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ABSTRACT: In recent years, a type of layered oxide,
LiNixMnyCozO2 (NMC) where x+y+z = 1, has become the
preferred cathode material for electric vehicle (EV) batteries.
Despite some disorder in the crystal structure due to Li+/Ni2+
cation mixing, the composition offers a high specific capacity of up
to 200 mAh g−1 at 4.3 V vs Li|Li+. The objective of this study is to
comprehensively evaluate the structural and electrochemical
changes in NMC811 after storage in ambient conditions. In this
report, we study stoichiometric and Li-rich NMC811 in terms of
their structural, morphological, and electrochemical differences.
Following literature reports, a rigorous aqueous washing procedure
was used alternatively to remove a possible lithium excess from the NMC surface. The findings of this study hold immense
significance as they focus on the potential challenges that may arise due to the remaining lithium content or Li+ extraction from the
near-surface NMC811 materials. There is no consensus in the literature on whether excess lithium can harm the material’s structural
and electrochemical properties, reduce performance and safety concerns, or be beneficial regarding its protective properties, for Ni-
rich NMC. Proper treatment of as-synthesized Ni-rich NMCs helps to develop procedures to address the residual lithium
compounds issues, leading to enhanced performance and safety. Here with this report, we show another aspect not being considered
in the literature before, regarding morphological NMC811 reshaping and a mechanism of LRC transition and growth due to aging.
In addition, we linked the selected structural parameters to the electrochemical performance of various NMC811 materials. We
discuss the well-known structural factors and their limitations and introduce a doublet resolution criterion that can help in predicting
electrochemical performance.

■ INTRODUCTION
Over the past decade, Ni-based layered oxides with the
chemical formula LiNixMnyCozO2, where x+y+z = 1, became
“a first choice” cathode material for EV batteries, surpassing
cubic spinels (LiMn2O4) or olivines (LiFePO4), owing to its
high specific practical capacity vs Li|Li+ 185 mAh g−1 at 4.2 V1

and reaching even 200 mAh g−1 at 4.3 V2 for
LiNi0.8Mn0.1Co0.1O2, shortly NMC811. An increase in the
energy delivery from the NMC’s materials family could be
achieved in two ways: (1) through increasing Ni-content in the
structure: NMC111 → NMC532 → NMC622 → NMC811,3

or (2) shifting the upper cutoff voltage to higher values from
4.0 to 4.6 V vs Li|Li+. However, when there is higher Ni
content in the NMC, the upper voltage limit should be set at a
lower value, since above 4.3 V, Ni-rich NMC becomes
structurally unstable and phase transition to rock-salt occurs
due to high reactivity of Ni2+ at charged state.4,5

Despite its capacity advantage over other cathode materials,
Ni-rich NMC suffers from structural disorders related to cation
interexchange. This phenomenon is called cation mixing, where
Li ions tend to partially occupy Ni ions lattice 3b sites, while

Ni ions occupy Li ion 3a sites to minimize Coulomb energy
and maintain the charge neutrality of the NMC crystals.
Structural intermixing of cations is possible due to similar ionic
radii of Li+ (0.76 Å) and Ni2+ (0.69 Å) in octahedral
coordination and is intensified in high-nickel NMC materials.6

Once a certain concentration level is reached for the Ni/Li
exchange, cation mixing leads to increased disorder in the
crystal structure that blocks lithium diffusion pathways, which
impedes electrochemical performance, cycle life, and ca-
pacity.7,8 Ni-rich NMC can achieve reversible capacity around
200 mAh g−1 for NMC811; however, this value is regarded as
an upper limit due to lattice oxygen release upon a high degree
of delithiation and collapse of the bulk structure of NMC.9−11

Another drawback of Ni-rich NMCs is the high reactivity of Ni
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ions with an electrolyte, particularly in a charged state. This
leads to electrolyte decomposition and gas evolution, followed
by the decomposition of NMC particles, and the formation of
cathode electrolyte interphase.12

