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Abstract: The knowledge of Li diffusivities in electrode materials of Li-ion batteries (LIBs)
is essential for a fundamental understanding of charging/discharging times, maximum
capacities, stress formation and possible side reactions. The literature indicates that Li
diffusion in the cathode material Li(Ni,Mn,Co)O2 strongly increases during electrochemical
delithiation. Such an increased Li diffusivity will be advantageous for performance if it is
present already in the initial state after synthesis. In order to understand the influence of a
varying initial Li content on Li diffusion, we performed Li tracer diffusion experiments on
LixCoO2 (LCO) and LixNi1/3Mn1/3Co1/3O2 (NMC, x = 1, 0.9, 0.65) cathode materials. The
measurements were performed on polycrystalline sintered bulk materials, free of additives
and binders, in order to study the intrinsic properties. The variation of Li content was
achieved using reactive solid-state synthesis using pressed Li2CO3, NiO, Co3O4 and/or
MnO2 powders and high temperature sintering at 800 ◦C. XRD analyses showed that
the resultant bulk samples exhibit the layered LCO or NMC phases with a low amount
of cation intermixing. Moreover, the presence of additional NiO and Co3O4 phases was
detected in NMC with a pronounced nominal Li deficiency of x = 0.65. As a tracer source,
a 6Li tracer layer with the same chemical composition was deposited using ion beam
sputtering. Secondary ion mass spectrometry in depth profile mode was used for isotopic
analysis. The diffusivities followed the Arrhenius law with an activation enthalpy of
about 0.8 eV and were nearly identical within error for all samples investigated in the
temperature range up to 500 ◦C. For a diffusion mechanism based on structural Li vacancies,
the results indicated that varying the Li content does not result in a change in the vacancy
concentration. Consequently, the design and use of a cathode initially made of a Li-deficient
material will not improve the kinetics of battery performance. The possible reasons for this
unexpected result are discussed.

Keywords: Li-ion battery cathode material; LiNi1/3Mn1/3Co1/3O2; LiCoO2; Li diffusion;
Li off-stoichiometry

1. Introduction
The diffusion of lithium (Li) in electrode materials [1–11] of rechargeable Li-ion batter-

ies (LIBs) is a determining factor for the incorporation and removal of Li into/from elec-
trodes during electrochemical cycling. Diffusion directly influences charging/discharging
times, power densities, maximum capacities, stress development and possible side re-
actions. In this context, the Li diffusion in electrode materials is of importance for the
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optimization of battery performance. Within the class of cathodes, LiNiyMnzCo1−y−zO2

(y + z < 1) active materials are important for applications and fundamental studies (see ref-
erences [12–15]). Noteworthy compositions include those with y = z = 0 (LiCoO2, referred
to as LCO), y = 1, z = 0 (LiNiO2, referred to as LNO) and y = z = 1/3 (LiNi1/3Mn1/3Co1/3O2,
referred to as NMC) [16].

A review of the literature indicates a substantial body of theoretical and computational
research focusing on diffusion in cathode materials [17–24]. In contrast, experimental
investigations on Li tracer diffusion, including the determination of diffusivities, activation
energies, pre-exponential factors and the mechanism of diffusion are relatively limited for
these materials. The knowledge on chemical diffusion in cathode materials is predomi-
nantly derived from electrochemical measurements such as galvanostatic and potentiostatic
intermittent titration techniques (GITT and PITT) and electrochemical impedance spec-
troscopy (EIS) [5,25–31]. It should be noted that these non-Li selective methods are typically
only applicable at, or in the proximity of, room temperature. Consequently, they offer
limited insights into activation energies, pre-exponential factors, the underlying defect
structure and the diffusion mechanism. Electrochemical measurements of diffusivities
are known to be limited by a number of factors, including interfacial processes, parasitic
electronic currents, ohmic resistances and side reactions. These factors lead to a substan-
tial variation in diffusivities [21] across different studies and methods, as well as during
lithiation/delithiation [5,21].

In contrast, tracer methods provide a direct measurement of the Li tracer diffusivity,
eliminating the need for model-dependent correction factors. For a basic introduction
into diffusion science, we refer to references [32–35]. Recently, we conducted preliminary
research on Li tracer diffusion in sintered bulk samples of NMC with stable isotopes
(6Li/7Li) and isotope depth profiling using secondary ion mass spectrometry (SIMS) [2].
Li tracer diffusivities between 110 and 350 ◦C are temperature dependent and show an
activation enthalpy of 0.85 eV. This was interpreted as the migration energy of a single
Li vacancy and it was concluded that Li diffusion takes place via structural vacancies,
where the concentration is fixed by a low Li deficiency. At room temperature, the Li
tracer diffusivity [5] is considerably lower than the chemical diffusivities reported in
the literature from electrochemical measurements, which can be attributed to a significant
thermodynamic factor correlating both types of diffusivities [5,35]. In a separate publication,
it was observed that the NMC and LCO compounds exhibited the same Li diffusivities
within error bars [10]. This observation shows that a change in the transition metal (M)
within the LiMO2 structure does not result in a significant influence on Li tracer diffusion.

