μm marked by filled symbols in (a), respectively). In summary, 18 different samples were prepared.
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The LNO samples were filled in borosilicate capillaries of 0.7 mm
diameter, sealed by flame, and mounted on a spinning sample holder.
Data were collected in Debye–Scherrer geometry for 27 different
positions of the detector, and a long data acquisition time of 30 s was
chosen for each position in order to obtain high intensity patterns.
Rietveld refinement was done using the Fullprof software package.38

For each sample a new background for the measured diffraction
pattern was determined with the WinPLOTR software39 and
corrected by visual inspection. The refinements were based on a
hexagonal α-NaFeO2 structure with the R−3m space group.40 The
instrumental broadening was determined by measuring a NAC
(Na2Ca3Al2F14) standard in the same sample configuration. The
model used for the fitting is based on Thompson-Cox-Hastings
pseudo-Voigt convoluted with axial divergence asymmetry func-
tions. Using the instrumental resolution function, the sample
contribution to the peak broadening was determined: with the
angular dependence of the peak broadening related to a finite
crystallite size described by the Scherrer equation, a volume-
averaged value of the crystallite size was obtained.41 Refinement
of the parameters of the structural model was done for consecutive
iteration cycles until convergence was reached and the quality of the
fit was checked by inspection of Rwp (weighted profile factor with all
non-excluded points) and RBragg (Bragg R-factor) as well as χ2

(reduced chi-square). For all samples, in the final iteration 12
parameters were refined: scale factor, zero shift, a and c unit cell
parameters, U, X, Y as parameters of the Gaussian (U) and
Lorentzian (X, Y) contribution to the pseudo-Voigt function,
fractional atomic coordinate of oxygen zox, occupancy of Ni on Li
site (assuming site remains fully occupied), Biso (isotropic displace-
ment parameter) of O, Ni and of Li. According to the recent report of
Yin et al., Li and O were treated using the ionic form factors while
the atomic form factor was applied for Ni.42 Note that fully atomic
and fully ionic form factors were also tested; these resulted in
acceptable fits but with slightly larger RBragg values and too low
Biso(Li) ≈ 0.3 Å2. Yet, all trends reported in this paper would be
preserved by a different choice, with an offset of Ni on the Li site of
only z ≈ 0.003. For the two samples of this study (720 °C and 1.04 li
equiv.) having the largest crystallite size and therefore smallest peak
broadening, the asymmetric shape of the Bragg peaks at low θ was
accounted for by two additional parameters refined at a LeBail fit
stage, but then constrained later during the Rietveld fit. For all
refinements, final values of Rwp < 11 and RBragg < 3 were obtained.
Error bars are reported as 3σ, where σis the error obtained from the
Fullprof software.

Magnetization measurements.—The temperature and field de-
pendent magnetization of the pristine powders was measured by a
Superconducting Quantum Interference Device (SQUID, MPMS
5XL, Quantum Design Inc.). For each measurement ∼ 40 mg of the
respective powder was filled into a gelatine capsule, which was then
centrally fixed in a plastic straw. The straw was mounted onto the
sampling rod of the SQUID. For the field dependent magnetization,
the external magnetic field was scanned between −50 and 50 kOe
(−5 to 5 T). The measurement was repeated at 300 and 2 K. For the
determination of the Weiss constant, a field warming curve of the
magnetic susceptibility at an external magnetic field of 10 kOe
between 2 and 300 K was recorded. The diamagnetic contribution of
the capsule was substracted from the signal. To account for the
diamagnetic contribution of the Li and O ions, the susceptibility was
corrected by the use of Pascal’s constants.43

Electrochemical characterization.—Electrodes for electroche-
mical characterization were prepared by mixing the CAM powders
with conductive carbon (C65, Imerys Graphite & Carbon) and
PVDF binder (Solef 5130, Solvay GmbH) in a 94:3:3 mass ratio. For
this, a 7.5 wt% binder solution in N-methyl-2-pyrrolidone (NMP,
BASF SE) was mixed with additional NMP and the conductive
carbon, and mixed for at least 24 min at 2000 rpm in a planetary
mixer (ARE 250, Thinky Corporation). The CAM powders were

added to the obtained slurry and were mixed for additional 10 min.
The solid content of the final slurries was 61 wt%. The slurries were
cast onto an Al-foil (thickness 20 μm, Nippon Light Metal Co., Ltd.)
using a box-type coater (wet-film thickness 100 μm, width 6 cm,
Erichsen GmbH & Co. KG) and an automated coating table
(5 mm s−1, Coatmaster 510, Erichsen GmbH & Co. KG). The coated
tapes were placed in a vacuum oven (VDL 23, Binder GmbH) and
heated to 120 °C under vacuum for drying overnight. The dried
cathode tapes were compressed using a calender (CA5, Sumet
Systems GmbH) at a set line-force of 30 N mm−1 and a roller speed
of 0.5 m min−1. Circular electrodes with a diameter of 14 mm were
punched out using a high-precision handheld punch (Nogamigiken
Co., Ltd). After weighing, the electrodes were transferred to an Ar
filled glovebox for cell assembly. An average loading of (8.0 ± 0.5)
mg cm−2 and an electrode density of (3.0 ± 0.2) g cm−3 were
obtained. Coin half-cells were built using a 2032 coin cell geometry.
The cell stack consisted of the cathode, a glass fiber separator
(ø 17 mm, 300 μm thickness, GF/D, VWR International, LLC.)
soaked with 95 μl electrolyte (LP57, BASF SE) and a pre-punched
Li anode (ø 15.8 mm, thickness 0.58 mm, purity 99.9%, Shandong
Gelon LIB Co., Ltd). After assembly the cells were crimped and
closed in an automated crimper (Hohsen Corp.). The cells were then
transferred to a climate chamber (Binder GmbH) and connected to a
battery cycler (Series4000, MACCOR, Inc.). All tests were performed
at 25 °C and the C rates were defined according to 1 C = 200 mAg−1.