Considering the supply chain of Li-ion battery manufactur-
ing, one needs to take into account that the prolonged storage
conditions of Ni-rich NMCs can lead to surface impurity
formation.13−19 And if one compares the open circuit voltage
of LiCoO2 and LiNiO2, which are near 3.9 and 3.5 V vs Li|Li+,
respectively, it is clear that Li ions are more prone to
deintercalation from the Ni-rich NMC interior than from Co-
rich materials, to form lithium residual compounds
(LRC).20−22 Thus, Ni-rich NMC powder stored in ambient
air can react first with atmospheric moisture and then with
CO2, leading to Li deintercalation and the formation of LiOH,
LiHCO3, and Li2CO3 on the powder surface, accompanied by
the oxygen release.23,24 These chemical transformations have
been attributed to an H+/Li+ ion exchange and were confirmed
by structural, spectroscopic, and electrochemical studies, and
CO2 titration with DFT calculations, as well.

14,17,25 However,
LRC is also formed on the surface during the synthesis at high
temperatures, since typically 1−25 mol % extra Li is added to
balance its loss during thermal treatment26−29 and to provide
excellent structural ordering,30,31 and good electrochemical
performance.29,32 When a stoichiometric amount of lithium is
used for the synthesis of NMC, then only a negligible level of
lithium residual compounds remains on NMC.33 In both cases,
LRC exist on the grains’ surface and are responsible for
parasitic reactions with an electrolyte.16,34−36

Adding significant surplus lithium to the synthesis not only
minimizes the negative effect of a cation mixing but also
promotes the formation of micron-sized single-crystalline
NMC material instead of secondary particle morphology.37−41

Those secondary round-shaped particles are composed of
primary grains. An electrolyte can penetrate the particle bulk
through the grain boundaries. In contrast, random crystallo-
graphic orientation of the primary grains leads to significant
stresses as the crystallite volume changes upon intercalation
and deintercalation of lithium ions, promoting cracking along
grain boundaries, intense solid-electrolyte interphase forma-
tion, and breaking Li diffusion pathways, lowering NMC
electrochemical performance.29,42−49 The single-crystalline
approach seems more beneficial since the NMC-based positive
electrode can pass thousands of cycles with minimal capacity
loss, minimal impedance growth, and no microcracking.50,51

Improved volumetric energy density and rate capability are
also reported.52−54 On the other hand, the presence of LRC
causes slurry preparation difficult and affects further cell
performance.34,55−59 Too high LRC content (>150 μmol per
gram of NMC) can cause slurry gelation or flocculation,60,61 as
polyvinylidene difluoride (PVDF) exposure to strong alkaline
conditions (pH ≥ 11) leads to dehydrofluorination reaction,
caused by the removal of hydrogen and fluorine forming
hydrofluoric acid (HF).62,63 The dehydrofluorination degra-
dations visually appear as a color change from white toward
yellow to brown, concurrent with the C�C double bond
formation, and manifests as the gelation of a PVDF solution
due to the formation of cross-links between adjacent PVDF
chains.62,63 Dissolution of PVDF during slurry preparation
occurs in N-methyl-pyrrolidone (NMP), which is stable under
neutral conditions, but when exposed to an alkaline environ-
ment, its lactam ring can be easily hydrolyzed to produce 4-
(methylamino)butanoate; the reaction can also be induced by

elevated temperatures.64−66 Nonetheless, studies show that a
slight amount of residual lithium (about 20 μmol per gram of
NMC) can be beneficial for cell performance.33,60,67 Therefore,
there is a need to find a balance between a single-crystalline
morphology promoted through excess Li and slurry stability
during the electrode preparation.
Additionally, preventing the uncontrolled formation of LRC

on the surface of Ni-rich NMC materials is crucial due to the
challenges with PVDF and NMP decompositions68 resulting in
active material dissolution due to reaction with HF.69 To
minimize the number of side reactions, it can be beneficial to
establish a physical barrier that prevents air moisture and CO2
from coming into contact with NMC particles. This approach
can slow down the rate of unwanted reactions, thereby
improving the overall performance and durability of the
system. To date, several approaches have been studied to
create a protective layer on the NMC surface in the coating
process with oxides or phosphates,70−77 storage in an inert
atmosphere, or by a simple washing procedure.33,78−85 In
comparison with pristine samples, coated materials exhibit
improved cycle and thermal stabilities, but the protective layer
must be thick enough to avoid contact with the H2O/CO2
from the air or with electrolyte, and also as thin as possible to
enable high Li+ diffusion and to keep a reasonable electronic
conductivity.70−76