Moreover, a comparative study of Li tracer diffusion in LCO single crystals and
polycrystalline material was performed [3]. It has been evidenced that the Li diffusivities
in the ab-plane of single crystals are the same as those observed in polycrystalline LCO.
This finding indicates only a small impact of grain boundaries on the predominant Li-ion
migration pathways within the material. Along the c-axis, diffusivities are significantly
lower. This experimentally evidenced the often-postulated slow Li diffusion along the
c-axis. We suggest that Li diffusion along the c-axis of the 2D ion conductor is controlled by
a slow transfer of Li ions between the Li-O layers across the Co-O layers [3].

Recently [36], we reported Li tracer diffusivities in sputter-deposited 1-micrometer-
thin amorphous and crystallized NMC films. The diffusivities in crystalline thin films and in
sintered bulk materials were found to be nearly identical. In contrast, the Li diffusivities in
the amorphous state were found to be lower due to a higher activation enthalpy. The higher
activation enthalpy was attributed to hindered Li diffusion in the disordered amorphous
state, emphasizing the aspect of disorder for Li diffusion.



Batteries 2025, 11, 40 3 of 17

In the present study, we investigated Li diffusion in polycrystalline bulk LixCoO2 and
LixNi1/3Mn1/3Co1/3O2 (x = 1, 0.9, 0.65) cathode materials. In order to illustrate the choice
of these materials, we would like to mention that LCO and NMC are among the most
used materials for positive electrodes of commercial LIBs. Beneath their suitability from
a chemical point of view, the active material is typically used in the form of micrometer-
or nanometer-sized crystalline particles surrounded by binder and conductive agents to
form micrometer-thick polycrystalline layers. These are polycrystalline but consist of single
particles bonded together. In order to determine intrinsic Li transport, it is necessary
to measure the Li diffusivity in sintered LCO and NMC bulk pellets without additives.
High temperature sintering at 800 ◦C for 24 h was performed to ensure the formation of a
crystallographic phase with a layered structure, necessary for the smooth intercalation and
deintercalation of Li ions. This will be discussed in detail in the third section.

The aim of the study was to understand the influence of varying the Li content on Li
diffusion, which is important for the overall performance of an LIB in two ways.

First, in a recent study on bulk sintered NMC based on SIMS tracer diffusion ex-
periments, we demonstrated that electrochemical delithiation of about 10% charge (Li
deficient state) increases the Li tracer diffusivity by orders of magnitude [5]. Moreover,
Figure 1 shows Li chemical diffusivities as a function of the working electrode potential,
Ewe, on the lower x-axis, and the corresponding Li deficiency, expressed as δ = 1 − x, in
LixNi1/3Mn1/3Co1/3O2 on the upper x-axis. The Li deficiency was realized using elec-
trochemical delithiation. The symbols in Figure 1 indicated as “Hüger” are Li chemical
diffusivities obtained in our laboratory using PITT and EIS on the same type of sintered
NMC pellets (x = 1) as used in the current work for SIMS diffusion experiments [5] (see
Section 2). The remaining diffusivities on NMC in Figure 1 correspond to values reported
by other research groups. As indicated in Figure 1, the data are from Kang et al. [30]
(binder- and additive-free films; GITT), Charbonneau et al. [29] (films with NMC particles
embedded in binders and conductive additives; EIS) and Wu et al. [26] (films with NMC
particles embedded in binders and conductive additives; GITT). These chemical diffusivi-
ties also show an increase of several orders of magnitude when significant Li is extracted
from the cathode material (around 3.6 V and δ = 1 − x ≈ 0.1). Moreover, reference [5]
demonstrates that the Li chemical diffusivities are in good agreement with the Li tracer
diffusivities obtained from SIMS experiments when the thermodynamic factor is taken
into account. Electrochemical investigations [37,38] on Li-deficient LixNi1/3Mn1/3Co1/3O2

(x < 1) indicate improved properties as a cathode material.
Such an enhanced Li diffusivity can be advantageous for LIB operation if the NMC

electrode shows it already in the initial state right after synthesis. In order to achieve this,
the electrode has to be produced with a Li deficiency using appropriate methods like a
solid-state reaction. The difference between Li-deficient electrode samples made using
a solid-state reaction and electrochemical delithiation has to be elucidated. A possible
difference may lie in a high-temperature treatment and the resulting more homogeneous
structure of the sample prepared using the solid-state synthesis. The electrochemically
obtained delithiations were performed at room temperature, which might result in more Li
trapping defects and a higher inhomogeneity due to the presence of two-phase delithiation
processes (see e.g., Figure 5 in reference [39] and Figure S4 in reference [5]). Therefore, the
solid-state synthesis can be expected to minimize these effects, and this is discussed in
detail in the Section 3.
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Figure 1. Literature data on Li chemical diffusivities as a function of potential (Ewe) and Li deficiency
(δ = 1 − x) in LixNi0.33Mn0.33Co0.33O2 as obtained from EIS, PITT and GITT measurements. The data
of Hüger correspond to an NMC (x = 1.0) sample that was also used for tracer diffusion studies [5].
The other literature data are from Charboneau et al. [29], Kang et al. [30] and Wu et al. [26]. Reference
is made to the main text for further description. Reproduced with permission of the authors under
their license CC-BY 4.0.