Results and Discussion

Synchrotron PXRD measurements and refinement.—The
layered compound LiNiO2 is known to crystallize in a rhombohedral
unit cell, isostructural with α-NaFeO2 with the space group
R−3m.30,44,45 The layered character of this structure is induced by
the different ionic radii of r(Li+) = 76 pm, r(Ni2+) = 69 pm and
r(Ni3+LS) = 56 pm (LS = low spin).46 The oxygen anions on the 6c
sites form a cubic close packed lattice and the octahedral interstices
are occupied by the Ni and Li cations in the 3a (0, 0, 0) and 3b (0, 0,
0.5) sites, respectively. In this work, only small deviations from
perfect stoichiometry in the form of Li1−zNi1+zO2 were assumed for
the Rietveld refinement, which will be substantiated in the following
chapter.

Exemplary results of three selected samples from this study with
clear variation of calcination conditions are shown in Fig. 2. PXRD
patterns of the samples prepared with the 12 μm Ni(OH)2 (blue: 680
°C, 0.98 li equiv.; green: 700 °C, 1.01 li equiv.; red: 720 °C, 1.04 li
equiv.) are depicted in Fig. 2a, demonstrating that LNO with good
crystallinity and characteristic reflections is obtained for all em-
ployed calcination conditions. The low background and high signal-
to-noise ratio indicate the high data quality of the synchrotron setup,
which was also observed in other studies on LNO.47,48 The
magnified views of the 003 peak and of the 108 and 110 peaks in
Figs. 2b and 2d, respectively, illustrate the distinct impact of the
calcination conditions on crystal structure and morphology. A shift
of the peak position to higher scattering angles concomitant with a
decrease in full-width-at-half-maximum (FWHM) with increasing
maximum calcination temperature Tmax and Li equivalents is
observed. The different angular peak positions are related by
Bragg´s law to different lattice parameters for the investigated
samples, whereas changes of the peak FWHM are connected to
different average crystallite sizes. The observations made for
increasing Tmax and Li equivalents are in line with a decrease in
unit cell volume and an increase in average crystallite size. Figure 2c
shows a selected angular range, where peaks from Li-containing
impurities arise, which can be assigned to LiOH, Li2CO3 and
Li2SO4. LiOH and Li2CO3 are present as products of unreacted
Li2O with moisture and CO2 from ambient air after calcination,49,50

despite fast transfer to a dry room. In the literature, these impurities
were shown to be located on the surface of the secondary
particles.51,52 The formation of Li2SO4 is plausible regarding the
residual sulfur content of the precursor after precipitation starting
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from NiSO4 feeds, as found for other Ni-rich compositions as well.53

Nevertheless, the contribution of these impurities to the overall
PXRD patterns is very small as a large magnification (x200) is
required to make them visible. Therefore, the impurities are assumed
to not have a detrimental impact on the subsequent refinement of the
structural model. To give an overview of the samples’ morphology,
top view SEM images in 20 k magnification are depicted in Fig. 2e.
All CAM samples show distinct primary particles that form a
secondary particle agglomerate, which resembles the morphology
of the Ni(OH)2 precursor. Increasing both the number of Li
equivalents and Tmax leads to a clear increase of primary particle
size, which will be studied in more detail in a forthcoming report.

To quantify the aforementioned observations, Rietveld refine-
ment of the parameters of the structural model against the PXRD
data was performed. The main results of the refinement are
summarized in Fig. 3 and all results including error bars can be
found in Table I. In Figs. 3a and 3b, the Ni occupancy on the Li site
is depicted as a function of Tmax and the Li equivalents, respectively.
Thermal decomposition is an often discussed topic for the synthesis
of LNO, as it already occurs at temperatures close to the calcination
temperature required to form the stoichiometric compound.47,54 In
this case, the layered LNO decomposes towards the parent rock salt-
type NiO phase (i.e. z increases in Li1−zNi1+zO2), releasing O2 and
Li2O, following the backward reaction shown in Eq. 1. The formed
Li2O is hypothesized to be oxidized to Li2O2, which is assumed to
be very volatile.54,55 However, this topic is still under debate and
there is evidence in the literature that the proposed mechanism is not
very likely to happen.56 Although a slight increase in off-stoichio-
metry at a higher Tmax is observed in Fig. 3a, the differences between

samples with the same number of Li equivalents are very small and
could presumably not be resolved with a conventional laboratory X-
ray setup in contrast to the data acquired at the synchrotron.
Therefore, the PXRD analysis shown in Fig. 3a suggests that there
is no evidence for a significant impact of thermal decomposition or
Li loss into the vapor phase at these calcination temperatures.
However, with increasing Li equivalents, a clear decrease in Ni
excess in the Li site can be seen in Fig. 3b, indicating the formation
of a more stoichiometric LNO with a higher Li excess in the
calcination process. Considering reaction Eq. 1, this observation
follows Le Chatelier´s principle, because a higher amount of Li
excess in the calcination pushes the chemical reaction towards the
formation of LiNiO2 as part of the solid solution with NiO.