However, there is another aspect that we should take into
account, concerning the LRC presence in the electrode layer.
Adding lithium carbonate to the ethylene carbonate (EC),
diethylene caronate (DEC) or dimethyl carbonate (DMC)
suppresses the formation of CH3 radicals from organic solvent,
and the total amount of hydrocarbon gases (like CH4, C2H4,
C2H6, etc.). At the same time, the main gaseous product
(CO2) comes from the decomposition of the electrode
material.86,87 There is no consensus in the literature on
whether Li2CO3 decomposes chemically or electrochemically.
On the one hand, the formation of lithium carbonate, even at
trace levels, will harm the stability of the Li-ion system due to
the oxidation of Li2CO3 at a potential of ca. 3.8 V,

88 while
lithium carbonate decomposition is activated by protic species
formed above 4.6 V vs Li|Li+, trace water, or HF impurities.36
On the other hand, Li2CO3 was employed as a surface
stabilizing agent in all-solid-state batteries to prevent layered
cathode material degradation upon ambient storage.89,90

This study examined the morphological surface reconstruc-
tion of stoichiometric and Li-rich NMC811 and changes in
their structural parameters among different synthesis routes to
elucidate the mechanism behind the improved electrochemical
performance of long-time-aged NMC powders. In addition to
X-ray diffraction (XRD), we applied scanning electron
microscopy (SEM) analysis and Raman spectroscopy mapping
to identify the LRC and their postsynthetic and aging-related
distribution. This is the first study implemented for liquid
electrolyte Li-ion batteries concerning the influence of LRC on
the morphology and electrochemical performance. We selected
four structural parameters that can be used to correlate the
electrochemical performance with the crystal quality of
NMC811.

■ MATERIALS AND METHODS
Synthesis of NMC811. The synthesis procedure for

NMC811 consists of two stages: hydroxide precursor synthesis
via coprecipitation followed by thermal treatment with lithium
source.26,91,92 Briefly, a 2.0 M transition metal sulfate
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(TMSO4) solution was prepared by dissolving NiSO4·6H2O,
CoSO4·7H2O, and MnSO4·H2O (Sigma-Aldrich) in deionized
(DI) water with an 80:10:10 ratio, respectively. Simulta-
neously, a 10 M NaOH (Sigma-Aldrich) solution and 5 M
NH4OH (Chempur, Poland) were used as precipitation and
complexing agents, respectively. All precursors were used as
purchased. The TMSO4, NaOH, and ammonia−water
solutions were dripped into a three-port flask separately,
under an argon atmosphere, a stirring speed of 500 rpm,
reaction time and maturing of 20h, reaction temperature set to
65 °C, and pH in the range of 10.5−11. The resulting
precipitates were then centrifuged, washed with deionized
water at least three times, and dried overnight in a vacuum
oven at 65 °C. Finally, the precursor powder was obtained.
As prepared transition metal (TM) hydroxide was mixed

with LiOH·H2O (Sigma-Aldrich) in the molar ratio of Li:TM
= 1.05:1 (stoichiometric) and 1.2:1 (Li-rich),31 using an agate
mortar and pestle, and then placed in a muffle furnace in
alumina crucibles for thermal treatment. The synthesis
proceeded as follows: (1) heating to 450 °C at a rate of 5
°C·min−1, (2) keeping the isothermal temperature for 2 h to
decompose hydroxides, (3) heating to 780 °C at a rate of 5 °C·
min−1, (4) keeping at 780 °C for 12 h for oxide formation, and
(5) cooling. As a result, two NMC811 powder samples were
collected, named ST-NMC811 for the stoichiometric sample
with Li:TM = 1.05:1, and LR-NMC811 for the Li-rich sample
with Li:TM = 1.2:1 (Supporting Information: Scheme S1).
Both samples were divided into two equal parts, 1.5 g each, and
placed in glass flasks with 15 mL of DI water, sealed, and put in
an ultrasonic bath for 30 min for washing, followed by solid−
liquid separation and drying overnight in a vacuum oven at 120
°C. Washed samples were named as follows: ST-NMC811-W,
and LR-NMC811-W, where W stands for “washed”. Aging
studies were carried out in an open glass container for at least
nine months in an ambient atmosphere (humidity, temper-
ature, and CO2 were not controlled). After aging, samples were
labeled: ST-NMC811-A, ST-NMC811-WA, LR-NMC811-A,
LR-NMC811-WA, where W = washed, and A = aged.
Prepared samples were subjected to various characterization