Further, a recent review has identified the critical role of Li off-stoichiometry for the
performance of LNO batteries [16]. This may also be relevant for the case of isostructural
NMC and LCO. The presence of a slight initial Li deficiency in LNO may result in a
reduction in Li diffusivities due to the Ni atoms present in the Li2O interlayers, which can
impede Li diffusion [16]. It is recommended that such electrodes are avoided for optimized
LIB cycling. Further discussion on this subject is given in the third section. Accordingly,
the latter concept suggests that Li diffusion in initially Li-deficient NMC cathodes may be
hindered [16], rather than enhanced as proposed above [5].

It might also be argued that a reduced initial Li content in the cathode material is not
beneficial because it reduces the Li content of a full cell, especially for x = 0.65. A high
deficiency can also make the material less stable. This can lead to a lower energy density,
shorter cycle life, reduced stability and reduced safety.

The present study exactly evaluates this contradiction in the literature by investigating
the Li diffusion properties in polycrystalline bulk LixCoO2 and LixNi1/3Mn1/3Co1/3O2

cathode materials with nominally no Li deficiency (x ≈ 1), medium Li deficiency (x ≈ 0.9)
and even high Li deficiency (x ≈ 0.65) to examine the effect of Li deficiency on Li tracer
diffusion. The current study focuses mainly on the differences between x = 0.9 and x = 1.0.
For a sake of completeness and to address fundamental aspects, we included a strongly
off-stoichiometric sample with x = 0.65. A priori, this sample was not considered as a per-
spective for LIB operation, but at such a high Li off-stoichiometry, “inactive domains” [40]
may appear in NMC during delithiation, which do not re-lithiate and reduce the LIB
capacity [16]. Although the present study was not performed during LIB cycling, the
investigation of Li diffusion in LCO and NMC cathode materials with Li off-stoichiometry
may provide information on the influence of diffusion on the kinetic limitation during
re-lithiation.

This paper is structured as follows: After the introductory section, the second section
describes the measurement techniques and the preparation of the LCO and NMC materials.
The third section starts with a part on structural and chemical sample characterization
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(Section 3.1). The analysis is closely linked to literature which should help to understand Li
diffusion. The measurement, analysis and discussion of the Li diffusion data are presented
in Section 3.2. The final section summarizes the results.

2. Experimental Details
The samples were prepared via solid-state synthesis, utilizing a two-step reaction route.

Powders of Li2CO3 were obtained from Sigma Aldrich (Taufkirchen, Germany), while
powders of NiO, MnO2 and Co3O4 were obtained from Carl Roth (Karlsruhe, Germany).
The powder materials were introduced into an agate ball milling tank (WiseMix Ball Mill,
Wisd Laboratory Instruments, Wertheim, Germany) with respect to the required Li to metal
ratio and with the addition of an appropriate amount of ethanol as a dispersing agent.
The mixture was subjected to a ball-milling process at a rate of 150 rpm (rotations per
minute) for a duration of 1 h. Afterwards, the dried powder mixture was subjected to
a thermal treatment at 800 ◦C (16 h) at a rate of 3 K/min in pure oxygen. The powder
mixture thus obtained was subjected to high-energy ball milling (SPEX 8000M shaker mill,
SPEX, CertiPrep, SampleSpec, Metuchen, NJ, USA) for a total of 4 min at 1080 cycles per
minute with zirconia ceramic balls, and a pellet was subsequently pressed at 100 MPa and
sintered at 800 ◦C in air for a long period of 24 h. This process resulted in polycrystalline,
dense samples with relative densities of approximately 97% [2]. The thickness of the LCO
and NMC pellets was approximately 1 mm and the diameter was about 8 mm. For two
types of samples (LCO, x = 1.0 and NMC, x = 0.9), a modified procedure was applied. LCO
and NMC powders were bought from Alfa Aesar (Kandel, Germany) and Sigma-Aldrich
(Taufkirchen, Germany), respectively. Afterwards, the high energy milling and pressing
steps were carried out accordingly.

The relative Li concentration was determined by analyzing the samples using in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES) with a Plasma Quant
9100 machine (Analytik Jena, Jena, Germany). By varying the initial Li2CO3 fraction,
we obtained LixCoO2 and LixNi1/3Mn1/3Co1/3O2 samples with nominal Li amounts of
approximately 1.0, 0.9 and 0.65.