+
+

+
+

( + )
⇌ [ ]− +

z
z

z
z

z
1

1
Li Ni O

1
Li O

2 1
O LiNiO 1z z1 1 2 2 2 2

The results are in good agreement with literature reports showing
that the synthesis of LNO samples close to ideal stoichiometry
requires a sufficient amount of Li excess.36,57 However, these studies
often used large increments of Li excess or such high amounts
(starting from 7–10 mol% and up to 300 mol%), that a washing step
afterwards is necessary to remove residual Li salts after calcination.
In terms of raw material costs, this approach is not economically
feasible and a washing step should be avoided, which is why the Li
excess in this work was limited to 4 mol%. Finally, it should be
mentioned that it is possible to synthesize Li-rich compounds related
to Li2NiO3 by a simple solid-state method using the same starting
materials employed in this study, even though more oxidizing

Figure 2. Synchrotron X-ray diffraction patterns and top view SEM images of three exemplary samples prepared from the 12 μm Ni(OH)2 precursor, for which
0.98 Li equivalents and 680 °C (blue), 1.01 Li equivalents and 700 °C (green) and 1.04 Li equivalents and 720 °C (red) were used as calcination conditions. (a)
Full PXRD pattern in the range of 2θ = 5°−60°. (b) Zoom-in of the 003 Bragg peak. (c) Selected peaks assigned to the Li impurities Li2CO3 (diamond), LiOH
(circle) and Li2SO4 (asterisks). (d) Zoom-in of the 108 and 110 Bragg peaks. The data was collected at the BL04-MSPD beamline of the ALBA synchrotron at a
set wavelength of λ = 0.62 Å. (e) Top view SEM images of the three samples in 20 k magnification.
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conditions are needed in this case to raise the oxidation state of Ni to
values larger than +3 (lower calcination temperature and higher Li
excess).48 Thus, the occurrence of overlithiation can be excluded for
the materials prepared in this work.

Figures 3c and 3d depict the average crystallite size from
Rietveld refinement as a function of maximum calcination tempera-
ture and the Li equivalents. Here, the refined crystallite size shows a
clear dependence on Tmax (from 680 °C to 720 °C) leading to an

Figure 3. Results of the Rietveld refinement for all LNO samples prepared in this study. All samples were refined assuming Ni excess in the Li layer (sum
formula of Li1-zNi1+zO2). (a) Ni occupancy on the Li site vs the maximum calcination temperature Tmax (680 °C: blue, 700 °C: green, 720 °C: red) and (b) Ni
occupancy on the Li site vs the Li equivalents per mol of Ni added to the calcination (0.98: triangles, 1.01: diamonds, 1.04: hexagons). Samples prepared from
the 4 μm precursor are depicted as filled, samples prepared from the 12 μm precursor are shown as empty symbols. (c) and (d) depict the refined crystallite size
vs Tmax and Li equivalents, respectively. For better readability, 4 μm and 12 μm samples are slightly offset in x-direction. e) Correlation between the Ni
occupancy on the Li site and the refined unit cell volume.
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increase of average crystallite size by a factor of ∼ 2 (200−300 nm
to 400−600 nm) for the two utilized precursors. During the high
temperature hold, larger crystallites grow at the expense of smaller
ones to reduce the free surface energy of the system, a process which
is promoted by higher calcination temperatures.58 Few reports exist
on the dependence of the crystallite size on the calcination
temperature for polycrystalline LNO or NCM compounds.59,60

However, these reports claim average crystallite sizes below
100 nm for LNO and Ni-rich NCM calcined under comparable
conditions, which could be ascribed to the very different starting
precursors or to limitations of the PXRD setups used in these studies.

For a given Tmax, an increase in average crystallite size with
increasing Li equivalents is also observed (Fig. 3d), although the
impact is less pronounced compared to the one of the calcination
temperature (Fig. 3c). Parts of the molten Li source can act as a flux
before it completely reacts with NiO at elevated temperatures, which
can promote the growth of already present crystallites similar to
other flux methods.61 However, in the chosen range of calcination
parameters, the calcination temperature is always the more decisive
factor for the crystallite size compared to the number of Li
equivalents. Following the current trend in research moving from
polycrystalline materials to single crystal morphology, the finding
that the crystallite size increases with Tmax and Li excess is in good
agreement with typical approaches to calcine materials with mono-
lithic structures.19,62 In comparison to these methods, the calcination
conditions from this study are however rather moderate, with the
final CAM still maintaining the polycrystalline secondary particle
structure of the precursors. It must be mentioned that the crystallite
size should not be confused with the primary particle size that can be
seen in the SEM images in Fig. 2e. The term “crystallite size” here
refers to the size of the coherently scattering domains, and each
primary particle can consist of one or more of these crystallites.63

Moreover, the Rietveld refinement provides only values of the
crystallite size averaged over the whole powder sample. There are
methods to extract the particle size distribution from Rietveld
refinement, although they depend on the assumption of a certain
distribution function.64 Quantitative information on the primary
particle size distribution can be obtained with SEM image segmen-
tation and the respective results for this calcination study will be
presented in a forthcoming report.’

Figure 3e depicts the unit cell volume as a function of the Ni
occupancy on the Li site. As shown in the literature, the unit cell
volume shows a linear increase with increasing Ni excess (Vegard´s
law along the NiO-LiNiO2 solid solution).36,65 So far it was difficult
to show this relation for Li1−zNi1+zO2 with small values of z due to
the scattering of data points for materials made by different groups
and measured with different instruments. However, here this
relationship can be confirmed even for 0.016 ⩽ z ⩽ 0.037, refining
the parameters of the structural model, which is based on the
observed high-quality synchrotron PXRD data. Extrapolation to z =
0 leads to a unit cell volume of 101.56 Å3, which is in line with other
reported extrapolations for LNO with ideal stoichiometry.30