techniques including scanning electron microscopy, X-ray
diffraction, Raman spectroscopy, electrochemical studies, and
inductively coupled plasma-optical emission spectrometry
(ICP-OES).

SEM-EDS Analysis. The morphology and surface structure
of the sample were examined using a scanning electron
microscope FE-SEM, Merlin Carl Zeiss equipped with
backscattered electron (BSE), secondary electron (SE)
detectors, and Bruker energy dispersive spectrometer (EDS).
The sample was mounted on a table by using conductive
adhesive carbon tape. SEM images were acquired at an
accelerating voltage of 3 kV and a working distance of 2.4−3
mm to investigate the microstructural features and surface
characteristics; for EDS measurement, the voltage was set to 15
kV.

XRD Analysis. The crystal structure and phase composition
of the samples were analyzed using powder X-ray diffraction
(XRD) on a Panalytical Empyrean diffractometer fitted with a
PIXcell-3D detector with Ni-filter for Cu Kα radiation (Kα1=
1.54060 Å, Kα2 = 1.54443 Å) in the 2θ range of 5° to 115° in
steps of 0.02° in flat plate Bragg−Brentano geometry with an
effective count time of 250 counts per step. Obtained data
were analyzed using HighScore 4.0, Match!, and FullProf

software to identify phases present in the sample and to
calculate structural parameters using Rietveld refinement.

Raman Spectroscopy. Raman spectroscopy was employed
to investigate the vibrational modes and molecular structure of
the sample. Raman spectra were recorded using a Renishaw
inVia Raman spectrometer equipped with a He:Ne laser
excitation source (λ = 633 nm), grating 1800 l/mm. To
provide more statistical character of the recorded data, 625
single spectra were recorded from a 25 μm × 25 μm area to
create a map. The acquisition time for each spectrum was 15 s,
and WiRE 5.5 and OriginPro software were used for data
analysis and peak assignment.

Electrochemical Studies. Electrochemical measurements
were conducted to examine the electrochemical behavior and
performance of the sample. Electrodes were prepared using a
mixture of 80% (w/w) of the NMC active material with 10%
(w/w) active carbon Vulcan XC72R (Cabot, Bristol, UK) as a
conductive agent and 5 wt % solution of poly(vinylidene
fluoride) (PVDF, Alfa Aesar, St. Louis, MA, USA) in N-
methyl-2-pyrrolidone (NMP, anhydrous, 99.5%, Sigma-Al-
drich, Burghausen, Germany) as a plasticizer. NMC and
carbon components were thoroughly mixed using a mortar and
pestle and placed in a glass vial with 5% PVdF in NMP
preblend to obtain a homogeneous slurry, which was cast on
aluminum foil using a doctor blade coater with a thickness of
200 μm. The coated foil was preheated at 55 °C in the air to
evaporate NMP and then was dried at 120 °C for 12 h in a
vacuum oven. Electrode discs of 9 mm diameter were punched
from the foil, pressed at 6 tons/0.6361 cm2, and dried at 120
°C for 24 h in a vacuum to remove the residual NMP and
traces of water. The electrodes were then transferred to an
argon-filled glovebox (MBraun LABstar, Garching, Germany)
for cell manufacturing. A three-electrode Swagelok cell
configuration was employed with metallic lithium (Sigma-
Aldrich) as both the reference and counter electrodes. The
electrolyte used was 1 M LiPF6 in 1:1 (vol:vol) ethylene
carbonate: dimethyl carbonate mixture, battery grade EC:
DMC 50:50 (v/v, Sigma-Aldrich, St. Louis, MA, USA).
Celgard 2325 (USA) foil with a diameter of 12 mm was
used as a separator, previously soaked in an electrolyte for 48 h.
All of the electrochemical experiments were performed at