The sputter targets for tracer layer deposition were produced in an analogous manner
using isotope-enriched 6Li2CO3 (95% enriched) as the starting material instead. Due to
the larger diameter of the sputter target (about 20 mm), a higher pressure of 330 MPa was
applied. The deposition of the tracer was achieved with the help of ion-beam coating,
performed with a commercially available apparatus (IBC 681, Gatan, Irvine, CA, USA). The
thicknesses of the tracer layers were between 70 and 110 nm. The deposition was carried out
at an energy of 5 keV and a current of 200 µA with argon sputter gas at 5 × 10−3 mbar. Given
that the 6Li tracer layer and the bulk sample have a similar chemical composition (resulting
from the same production route), it was anticipated that pure isotope interdiffusion would
occur during the diffusion experiments. The sputtered samples were annealed at elevated
temperatures in air using a commercial rapid annealing setup (AO 600, MBE Komponenten,
Weil der Stadt, Germany). The structural investigation of the bulk samples was carried
out using X-ray Diffractometry (XRD) on a Bruker D8 Discover diffractometer (Bruker
AXS Advanced X-ray Solutions GmbH, Karlsruhe, Germany) in θ/2θ mode with CuKα

radiation at 40 keV and 40 mA.
Depth profiles of the two Li isotopes and of the Ni, Mn and Co species were recorded

using SIMS. For this investigation, a Cameca IMS 3f/4f machine (CAMECA SAS, Gennevil-
liers Cedex, France) with O- primary ions was applied. SIMS was used in depth profile
mode. A beam of O- primary ions was directed onto the sample and scanned over the
surface in an area of approximately 250 µm × 250 µm to sputter away material, creating
a zone with a crater-like depression termed “sputter crater”. This crater was measured
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with a mechanical stylus profilometer (Tencor Alphastep 500, Milpitas, CA, USA) for depth
calibration. The relative 6Li isotope fraction, c, was calculated from the 6Li and 7Li signal
intensities, I, as measured using SIMS.

c =
I
(6Li

)
I(6Li) + I(7Li)

(1)

3. Results and Discussion
3.1. Structural Characterization and Relative Li Concentration

Before presenting the diffusion results, which is the main task of the current study, we
present investigations on the structure and chemical composition of the LCO and NMC
samples and discuss the expected effects on Li diffusion.

For the determination of the relative Li concentration, the samples were analyzed
using ICP-OES and the results are shown in Table 1. By varying the initial Li2CO3 fraction,
we obtained LixCoO2 and LixNi1/3Mn1/3Co1/3O2 samples with nominal Li amounts of
approximately x = 1.0, 0.9 and 0.65, where x corresponds to the Li to metal ratio L/M.

Table 1. Relative metal element concentrations as analyzed using ICP-OES of the samples under
investigation. L/M denotes the Li to metal ratio.

Sample Li
(at.%)

Ni
(at.%)

Mn
(at.%)

Co
(at.%) L/M

LCO (x = 1) 24.64 ± 0.13 -- -- 24.94 ± 0.21 0.99 ± 0.01
LCO (x = 0.9) 22.72 ± 0.02 -- -- 25.08 ± 0.17 0.91 ± 0.01
NMC (x = 1) 24.09 ± 0.10 7.72 ± 0.03 7.82 ± 0.01 8.32 ± 0.04 1.01 ± 0.01

NMC (x = 0.9) 22.50 ± 0.10 7.42 ± 0.02 9.88 ± 0.06 8.05 ± 0.04 0.89 ± 0.01
NMC (x = 0.65) 18.20 ± 0.10 9.66 ± 0.13 9.29 ± 0.14 8.92 ± 0.16 0.65 ± 0.01

X-ray diffraction patterns of the sintered sample are shown in Figure 2a. Most of
the Bragg peaks correspond to the rhombohedral (or hexagonal) α-NaFeO2-type layered
structure belonging to the R-3m space group (see indexing). The results show that LCO
and NMC samples with x = 1 und 0.9 show no obvious impurity phases. This indicates an
upper limit of possible impurity phases of 3–5% corresponding to the detection limit. For
the NMC sample with x = 0.65, additionally, amounts of NiO and Co3O4 phases in the ten
percent range can be detected due to the strongly reduced Li content. The exact amount of
impurity phases was not of importance for this diffusion study, as long as no percolation
path was formed, which is the case.

Beneath the detected hexagonal high temperature structure, low-temperature spinel
(cubic, Fd3m), and rock-salt (cubic, random occupation of the cation sites) phases have
been reported for LCO and NMC [11,16,39,41–64]. Note that the difference in the XRD
patterns between the hexagonal phase and the spinel phase is very small [42]. The main
indication is a slightly different 2θ position of the strongest reflection, (003) for the layered
and (111) for the spinel phase, a splitting of the spinel reflection (222) into the layered (006)
and (012) reflections, and the splitting of the spinel (440) reflection into the layered (018)
and (110) reflections [39,44].