In principle, a second scenario in competition to the off-
stoichiometry would be possible with Li/Ni antisite defects, i.e. a
site exchange of small amounts of Li and Ni (often called “Li/Ni
disorder” or “Li/Ni exchange”).28 This kind of defect is often
discussed for NCM compositions, and the formation energy of
such defects was shown to be dependent on the total fraction of Ni2+

ions.66 Thus, it is frequently observed for materials which contain
Mn4+ as this requires an equal amount of Ni2+ for charge
compensation. For LNO, however, which contains virtually no
Ni2+, the energy required to form antisite defects is very large (>
340 meV defect−1) and off-stoichiometry is considered the dom-
inating source of defects. Due to the small Li X-ray cross-section,
directly proving the defects´ nature is difficult. However, neutron
diffraction studies showed that for small Li deficiency (namely z =
0.02 or 0.07), no Li/Ni disorder occurred and mixing was only
determined for a large deficiency of z = 0.25.67 In other studies,
researchers also suggested oxygen vacancies in LNO in the context
of synthesis under pressurized oxygen atmosphere and claimed the
representation Li1−zNi1+zO2−y to account for these oxygen
vacancies.68 The formation energy of oxygen vacancies was
examined by DFT calculations, and vacancy formation could
become energetically favorable at high temperatures during calcina-
tion, but this is more likely to happen at the surface and especially in
the delithiated state.69,70 However, as oxygen vacancies were never
confirmed for LNO using neutron diffraction measurements, they
were not included in the structural model used in this study. The
general goodness of the Rietveld refinement for all investigated
samples (see Table I) and the observed continuation of the linear

Table I. Results of the Rietveld refinement for all samples calcined in this study: Ni occupancy on the Li sites, unit cell volume (UCV), average
crystallite size, fractional atomic coordinate of oxygen zox, Biso of O, Ni and Li. RBragg, Rwp and χ2 are depicted to underline the goodness of the
refinement.

Sample Ni occ./% UCV/Å3 Size/nm zox Biso O Biso Ni Biso Li RBragg Rwp χ2

12 μm
0.98 680 °C 3.0(2) 101.987 189(12) 0.2585(2) 0.94(4) 0.358(8) 0.7(1) 2.33 9.51 33.8
0.98 700 °C 3.2(2) 102.013 263(6) 0.2586(2) 0.92(3) 0.346(8) 0.8(1) 2.03 8.96 33.2
0.98 720 °C 3.5(2) 102.022 410(19) 0.2585(2) 0.97(3) 0.395(8) 0.9(1) 1.72 8.82 40.0
1.01 680 °C 2.1(2) 101.854 222(11) 0.2586(2) 0.92(4) 0.354(8) 0.8(1) 2.21 9.54 35.6
1.01 700 °C 2.2(2) 101.886 348(10) 0.2586(2) 0.99(3) 0.426(8) 0.9(1) 1.85 9.14 44.4
1.01 720 °C 2.2(2) 101.907 461(16) 0.2586(2) 0.97(3) 0.407(8) 0.9(1) 1.71 9.40 47.4
1.04 680 °C 1.6(2) 101.732 277(15) 0.2586(2) 0.92(3) 0.384(8) 0.9(2) 1.84 9.41 48.2
1.04 700 °C 1.6(2) 101.769 401(4) 0.2586(2) 0.93(3) 0.377(8) 0.9(2) 1.62 9.52 47.5
1.04 720 °C 1.7(2) 101.808 470(23) 0.2587(2) 0.93(3) 0.386(8) 0.9(1) 1.74 9.26 44.2

4 μm
0.98 680 °C 3.4(2) 102.008 219(7) 0.2583(2) 0.97(4) 0.383(9) 0.9(1) 2.07 9.85 61.9
0.98 700 °C 3.6(2) 102.012 306(9) 0.2583(2) 0.96(3) 0.386(8) 0.9(1) 2.11 9.14 63.1
0.98 720 °C 3.7(2) 102.042 453(25) 0.2583(1) 1.02(3) 0.442(7) 0.9(1) 1.86 7.98 46.2
1.01 680 °C 2.2(3) 101.916 227(9) 0.2585(2) 1.02(4) 0.428(10) 0.9(2) 1.87 10.8 81.0
1.01 700 °C 2.4(2) 101.907 331(17) 0.2585(2) 0.94(4) 0.369(8) 0.9(1) 1.78 9.39 57.3
1.01 720 °C 2.6(2) 101.916 475(21) 0.2584(2) 0.97(3) 0.402(8) 0.9(1) 1.70 8.86 57.8
1.04 680 °C 1.7(2) 101.761 301(19) 0.2585(2) 0.96(4) 0.414(9) 1.0(2) 1.74 9.66 69.5
1.04 700 °C 1.8(2) 101.750 432(9) 0.2586(2) 0.95(3) 0.409(8) 1.0(2) 1.53 8.99 64.1
1.04 720 °C 1.9(2) 101.804 478(28) 0.2586(2) 0.99(3) 0.443(8) 1.0(1) 1.51 8.64 53.7
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relationship between unit cell volume and Ni excess in the tested
parameter space strengthen the assumption of off-stoichiometry and
of absence of intrinsic antisite defects and overlithiation.

Magnetic properties of LiNiO2.—The procedure of determining
the Ni occupancy on the Li site by Rietveld refinement is model-
dependent and thus a cross-validation with other methods is highly
desirable. An often overlooked property of the materials that
correlates with its crystallographic properties is the magnetic
behavior. Even before its application as cathode active material,
the magnetic properties of the Li1−zNi1+zO2 system have been
investigated by Goodenough et al.45 The electronic configuration of
Ni3+ in an octahedral coordination environment and the view along
the c-axis on top of the Ni slab of the stoichiometric LNO crystal
structure are depicted in Fig. 4a. With the orbital energetic levels
being split into two e.g. and three t2g states and the Ni3+ electron
configuration being 3d7, a doublet electronic configuration (S = ½)
with a single unpaired electron is expected, which can interact with
an external magnetic field. Even if LNO is reported as a “non-
cooperative” or “dynamic” Jahn-Teller system, the material remains
a S = ½ system.71 Because the Ni ions sit on a triangular lattice for
perfectly crystallized LiNiO2, no long-range magnetic ordering is
expected to form due to quantum mechanical frustration of the

electron spins,72 which motivated the investigation of near-stoichio-
metric LNO compounds.73–75 Given the interest in LNO as CAM,
several authors investigated the magnetic properties of Li1−zNi1+zO2

in narrow ranges of z.34,36,76,77 All authors observed a transition
from paramagnetic behavior at high temperature towards a state of
magnetic long-range ordering below a certain temperature, coming
with a rapid increase of the magnetic susceptibility. Due to the fact
that magnetic ordering is correlated to the presence of excess Ni2+ in
the Li layers, coupling different Ni layers, it was found that this
transition shifted towards higher temperatures with increasing values
of z. This makes the measurement of temperature-dependent
magnetization a powerful tool to investigate site occupation and
lattice defects in LNO.