room temperature using a multichannel potentiostat−galvano-
stat Biologic system (Biologic Science Instrument, USA) or
Atlas 1361 (Sollich battery tester, Poland). Constant current
measurements we carried out in the range of 2.9−4.3 V vs Li|
Li+. Open circuit potential (OCV) was recorded for 24 h, then
10 cycles at 0.1C followed by high-rate tests at 0.2, 0.5, and 1C
for 5 consecutive cycles at each rate and then, again, 0.1C for 5
to 8 cycles. The C-rates mentioned in the text were calculated
by considering 1C as a theoretical capacity of 275 mA g−1.
Data were collected and analyzed using Biologic and OriginPro
software. At least 3 cells were made for each sample and were
measured under the same experimental conditions to ensure
the reliability of the results. Mean values and standard
deviation were calculated.

ICP-OES Analysis. To determine the elemental composi-
tion of the sample, inductively coupled plasma optical emission
spectrometry (ICP-OES) was employed. Before analysis, solid
samples were dissolved in water or mineralized using diluted
sulfuric acid, where necessary, supplemented with hydrogen
peroxide, and heated. Appropriate dilutions of the obtained
liquid samples were made to fit into the concentration ranges
for the analyzed elements. The resulting, diluted solutions were
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analyzed using an Optima 5300 DV ICP-OES instrument
(PerkinElmer, USA), and the concentrations of various
elements were determined by comparing the sample signals
with standard calibration curves.
Ex Situ XRD Measurements. Swagelok cells after C-rate

tests were transferred to an Ar-filled glovebox (MBraun
LABstar, Garching, Germany) for disassembling. The electrode
was disassembled from the Swagelok, washed several times
with dimethyl carbonate (Sigma-Aldrich, St. Louis, MA, USA)
to remove electrolyte traces, and left for drying. Then
electrodes were measured using the same setup and conditions
as those for powder samples.

■ RESULTS
During the research on NMC811, we came across issues in the
preparation of electrodes for freshly synthesized Li-rich
NMC811 material. We noticed that the slurry suddenly
thinned, which was opposite to the literature reports about
gelation and flocculation.60,61 To investigate this problem, we
conducted experiments on controlled sample sets, including
NMCs in stoichiometric and Li-rich compositions. We kept
half of each sample as received from calcination to maintain
LRC on the surface, and the other half was washed in water
immediately after the synthesis to remove any potential lithium
excess. Then, a portion of the samples were examined directly,
and a part of them were aged for 9 months, to determine the
effect of air storage on stoichiometric and Li-rich NMC811
(see Scheme S1 in Supporting Information (SI), page S-3).
Through these experiments, we aimed to better understand the
challenges associated with the preparation of NMC811 by Li-
excess and washing as well as their ambient condition storage.
As discussed in the introduction, synthesis conditions and

prolonged ambient storage promote LRC formation on the
grains of Ni-rich NMC leading to PVDF degradation with HF
release and TM etching and thus difficulties with slurry
preparation. Polymer color change from white through yellow
to brown is regarded as a fair indicator of PVDF degradation;
however, in the presence of carbon black and dark gray NMC
powder, it could be unnoticed. In our experiments on Li-rich
NMCs, we observed a prominent slurry viscosity drop during
the electrode preparation (SI, Figure S1a, page S-4), while
other electrode layers based on stoichiometric and washed
powders were prepared without such difficulties.18,60 This
wayward direction of sample preparation led to an
investigation to understand and explain this effect. We have