For Cu Kα radiation and LCO, the layered (003) reflection was located at 2θ = 18.94◦

and the spinel (111) reflection was located at 2θ = 19.17◦ [44]. The measured XRD patterns
of the current study with x = 1 and 0.9 in LixCoO2 show only a single strong reflection
located at 2θ = 18.9◦ and no reflection at 2θ = 19.2◦ (see Figure 2b). The reflection splitting
of (006), (012), (018) and (110) was also well-resolved in the measurement (see Figure 2c,d).
This indicates that the LCO pellets consist of the layered hexagonal phase only, which can
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be expected due the sintering for 24 h at the high temperature of 800 ◦C. Cho et al. [38]
have shown that the phase transition of NMC to its layered phase only occurs after the
lithium carbonate (Li2CO3) has fully reacted at a temperature above 660 ◦C. Figure 2 shows
no evidence of Li2CO3, which is also expected for LCO only for x ≥ 1, as reported in the
literature [42]. An excess of Li is commonly aimed to minimize off-stoichiometry and to
compensate for the loss of Li during the calcination process [16]. However, the presence
of the cubic phases in very small amounts below the detection limits of XRD cannot be
excluded, but they are not expected to form a percolation path and will not influence
Li diffusion.
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Figure 2. X-ray diffraction patterns of bulk NMC and LCO samples under investigation. Bragg peaks
corresponding to the main NMC or LCO phase are indexed (hexagonal scheme) and impurity phases
are marked: (a) overview and (b–d) enlarged views.

For further discussion, note that the hexagonal phase has a structure of Li layers
alternating with transition metal (e.g., Co) layers between oxygen layers. LCO and NMC
both obey this layered structure type, but show a subtle difference. The Ni and Mn content
in NMC more often leads to the mixing of Li and Ni cations on the different sub-lattices
as anti-site defects also termed cation mixing, which occurs both during synthesis and
cycling. This means that the transition metal is located in the Li layer, replacing a Li ion
there, and that Li is located in the transition metal oxide. This type of defect may have a
strong influence on Li diffusion [16,57]. A high cation mixing rate in the cathode materials
is expected to give a lower Li diffusivity and a higher activation enthalpy [49]. Li/transition



Batteries 2025, 11, 40 8 of 17

metal anti-site defect disorder also directly correlates to the electrochemical properties [59].
The most homogeneous samples have the highest capacity, lowest voltage polarization,
lowest capacity fade and highest initial coulombic efficiency [59]. The Li/transition metal
exchange was visualized using TEM [39,54,55,57]. For LCO, this effect is expected to only
be small [45,47,49,51,52,56,57].

XRD studies developed two simple criteria that may indicate cation mixing in the
layered phase. If the integrated intensity ratio I(003)/I(104) < 1.2 and the positions of the
(018)/(110) pairs of reflections begin to merge, then transition metal (e.g., Ni) and Li ion
mixing is very likely occurring [39,53]. Here, I(003)/I(104) ≈ 6.6 was high for LCO and x
= 1, indicating nearly no Co/Li ion mixing. The integrated intensity of I(003)/I(104) ≈ 2
for x = 0.9 was still above the threshold of 1.2, indicating a low mixing rate, but slightly
more Li/Co antisite defects. Calculations [52,56] predict an anti-site defect concentration of
only 0.002% in LCO at 1000 K. The introduction of Mn and Ni for NMC should cause an
increase in the anti-site defect concentration [52], which is highest for LNO at up to almost
13%. A recent review on why anti-site defects occur can be found in [57]. Attempts have
been made to reduce the amount of anti-site defects using surface engineering (deposition
of surface layers) and/or volume engineering by doping NMC with other transition metals
to stabilize the transition metal–oxygen skeleton [11,16,57,60,62,63].

In the case of NMC (x = 0.9) (Figure 2), the (003) hexagonal reflection is located at
2θ = 18.7◦, which corresponds to the value reported in the literature [50]. There is also a
small reflection at 2θ = 18.9◦, which could be from LCO, but is more likely from a spinel
phase. Co3O4 can also not be excluded, but is unlikely, since no other higher intensity peaks
of that phase occur here. However, the position of the layered (006), (012), (018) and (110)
reflections is also well-resolved in the measurement. The ratio of the integrated intensity of
I(003)/I(104) ≈ 1.3 for NMC with x = 0.9 was close to the threshold of 1.2. These results show
that the NMC sample had a layered hexagonal phase with, as expected, a higher, but still
low, concentration of cation mixing.

For a high Li deficiency (x = 0.65), beneath the already mentioned impurity phases,
the XRD pattern showed a ratio of I(003)/I(104) ≈ 1.6, which was again close to threshold of
1.2. The (006), (012), (018) and (110) reflections of the layered phase can also be assumed to
exist separately, but were not well-resolved. Therefore, we assume that this sample also
shows the layered hexagonal phase together with the NiO- and Co3O4-impurity phases.