Figure 4b shows the field dependent magnetization curves of one
exemplary LNO sample measured at 2 K and 300 K. The inset shows
a magnification of the magnetization in a range of −2 to 2 kOe.
While paramagnetic behavior is observed at 300 K, a hysteretic
feature is observed at 2 K, indicative of magnetic ordering. Although
the exact mechanism of this magnetic ordering is still under debate
in the literature, as mentioned above there is consensus that it is
related to the excess Ni2+ on the Li site. Materials showing a
transition between the paramagnetic regime and magnetic ordering
can be described by the Curie-Weiss law shown in Eq. 2.

Figure 4. Magnetization results obtained from SQUID-measurements for selected samples. (a) Electronic configuration of Ni3+ in octahedral coordination and
view along the c-axis on top of the Ni slab. (b) Magnetization curve of the LNO sample prepared from the 12 μm precursor with 1.01 Li equivalents per mol of
Ni at a maximum calcination temperature of 700 °C. Two sets of measurements between −50 and 50 kOe were performed at 2 K (dark grey) and 300 K (light
grey), respectively. The inset shows a magnified view of the magnetization at low external field values, highlighting the hysteretic behavior at the low
measurement temperature. (c) Dependence of the inverse magnetic susceptibility on the measurement temperature at an external field of 10 kOe for three LNO
samples prepared from the 12 μm precursor (blue: 680 °C Li equiv., green: 700 °C 1.01 Li equiv., red: 720 °C 1.04 Li equiv.). The Weiss constant θ was
determined by performing a linear regression between 150 and 300 K and interpolating on the x-axis. (d) Correlation of the determined Weiss constant θ with the
Ni occupancy on the Li site. The grey dotted line represents a linear regression through all data points.
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Here χ denotes the magnetic susceptibility, C is the Curie constant,
T is the measurement temperature and θ is the Weiss constant, which
is the transition temperature between paramagnetic and hysteretic
magnetic behavior. The Weiss constant can be determined by a
linear regression of the inverse magnetic susceptibility in the
paramagnetic regime (150−300 K) and extrapolating to the tem-
perature axis. The inverse magnetic susceptibility χ−1 as a function
of temperature and the regression are depicted in Fig. 4c for three
exemplary LNO samples prepared from the 12 μm Ni(OH)2 (blue:
680 °C, 0.98 li equiv.; green: 700 °C, 1.01 li equiv.; red: 720 °C,
1.04 li equiv., analogous to Fig. 2). The results for θ for all materials
from this study are well correlated to the Ni occupancy on the Li site
determined by Rietveld refinement, as shown in Fig. 4d (all
measured values of θ are depicted in Table II). The linear
dependency indeed indicates a clear correlation between Ni excess
and magnetic behavior of the LNO samples and is in good
agreement with the results of the above-cited groups, even for
very small values of z.76,77 Although this finding corroborates the
trend of Ni excess in its qualitative nature, it alone is not a
confirmation of the assumed model and the absence of antisite
defects. Another information that can be derived from the fit of χ−1

is the Curie constant C. For a given material with n unpaired
electrons that behaves like a paramagnet, the expected Curie
constant in the spin-only case (no spin–orbit coupling) follows Eq. 3.

χ = = ( ( + )) [ ]C n nT
1

8
2 3

Hence, a Curie constant of 0.375 (unit: m3 K mol−1) is expected for
stoichiometric LiNiO2. In the applied model for Rietveld refinement,
an increase in the off-stoichiometry z comes with the generation of
2z Ni2+ ions and thus additional unpaired electrons. An increase of z
by 0.01 in theory would equal an increase of C by 0.05. However,
the determined Curie constants for the different samples, as shown in
Table II, range from 0.56 to 0.62 (with a large scatter, but the
appearance of decreasing C with increasing z) and clearly deviate
from the single unpaired electron picture. Nevertheless, the results
are in line with other reports.34,77 Possible explanations for this
deviation might lie in the enhancement of Landé g factor caused by a
local Jahn-Teller effect, as for NaNiO2, or orbital contributions.

78,79

These results confirm that magnetization measurements using a
SQUID are a valuable tool for the characterization of battery active
materials, even for samples with only minor differences in crystal
structure. With magnetization measurements becoming feasible
in situ inside an assembled cell, where changes of magnetic
properties during electrochemical (de-)lithiation can be monitored,
these investigations are expected to attract more interest of CAM
researchers in the future.80,81

Impact of structural chemistry on the voltage profile.—After
determining the crystal structure, crystallite size and magnetic
properties of the calcined samples, their electrochemical behavior
was investigated by employing galvanostatic cycling and analysis of
the differential capacity (dQ/dV) plots.

The measured voltage of a given electrochemical reaction is the
sum of the thermodynamic voltage of the reaction and the over-
potentials corresponding to the cell impedance. For a LNO half-cell,
the occurring reaction during oxidation is shown in Eq. 4.

δ δ⇌ + + [ ]δ+ − +
− +Li Ni O Li Ni O e Li 4x z x z1 2 1 2

In this case x is in the range between 0 and 1−z in case of full
delithiation and lithiation, respectively, and δ denotes the number of
transferred electrons. The thermodynamic (open cell) voltage E is
intrinsically linked to the Gibbs free energy ΔrG of the underlying

Table II. Results from magnetization measurements for all samples
calcined from the 12 μm Ni(OH)2 precursor and for three exemplary
samples calcined from the 4 μm Ni(OH)2 precursor: weiss constant θ
and Curie constant C.