checked the impact of three lithium compounds (LiOH
anhydrous, LiOH monohydrate, and Li2CO3) on both solution
of PVDF in NMP and NMP solvent alone (Figure S1b,c,
respectively, page S-4) to have clear evidence of which
compound has the strongest ability to decompose the polymer
or the organic solvent. This experiment revealed that PVDF
easily degrades in an alkaline environment; however, lithium
carbonate also affects the polymer, but the effect is weaker. In
the case of organic solvent, neither anhydrous nor mono-
hydrate LiOH dissolves in NMP, while Li2CO3 makes it cloudy
and slightly yellowish. Our observations were consistent with
the literature reports.60−62 After the LR-NMC811, the white
lithium-based residue was visible without visual aids (Figure
S2, page S-4).
Prior to further analysis, we started by evaluating the

electrochemical performance of obtained NMC811 powders
regarding the benefits or drawbacks of lithium addition, LRC
removal, and aging. Based on electrochemical C-rate tests,
shown in Figure 1, we have observed that the addition of extra
lithium to the synthesis (Li-rich NMC811) or washing of
stoichiometric powder has a similar impact on the electro-
chemical performance of f resh electrode powders. In contrast,
washing of Li-rich NMC811 improves its specific capacity by
about ca. 10−20 mAh g−1. Stoichiometric fresh NMC811 (ST-
NMC811) reaches 157 mAh g−1 at the initial cycle and
maintains around 140 mAh g−1 after C-rate tests with a small
standard deviation. Aged powders perform differently: ST-
NMC811-A slightly improved its specific capacity at the first
0.1C cycles but after all performed similarly to its fresh
analogue although with a greater degree of fluctuation.
Stoichiometric washed material (ST-NMC811-WA) works
even worse than its fresh counterpart (ST-NMC811-W) and
reaches about 20 mAh g−1 at 1C, only. Considering the aging
effect on Li-rich NMC811, both washed and unwashed (LR-
NMC811-WA and LR-NMC811-A, respectively), the materials
significantly changed their electrochemical performance.
Washed and aged Li-rich NMC811 material (LR-NMC811-
WA) loses its capacity and reaches only ca. 100 mAh g−1 after
the C-rate tests, while aged Li-rich NMC811 (LR-NMC811-
A) powder outperforms its fresh analogue by about 15 mAh
g−1, with a minor standard deviation in each cycle and greatly
improved stability.
To shed more light and understand the material differences,

we conduct morphology observations and analysis of fresh and
aged samples both unwashed and washed. SEM images of all
analyzed materials are presented in Figure 2. Li-rich unwashed

Figure 1. Electrochemical C-rate test results for fresh and aged NMC 811 samples (LR − stands for Li-rich, ST − stoichiometric, A − aged, W −
washed, WA − washed and aged). Tests were carried out at room temperature for 10 cycles at 0.1C, 5 at 0.2C, 5 at 0.5C, 5 at 1C, and 10 at 0.1C.
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sample (LR-NMC811) is composed of agglomerates with
slightly bigger particles than the stoichiometric sample (ST-
NMC811) due to the influence of additional LiOH amount
during annealing. It is known that the addition of significant
alkali salt excess results in higher crystal growth since it acts
like a flux to promote single-crystalline particle morphology,
and 20% of lithium excess in our Li-rich sample could fulfill
this requirement.40,93−95 Additionally, the surfaces of the LR-
NMC811 sample particles were unevenly covered with small
flat precipitates, suggesting LRC residues (further confirmed
by Raman spectroscopy). Removal of LRC from the particle
surface was done by an ultrasound-assisted water-washing
procedure performed on both Li-rich NMC (LR-NMC811)
and stoichiometric NMC (ST-NMC811) samples to examine
the efficiency and effect of such an approach. Considering only
morphological aspects, agglomerates of Li-rich powder were
composed of grains with a quite narrower particle size
distribution from 300 nm to 1 μm. During rinsing particles
in Li-rich agglomerates easily fragmented along weaker grain
boundaries due to LRC existing on their surfaces and thus
higher water reactivity (Li2O) and solubility (LiOH) and
revealing similar size distribution. In contrast, a wider particle
size distribution from ca. 60 nm to 1 μm was observed for