The Li/transition metal mixing is expected to be strongly reduced through a long
heating time (more than 5 h) at temperatures as high as 800 ◦C [48,53], as was performed in
this study. However, diffraction experiments on NMC [45] found that, even after annealing
at 900 ◦C, a small proportion (≈2%) of the Ni may be located at the Li site, displacing an
equal amount of Li to the transition metal site, in agreement with our findings.

A strategy to reduce the number of anti-site defects is the preparation of Li-rich
samples. However, experimental work on optimizing the NMC electrode material by
adjusting the Li/transition metal ratio always resulted in the presence of a low amount of
anti-site defects, where ≈2% seems to be a threshold [47]. A Li deficiency is expected to first
produce Li/transition metal anti-site defects [16,41,43]), followed by the appearance of the
rock salt phase for a higher Li deficiency (see, e.g., Figure 1 in reference [54]). As recently
discussed for LNO [16], due to the ability of Ni to induce cation mixing, this material tends
to be under-stoichiometric in Li and contains excess Ni2+ located in the Li layers, which
strongly affects its physicochemical properties [16]. The synthesis of LNO samples yields
compounds that always contain 0.99–0.98 in LixNiO2 even under very well-controlled
conditions [16].

With regard to other point defects, it is worth mentioning that oxygen vacancies are
thought to promote a proper atomic rearrangement and a more defect-free layered phase
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using diffusion during annealing at high temperatures. LCO films deposited using laser
ablation at low oxygen pressures produce oxygen vacancies that enhance cation mobility
and favor the hexagonal phase [44]. A high-temperature treatment is necessary to allow the
transition metal (e.g., Ni) to diffuse from the Li/Ni anti-site position to the regular position.
The role of oxygen vacancies also plays a role in the reverse case, i.e., in the conversion of
the layered phase into other phases, e.g., into the spinel phase [65], during electrochemical
Li extraction. There, the transition metal ions must diffuse from the transition metal layer
into the Li layer [65]. This has to occur by squeezing the transition metal through a densely
packed oxygen layer. This process would be accelerated due to the presence of oxygen
vacancies. Furthermore, oxygen vacancies in cathode materials can also play a beneficial
role for LIB cycling of Li-rich NMC cathode materials [16,66–68]. It has been found that
oxygen depletion of the surface layer is one way to improve the cyclability of this family of
cathode materials [16,66–68]. Theoretical calculations and experimental characterizations
show that oxygen vacancies provide a favorable environment for ionic diffusion in the bulk
and significantly suppress oxygen gas release from the surface [68]. These facts indicate
that not only the knowledge of Li diffusion is important for NMC materials, but also the
diffusion of oxygen and transition metals.

In summary, the long annealing time at 800 ◦C of the LCO and NMC samples resulted
in a hexagonal layered phase with a low number of Li/transition metal anti-site defects.
NMC with x = 0.65 showed additional NiO and Co3O4 impurity phases, also as expected
from the results published in the literature [42]. Impurity phases (including the spinel
phase) are not expected to form a percolation path and will not affect Li diffusion. XRD
suggested that the number of anti-site defects and, consequently, the Li diffusion should
decrease from LCO with x = 1 to LCO with x = 0.9, to NMC with x = 1, to NMC with x =
0.9 and to NMC with x = 0.65. This trend is in contrast to the electrochemical delithiation
experiments in Figure 1, which show the opposite behavior. The Li tracer diffusivity
measurements of the following section should give more insights in this regard.

3.2. Li Tracer Diffusion Measurements

Figure 3 provides an illustration of typical SIMS depth profiles (relative 6Li fraction vs.
depth) observed after tracer deposition and diffusion annealing at elevated temperatures
for a specified time for each sample type. For further examples of typical depth profiles,
we refer to references [2,10].

After tracer deposition, we obtained a well-localized 6Li distribution, restricted to
the first 100 nm of the depth profile superimposed on the natural 6Li background of the
sample. This corresponds to the as-deposited tracer layer. After annealing, we noted a clear
penetration of the 6Li tracer deep into the sample. This redistribution of 6Li was caused by
isotope diffusion and can be used to determine the Li tracer diffusivity by comparing the
experimental data to appropriate solutions of Fick’s second law.

Without diffusion annealing, the depth profile may be fitted with the thick-film solu-
tion of Fick’s second law [69] as follows:

c(x, t) = c∞ +
(c0 − c∞)

2

[
erf

(
h + x

R

)
+ erf

(
h − x

R

)]
. (2)

In Equation (2), c∞ is defined as the residual 6Li isotope fraction in the NMC or LCO
bulk sample, while c0 signifies the 6Li fraction present in the 6Li-enriched layer. The
thickness of the 6Li-enriched layer is denoted as h, and R = R0 is the broadening of the
Li distribution at the interface. The diffusion process of the 6Li tracer into the specimen,
initiated during the annealing procedure, results in the broadening of the 6Li distribution,
denoted by R. To determine the Li tracer diffusivities, the profiles of diffusion-annealed
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specimens were also fitted with Equation (2). In this context, R serves as a fit parameter,
while the value of h is fixed to its initial value. The Li diffusivity (D) is thus determined
from the difference in the respective broadening of the 6Li distribution of the annealed
profile (R) and of the as-deposited profile (R0). This is expressed as follows: D = (R2 –
R0