Sample θ/K C/m3 K mol−1

12 μm
0.98 680 °C 50.90 0.59
0.98 700 °C 54.50 0.59
0.98 720 °C 55.73 0.58
1.01 680 °C 40.59 0.56
1.01 700 °C 43.29 0.62
1.01 720 °C 40.60 0.62
1.04 680 °C 29.93 0.62
1.04 700 °C 36.30 0.59
1.04 720 °C 36.85 0.58

4 μm
0.98 680 °C 53.00 0.58
1.01 700 °C 42.91 0.59
1.04 720 °C 37.60 0.57

Figure 5. Voltage profile analysis of LNO samples with distinctly different
values of z in Li1−zNi1+zO2. The samples correspond to the materials
prepared from the 12 μm precursor at the same maximum calcination
temperature of 700 °C and varying number of Li equivalents per mol of
Ni. (a) Cell voltage vs specific capacity of the 1st cycle for z = 0.032(2)
(blue), z = 0.022(2) (green) and z = 0.016(2) (red) with the stoichiometry
determined by Rietveld refinement. b) Differential capacity vs cell voltage.
Two magnifications of the data in the range of 3.9–4.1 V and 4.125–4.225 V
are shown. The cells were cycled at C/10.
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reaction and is depicted for the case of oxidation of LNO during
charge in Eq. 5 as:

δ
δ

Δ= − = −
− −

[ ]δ+ − +E
G

nF

G G G

F
5r Li Ni O Li Li Ni Ox z x z1 2 1 2

Here, n = δ is the number of transferred electrons and F is the
Faraday constant. With a change in LNO stoichiometry described by
the value of z, the underlying reaction changes and might impact the
state of charge-dependent thermodynamic voltage, that can easily be
probed by a simple electrochemical measurement when a correction
for the overpotential is considered. Figure 5a shows the voltage
profiles of three exemplary LNO samples from this study prepared
from the 12 μm Ni(OH)2 precursor with distinct values of Ni excess
that were determined by Rietveld refinement (blue: z = 0.032(2),
green: z = 0.022(2) and red: z = 0.016(2)). At first sight, all voltage
profiles look very similar, again highlighting the proper crystal-
lization of all samples as indicated by the PXRD results. However,
small changes in the voltage profiles can be made visible by
calculating the dQ/dV curves, which are shown in Fig. 5b. For
LNO, distinct voltage plateaus (peaks in the dQ/dV curve) are
observed, which are the result of several phase transitions of the
material during (de−)lithiation. These individual phases can be
distinguished in ex situ as well as in situ PXRD measurements, as
confirmed by the work of several groups.31,40,82–88 In the general
consensus, there are three phase transitions identifed by PXRD
during continuous delithiation, separating four single-phase domains
occurring in the following order: H1 (1 > x > 0.75) to M (0.63 > x
> 0.4) to H2 (0.33 > x > 0.25) to H3 (0.12 > x > 0). The phases are
named by their symmetry (H: hexagonal, M: monoclinic) and their
order of appearance during delithiation. Due to the Gibbs’ phase
rule, the two-phase regions correspond to voltage plateaus as
observed in Fig. 5a, while single-phase regions show relatively
steep voltage changes. The single-phase regions are easier to spot in
the dQ/dV representation, where they occur as local minima.
However, it is important to note that only four phases have ever
been observed by PXRD, while seven minima are identified on the
dQ/dV curve. They coincide with certain values of x (1, 3/4, 5/8, 1/2,
2/5, 1/4, 1/8). This is well in line with recent first-principles
calculations, where all those degrees of lithiation are predicted to
form ordered Li arrangements that are energetically favorable.88 Yet
some of these states are only stable at 0 K, while at higher
temperatures they are destabilized by entropic contributions. As a
consequence, for example, only one monoclinic region is observed

structurally by PXRD, instead of a sequence of stable phases x = 5/
8, 1/2, 2/5. Nonetheless, the thermodynamic signature of these
phases is visible in the dQ/dV curve, and it is possible that they are
still stabilized at the local scale, which would be hard to detect by
means of PXRD and electron diffraction would be needed to observe
them.89

The differential capacity peaks associated with the discussed
phase transitions can be found for all samples with different values
of z. Nevertheless, with a change of z in Li1−zNi1+zO2, some
differences are observed in two distinct voltage ranges, which are
highlighted in the magnified segments of Fig. 5b. In the voltage
range between 3.9–4.1 V (marked by the blue shaded area and the
blue shaded inset), materials with a small Ni excess show two
distinct peaks with a clear local minimum (red and green lines in
Fig. 5b). This minimum corresponds to a stable phase that was
predicted by first-principles calculations (Li0.4NiO2, x = 2/5).88,90

With an increasing amount of Ni in the Li layer, this minimum
vanishes as observed for the sample with z = 0.032 (blue line in
Fig. 5b). This indicates that the presence of a critical Ni excess is
disrupting the arrangement of the Li ions and vacancies, thus making
the formation of that phase energetically less favorable. However,
the most pronounced change in the voltage profile is observed in the
range between 4.125–4.225 V, marked by the green shaded area/
inset, i.e. where the H2 to H3 phase transition occurs. Here, for
increasing values of z, a shift of the phase transition (peak position in
the dQ/dV) to higher potentials is clearly observed. The fact that this
happens both during charge and discharge excludes overpotentials to
be causing this effect and thus indicates that a change of the
thermodynamics related to the phase transition must occur. Besides
the peak position changes, also a widening of the peak width is seen
in the dQ/dV plots with increasing z, which is often discussed to be
related to a suppression of the phase transition, i.e. to the progressive
narrowing of the H2–H3 miscibility gap.16,91,92