powder with a stoichiometric amount of lithium only. After
washing, the inside morphology of the unwashed agglomerate
was uncovered: bigger particles composed of smaller grains
were prone to fragmentation, and the smallest primary grains
were detached first. Moreover, the XRD analysis revealed that
the average crystallite size is smaller than the particles shown in
SEM images of fresh powders, indicating their polycrystalline
nature, as discussed further.
The change in morphology was observed for all samples

after aging except stoichiometric washed powder (ST-
NMC811-W and ST-NMC811-WA) for which no surface
alteration after aging was observed, and nearly the same
morphology as for the initial powder was obtained. On the
other hand, the initially smooth egg-shaped particles of the
stoichiometric unwashed sample (ST-NMC811-A) surprisingly
changed into sharp-cornered ones. This effect is observed only
for stoichiometric samples, in which particles are similar to
inclined prisms. This phenomenon is only an outer surface
transition of the agglomerate since in Figure 2, one can observe
an intact interior, which was uncovered (partial mechanical
removal) during sample preparation for SEM examination of
sample ST-NMC811-A proofing the ambient storage effect on
the sample surface only. For comparison purposes, we have

Figure 2. SEM images of all of the prepared NMC811 samples. A morphology change is visible upon aging of the unwashed stoichiometric samples
with altered shape of observed particles. For Li-rich NMC811 aged samples surface becomes covered with LRC particles (LR-NMC811-A and LR-
NMC811-WA). For stoichiometric washed samples (ST-NMC811-W and ST-NMC811-WA), no significant changes in surface morphology are
observed after aging. The scale bar for all images is 1 μm.

Figure 3. XRD patterns for all NMC811 samples with α-NaFeO2-type layered structure of R3m space group symmetry (ICDD card no. 96-152-
0790) with indexed reflexes,30,98,99 and zoom of 2θ 20−36° angle range of LRC with identified phases of Li2CO3 (blue-yellow), Li2O (turquoise),
and LiOH (purple) with ICDD cards no. 96-900-8284, 96-151-4093, and 96-10-0302, respectively;100 the signal at the zoom image was multiplied
to magnify reflexes.
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recorded SEM images for other batches of ST-NMC811,
which were stored in ambient air as well as inside the glovebox,
showing surface transformation occurred only due to ambient
storage conditions (see Figure S3a-d, page S-5).
Initially, the LR-NMC811 sample (Figure 2) contained LRC

on its surface, which looked like specks of dust. After storage, it
changed into husks covering the whole powder confirming the
postsynthetic growth of the additional phase on the Li-rich
NMC811 surface, which was visible to the naked eye as a white
precipitate (Figure S2, page S-4). Although, after washing, the
LR-NMC811-W sample looked clean, its aging uncovered the
hidden nature of the LRC. The surface of the washed and aged
counterpart of Li-rich NMC811 powder, LR-NMC811-WA
was uniformly sprinkled with a thin layer of ash-like powder of
about 15 nm or smaller. Although SEM investigation revealed
morphology changes upon washing and aging of Li-rich and
stoichiometric materials’ surfaces, it has not yet addressed the
change of the slurry viscosity of LR-NMC811 powder;
therefore, we looked into the crystal structure. Figure 3 and
Figure S4 show the XRD patterns of the investigated materials.
All XRD patterns consist of reflections typical for NMC811 in
R3m space group; however, when assessing zoomed-in areas of
the 2θ region between 20 and 36°, additional reflexes can be
easily observed and further identified as LiOH, Li2O, and
Li2CO3 (Figure 3 zoom).

34 Lithium oxide (Li2O) on the
surface of active materials is a postcalcination residue derived
from the extra amount of lithium added to compensate for its
evaporation and minimize the cation mixing during the
calcination process.96 Li2O can readily combine first with
water molecules from air moisture at room temperature,
forming LiOH, and further with carbon dioxide, forming
Li2CO3.