2)/4t, where t is the annealing time. The results of the fitting process are displayed as
continuous red lines in Figure 3.
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In Figure 4, all Li tracer diffusivities determined are depicted as a function of the
reciprocal temperature. Evidently, the Li diffusivities of all samples are in agreement with
each other within error limits, despite statistical deviations. This result clearly demon-
strates that the Li diffusivities are independent of the Li fraction between x = 1 and 0.65
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for the present LCO and NMC samples, which is in contradiction to the expectations
of Sections 1 and 3.1.
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The diffusivities follow the Arrhenius law:

D = D0·exp(−∆H/kT) (3)

where ∆H is the activation enthalpy of diffusion and D0 is the pre-exponential factor.
A least-squares fit of Equation (3) to the diffusivities gives an activation enthalpy of
∆H = (0.80 ± 0.03) eV and a pre-exponential factor of D0 = 3.1+2.9

−1.5 × 10−9 m2/s, where
preliminary data were published in references [2,3,5,10].

Following the arguments of ref. [2], it was hypothesized that all samples under inves-
tigation were at least slightly Li sub-stoichiometric, including the samples considered to
be nominally x ≈ 1. This sub-stoichiometry can be attributed to the presence of structural
vacancies in the Li sub-lattice. Consequently, the calculated activation enthalpy of diffusion
is equivalent to the migration enthalpy of diffusion of the Li ions, ∆H = ∆Hm ≈ 0.8 eV. In
comparison to the results of first principles calculations employing the pseudopotential
method within the local density approximation of density functional theory, a monovacancy
mechanism can be postulated based on a direct next-neighbor hop of a Li-ion into a Li
vacancy. Migration enthalpies of 0.8 eV [70] and 0.7 eV [71] were calculated, which is in
good agreement with the measured activation enthalpy.

For structural Li vacancies, the pre-exponential factor is given by

D0 = fVa2ν0exp
(

∆Sm

kB

)
(4)

neglecting the correlation factor. In this context, it is important to note that a = 0.286 nm
names the shortest Li-Li atomic distance, while ν0 is approximately equal to 1 × 1013 s−1

and is a characteristic vibration frequency. Furthermore, fV denotes the fraction of structural
vacancies, while ∆Sm is approximately equal to 0–1 kB and denotes the migration com-
ponent of the entropy of diffusion. The application of Equation (4) to the experimentally
determined pre-exponential factor enables the assessment of a mole fraction of vacancies
within the range of fV = 10−2 − 10−3.
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This low fV value obtained for all samples investigated means that the mole fraction of
vacancies was not correlated to the fraction of Li ions present in the samples. For example,
for x = 0.65, a fraction of vacancies of fV = 1 − x = 0.35 would be expected, if it is assumed
that each one lacking Li results in a vacancy. Consequently, it can be assumed that during
sample synthesis with the solid-state reaction route, as was performed in this study, the
same number of structural vacancies is always formed within the material. The vacancy
concentration corresponds to the border of the stability range of the sub-stoichiometric
NMC phase. Removing more Li will lead to the formation of impurity phases like NiO and
Co3O4, as detected for the sample with a nominal composition of x = 0.65.

These results are in contrast to the aspects outlined in the Introduction section, that
is, that the removal of Li from the cathode material (Li deficient material) should lead
to a strong increase in Li diffusivities/ion conductivities and, consequently, vacancies.
This indicates that the vacancy-rich structural state with enhanced diffusion formed
during electrochemical delithiation cannot be achieved using a sample synthesis with
solid-state reactions.

A second aspect is that the possible presence of cation mixing is expected to block Li
diffusion pathways. According to the discussion in Section 3.1, cation mixing and conse-
quently diffusion should decrease with a growing Li deficiency and for NMC compared
to LCO. This was also not observed in the results of the SIMS experiments. Consequently,
a possible increase in the amount of cation mixing with off-stoichiometry present in the
samples is not sufficient to influence diffusion to a measurable extent. However, a blocking
of diffusion can already be present for x ≈ 1 (nominal), where a small amount of transition
metal might be present in the Li interlayer. As mentioned for LNO [16], the synthesis of real
electrode samples will result in compounds with x ≈ 0.99, and at least 1% of residual Ni is
located in the Li layer even under very well-controlled synthesis conditions. A reduction in
x will not influence Li tracer diffusion any more.

If Li diffusion in LCO and NMC would be predominantly determined based on the
degree of cation mixing, then it can be argued that the higher Li diffusivity found at the
onset of electrochemical delithiation (Figure 1) is due to a reduction in cation mixing in
the Li layers. This is curious, because during delithiation Li is extracted from the Li layers,
which would cause the transition metal (i.e., Ni) to jump into the Li layers, increasing rather
than decreasing the concentration of anti-site defects.