A clear assignment of the z values to a peak voltage is difficult,
which is why we tried to define clear and stringent rules for
calculating the mean potential of the phase transition. By assuming
that minima in the dQ/dV curve correspond to single-phase regions,
the minimum in the dQ/dV curve between 4.0 V and 4.16 V was
determined (related to the H2 phase), which is depicted in Fig. 6a.
Individually for charge and discharge, the mean potential of the
dQ/dV peak between the H2 minimum and the upper cut-off voltage
of 4.3 V was calculated. Then, the mean was taken again between
the charge and discharge value to cancel out the overpotential and
obtain the thermodynamically defined potential. Our correction of
the overpotential assumes that it is symmetric for both oxidation and
reduction processes. We have observed that indeed this assumption
is verified in our case, as the cells were cycled at low currents
(20 mA g−1). Asymmetries may be expected only at higher C
rates.93 The results for all samples from this study are shown in
Fig. 6b as a function of the Ni occupancy on the Li site determined
by Rietveld refinement. This comparison shows a clear linear
correlation between these values, with an increase of the potential
of the phase transition of ∼ 9 mV per increase of 1% Ni excess. This
observation confirms a correlation between the exact LNO stoichio-
metry and the hereby determined thermodynamic potentials of the
LNO phases.

Equation 5 can be used to understand this behavior and can be
rewritten to reflect the H2–H3 phase transition voltage change as a
function of z, i.e. ΔEz, as shown in Eq. 6.
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Here, GH2,z and GH3,z represent the Gibbs free energy of the H2 and
H3 phases of a off-stoichiometric LNO, respectively, while GH2,LNO

Figure 6. Correlation of the mean potential of the H2–H3 phase transition
with the Ni occupancy on the Li site. (a) The potential of the phase transition
was determined by taking the mean potential between the minimum of the
dQ/dV curve before the H2–H3 peak onset and 4.3 V for charge and
discharge. (b) Mean potential of the H2–H3 phase transition as a function of
the Ni occupancy on the Li site determined by Rietveld refinement for all
samples of this study. The y-error bars depict the standard deviation over at
least three cells (only small deviations are obtained). The grey dashed line
depicts a linear regression through all data points.
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and GH3,LNO represent the Gibbs free energy of the H2 and H3
phases of a hypothetical perfectly stoichiometric LNO, respectively.
The different x values represent the compositions at which the H2
and H3 phases occur. Experimentally, Fig. 5a demonstrated that for
small values of z, the compositional span of the H2 to H3 transition

is not significantly narrowed with increasing z (xH2,z—xH3,z ≈
xH2,LNO—xH3,LNO ≙ xH2—xH3). Likewise, the voltage at which the
H2 single phase occurs does not appear to be affected for small
values of z as the relative minimum in the dQ/dV plot in Fig. 5b does
not shift, which means that GH2,z—GH2,LNO ≈ 0. This ultimately
leads to an approximation of ΔEz depicted in Eq. 7:
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In light of Eq. 7, an increased voltage of the H2–H3 phase transition
indicates a larger energetic difference between the Gibbs free energy of
the H2 and H3 phases. In other words, as z increases, the H3 phase
becomes thermodynamically destabilized compared to the others, and
to H2 in particular. We speculate this is due to the H3 phases having a
significantly smaller c unit cell parameter and hence Li interlayer
thickness, where accomodating a Ni cation can be less favourable.

The hereby reported clear correlation between z and the average
H2–H3 transition potential allows to draw conclusions about the
stoichiometry of the samples by a rather simple quantitative analysis
of the voltage profiles. This can be an extremely valuable tool to
complement the stoichiometry obtained by PXRD refinement.

As mentioned above, the dQ/dV plot does not only reveal an
increase of the average transition potential with increasing off-
stoichiometry, but also a broadening of the H2–H3 peak related to a
larger average slope of the voltage curve. A broadening of the peak
in the dQ/dV curve is often associated with a narrower miscibility
gap, namely the phase transition is progressively evolving towards
the formation of a solid solution. This implies that crystallographic
stresses are reduced by avoiding the sudden anisotropic volume
changes of the H2 to H3 phase transition. This peak shape is known
for mid-Ni NCM materials, where the anisotropic volume changes
are less pronounced.11 However, here we show that care must be
taken in interpreting dQ/dV peak broadening behavior, as the
broadening can also be mimicked by the formation of sample
inhomogeneities, where severe phase transitions inside the indivi-
dual particles still occur, but the overlapping H2 to H3 transition
peaks merge to yield broad features in the dQ/dV plots. This
phenomenon is demonstrated in Fig. 7. In Fig. 7a the dQ/dV curves
of three individual LNO samples are shown, which have already
been depicted in Fig. 5. In Fig. 7b, the dQ/dV curve of a 50/50
weight ratio mixture of the samples with z = 0.016(2) and z = 0.032
(2) is depicted (the individual dQ/dV profiles are again shown in
transparent colors). Figure 7c analogously shows the dQ/dV features
for the 33/33/33 weight ratio mixture of all three samples (addition-
ally including the sample with z = 0.022(2)).

Blending different CAMs leads to a superposition of the voltage
profiles according to their relative weight contents.94 Only a slight
shift of the overpotentials is observed due to an inhomogeneous
current load at different SOCs.95 Already in the measurement with a
blend of three samples, the peak broadening due to different
stoichiometries can be observed and the individual peaks cannot
be perfectly resolved any more. This indicates that samples with
more material inhomogeneities will show only one peak with a large
width. In large-scale production, one can easily imagine that due to
difficulties of keeping constant calcination parameters (temperature,
atmosphere, mixing of individual components) severe powder
inhomogeneities can occur.96 In this case, the peak width can be
used as a measure for the powder inhomogeneity. However, in
studies where a suppression of the detrimental phase transition is
targeted by modification of the materials (e.g. doping and coating),
the possibility of powder inhomogeneities causing the peak broad-
ening is often overlooked. Thus, additional information on the
structural properties going beyond the electrochemical testing is
always needed to deconvolute the two effects.

Correlation with 1st cycle capacity loss.—Since the early
investigations of LNO as cathode active material, researchers have

Figure 7. 1st cycle differential capacity of the H2–H3 phase transition of
LNO electrodes consisting of different blends of off-stoichiometric LNO
samples. (a) Differential capacity of pure materials already discussed in
Fig. 5. (b) Differential capacity of a 50/50 blend of two LNOs that differ
significantly with regards to their off-stoichiometry. The blended electrode is
depicted in orange, with the curves of the pure materials being shown as
transparent overlays. (c) 33/33/33 blend of all three materials.

Figure 8. 1st cycle capacity loss vs (a) Ni occupancy on the Li site and (b)
crystallite size from Rietveld refinement. In (a) no correlation can be
observed. In (b) a weak correlation is present. The cells were cycled at C/
10 at a temperature of 25 °C.
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sought to draw a connection between the Ni excess in the Li layer
and the poor 1st cycle reversibility.31,32,57 Some authors tried to find
empirical correlations between those values, but looked at very large
variations of z (0.01–0.12).36 Even for samples in which Ni was
substituted for other elements, the decrease of the 1st cycle
coulombic efficiency is linked to the increase of excess Ni in the Li
layer.97 An early explanation for this phenomenon in case of LNO
was found in the oxidation of the intralayer Ni2+ to Ni3+, leading to
a local contraction of the crystal lattice and hence poor Li mobility.32

The large 1st cycle capacity loss is not only an inherent property
for LNO, but is also found for most NCMs, making the narrowing of
this gap a key target to maximize energy density.24 The origin of the
poor reversibility was shown to be of kinetic origin by a multitude of
studies and can for example be reduced by the application of a CV
step at the end of discharge25 or an increase of cycling
temperature.26 Experiments looking at the apparent diffusion
coefficients98 or Li mobility by NMR experiments99 further under-
line this problem. While a negative effect of excess Ni on the Li
mobility is certain, we used our calcined samples to further
investigate correlations between small variations of z and the 1st

cycle capacity loss.
As the Ni excess has been carefully quantified in this study for a

large set of samples and as the observed trends were confirmed by
several independent techniques, this alleged correlation can be
probed. The 1st cycle capacity loss as a function of the Ni excess
determined by PXRD refinement is depicted in Fig. 8a. In contrast to
the aforementioned belief, no correlation between these quantities is
observed. Samples with similar values of z show substantial
differences in 1st cycle capacity loss up to 10 mAh g−1.
Furthermore, only a slight systematic difference between the
CAMs based on the 4 μm and 12 μm precursors is observed,
indicating a low impact of secondary particle morphology onto the
electrochemical performance. In view of the narrow parameter space
of this study and the precise data, another underlying physical
parameter must therefore cause the observed differences.

Besides the broadly discussed crystallographic properties and the
difference in secondary particle structure, the influence of the
primary particle structure should thus be considered. The correlation
of the average crystallite size from Rietveld refinement (Figs. 3c and
3d) with the 1st cycle capacity loss is shown in Fig. 8b. Although an
increase of the 1st cycle capacity loss with crystallite size is apparent,
the rather weak correlation still allows for different interpretations.
However, it again must be emphasized that the crystallite size only
reflects an average over the whole sample powder, whereas in reality
a distribution of primary particle sizes is present. A mere interpreta-
tion of size effects by PXRD refinement is therefore not sufficient.
Even more importantly, the link between primary particles size and
the accessible particles surfaces, which evolve upon cycling, must be
addressed. A detailed study of the primary particle morphology and
its impact on electrochemistry therefore will be part of an upcoming
study.

Conclusions

Through the comparison of three methods with fundamentally
different physical principles (X-ray diffraction, magnetism, electro-
chemical analysis), the validity of the generally applied structural
model of LNO—the “off-stoichiometry model”—could be further
reinforced. Within an industrially relevant parameter space for
synthesis of polycrystalline LNO materials, the values of z in
Li1−zNi1+zO2 were found to mainly depend on the Li excess applied
in the calcination, whereas the calcination temperature mainly
affected the average crystallite size. Besides PXRD being still the
most robust technique for the determination of the crystallographic
properties, the values of z are also correlated with magnetic proper-
ties, i.e. the Weiss constant, and with the half-cell potential of the
H2–H3 phase transition, enabling an estimation of the stoichiometry
by electrochemical measurements. However, it is pointed out that the
absence of a sharp dQ/dV peak related to that phase transition does

not necessarily indicate the suppression of the phase transition, but
can also be the result of sample inhomogeneity. Although being
widely discussed in the literature, no clear correlation of a small Ni
excess in the Li slab and the 1st cycle capacity loss was found for
samples within an industrially reasonable physical parameter space.

Thus, we propose a correlation between the 1st cycle capacity
loss and the different primary particle morphologies, as a (weak)
correlation between 1st cycle reversibility and average crystallite size
is present. Particle morphology has a direct impact on the surface
area between cathode active material and electrolyte and is a key
parameter to look at to understand the Li intercalation kinetics.
However, a quantification of primary particle morphology is not a
trivial task, as measuring a single value (average crystallite size) by
PXRD is not sufficient and rather a distribution of particle sizes is
needed. Moreover, the morphology will change during cyling due to
fracturing of the secondary particle agglomerates, further compli-
cating the task. Therefore, to further conclude the impact on the
electrochemical performance, a detailed study on the primary
particle morphology and its evolution upon cycling was performed
and will be presented in a forthcoming publication.
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