As mentioned, the decrease in charge capacity during re-lithiation can be described
in terms of the formation of ‘inactive domains’ [16]. Based on the results of the present
study, it can be assumed that NMC material is composed of two kinds of domains: active
domains that show fast Li diffusion in unblocked Li interlayers (and a reversible Li charge
capacity) and inactive domains that show slow diffusion in blocked interlayers. A variation
in x may change the number of these domains. Since the diffusivity does not depend
on the Li off-stoichiometry, the electrode with x ≈ 0.65 should have percolation paths
composed of active domains. This insight, obtained exclusively from Li tracer diffusion
experiments, is in agreement with the XRD measurements discussed in Section 3.1 (Figure 2).
The XRD analysis indicated the presence of the layered hexagonal crystallographic phase
with a low concentration of cation mixing in all electrodes studied, even in NMC with
x = 0.65. The lower Li content only led to the detection of Li-free Co3O4 and NiO phases.
The diffusion experiments showed that these impurity phases do not block the total Li
diffusion. Although the impurity phases may have low Li diffusivities, the Li diffusion is
not completely blocked because the well-ordered layered phase may still form percolation
regions for Li diffusion, even at a Li deficiency corresponding to x = 0.65. It is briefly
mentioned that slow diffusion in the inactive regions has an impact on the re-lithiation
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of the NMC [16]. Slow diffusion requires long time intervals for Li to diffuse across the
inactive domains, which is typically achieved using constant voltage steps during cycling.

The advantage of the solid-state reaction method with heating at high temperatures
may lie in the production of more extended ordered Li layers with a lower degree of cation
mixing. The higher the Li deficiency, the higher the proportion of impurity phases. The
layered phase creates a percolation path for Li diffusion and thus determines the measured
Li tracer diffusivity similar for all the Li-deficient samples.

In this context, it should be mentioned that another, obviously more direct explanation
for the results of the SIMS experiments is that thermal annealing of the diffusion samples
at temperatures of only 150 ◦C and above destroy a vacancy-rich state, which will be
investigated in the future by annealing electrochemically delithiated samples.

Another aspect is that it is known that even a small removal of Li from LCO and
NMC enhances the electronic conductivity and the corresponding activation energy is
reduced [30]. At room temperature, the electronic conductivity in NMC increases by more
than two orders of magnitude when 10% of Li is electrochemically removed [25]. An
explanation for this might be that the sluggish kinetics at the stoichiometric composition
(x = 1.0) of NMC in the electrochemical cell are charge transfer limited [30]. Based on our
results, this was not the case for the present samples, whose Li deficiency was produced
using solid-state synthesis and high-temperature annealing.

Nevertheless, the cycling of LCO and NMC not to full Li content may remain a suitable
strategy for better LIB cycling from the point of view of Li kinetics.

4. Conclusions
According to the literature, Li diffusivities in the cathode material Li(Ni,Mn,Co)O2

are initially low but increase by orders of magnitude by reducing the Li content during
electrochemical LIB operation (delithiation). Such an increase in Li diffusivity will be
advantageous for LIB operation if the electrode already shows this enhanced diffusiv-
ity in the initial state right after synthesis. Consequently, we produced LixCoO2 and
LixNi1/3Mn01/3Co1/3O2 cathode materials with different Li fractions of x = 1, 0.9 and 0.65
using a solid-state reaction, and carried out Li tracer diffusion experiments in order to
understand the influence of varying the Li content on Li diffusion. The measurements were
performed on polycrystalline sintered bulk materials, free of additives and binders in order
to probe intrinsic properties.

The variation of the Li content x was achieved through a reactive solid-state synthesis
using defined amounts of Li2CO3, NiO, Co3O4 and/or MnO2 powders. LCO and NMC
pellets were sintered at 800 ◦C for 24 h. The resulting samples exhibited the layered
hexagonal phase with only low cation intermixing. Unreacted phases of NiO and Co3O4

were detected in NMC, with the most pronounced Li deficiency of x = 0.65.
The diffusivities followed the Arrhenius law, with an activation enthalpy of about

0.8 eV, and were nearly identical within error limits for all samples investigated in the
temperature range up to 500 ◦C. Nominally Li-deficient cathode materials prepared us-
ing the solid-state route did not show a modification in Li diffusion compared to the
near-stoichiometric case. If a diffusion mechanism based on structural Li vacancies was
operating, the results show that Li deficiency does not result in a modification to the va-
cancy concentration. This indicates that the vacancy-rich structural state obtained during
electrochemical delithiation cannot be achieved using a synthesis with thermally induced
solid-state reactions. This is in strong contrast to what happens during electrochemical
delithiation, where diffusion is accelerated through a Li-deficient state formed through
Li removal from the electrode [5]. Consequently, the design and use of a cathode initially
made of a Li-deficient material will not improve the kinetics of battery performance.
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