97 Since those reactions proceed simultaneously, both
byproducts are detected for the as-received Li-rich sample
(LR-NMC811). Therefore, detected LRC, mainly LiOH, were
responsible for the slurry thinning by PVDF defluorination and
a loss of its plasticizing properties.62,63

XRD patterns of powders aged in ambient conditions reveal
a greater phase contribution of LRC than for as-prepared
samples (Figure 3 zoom). That could be explained by (1) the

presence of thin lithium hydroxide residue remained after
washing, and over time transformed into a Li2CO3 which
agglomerated into larger particles; (2) additionally, lithium
ions are prone to diffuse to the grain surface due to the Li
deficient region formed after washing and over time reacts with
moisture and grow thicker LRC deposits.101 XRD patterns
revealed for Li-rich samples aged for 9 months under ambient
conditions that mostly Li2CO3 can be detected with a trace
amount of LiOH at the limit of detection (Figure 3 zoom).
That suggests a complete transition from initially present Li2O
to LiOH and Li2CO3. Small amounts of LRC are also detected
in ST-NMC811 and ST-NMC811-A samples, showing that
Li2CO3 growth over time is not solely and directly responsible
for the observed morphological change in stochiometric and
aged NMC811.
Phase analysis based on XRD data did not reveal any phase

transitions for the aged stoichiometric NMC811 sample (ST-
NMC811); however, we cannot exclude that the change in
morphology could be associated with a change from hexagonal
to pseudocubic or monoclinic lattice systems owing similar
XRD patterns,102 as the consequence of lithium extraction
from the near-surface grain. For stoichiometric washed powder
(ST-NMC811-W) Rietveld refinements reveal the presence of
a second, delithiated rock-salt phase (Figure S5, page S-7),
formed during H+/Li+ exchange.103 If we consider also an
elemental composition analyzed by ICP-OES, there is clear
evidence that washing of stoichiometric NMC811 causes
lithium extraction from the sample (Table S1 and Table S2,
page S-8). Lithium is removed not only from the particle
surfaces due to a dissolution of Li compound residues but also
from the NMC structure leaving about 96 molar% of lithium
after washing (Table S3, page S-8). This could explain the
lowest electrochemical performance and structural distortion
of ST-NMC811-W in comparison to the other samples,
especially for its unwashed counterpart, ST-NMC811. Detailed
structural analysis (Table S4, page S-9) reveals that the Li-rich
sample (LR-NMC811) shows a higher degree of structural
ordering than stoichiometric (ST-NMC811); however, wor-
sening of electrochemical performance can be associated with

Figure 4. Raman spatial maps of fresh and aged NMC811 samples before and after the washing procedure: the red area is related to the intensity of
NMC811 at A1g mode, the blue area−to LiOH at 328 cm−1, and the green area to Li2CO3 at 1088 cm−1 mode.
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TM dissolution from the surface upon HF formation after
OH− radical attack on the PVDF chains. Rietveld refinement
was used to calculate the ion occupations at each Wyckoff
position, and since it is an indirect method, only the trend was
analyzed. Although a higher cation mixing (Table S5, page S-
10) was observed for the ST-NMC811 sample in comparison
to the Li-rich analogue, it showed the highest discharge specific
capacity among all synthesized samples (ca. 155 mAh g−1).
Further, we move toward local structure analysis. Raman

microspectroscopy gives a lateral resolution of about 1 μm, and
thus applying the mapping mode we can gain a lot of
qualitative and precise information about the sample
composition (qualitative analysis). Figure 4 shows that a
fresh unwashed Li-rich sample contains a tremendous amount
of LiOH (blue area) and Li2CO3 (green area) on the surface of
the NMC particles. Raman signal from the Li2O, detected with
XRD, overlaps with the NMC vibrational modes (band at 529
cm−1), and thus, we could not separate those signals in the
Raman maps.104 Since the amount of LiOH is significant, it is
obvious that those residues located on the surface of the fresh
Li-rich sample did not fully transform into Li2CO3 upon
ambient air exposure. As a consequence of the high
concentration of LRC on the surface of powder grains, we
observed the thinning of the PVDF binder during the slurry
preparation. After aging, the unwashed Li-rich sample contains
only Li2CO3 (green area) impurities, and therefore, the slurry
preparation improved for that sample, as PVDF binder
thinning did not occur. After washing the Li-rich material,
only a minor scattered signal from Li2CO3 can be detected,
showing that the full removal of LRC residues is challenging.
During the aging process, the amount of Li2CO3 increases for
the Li-rich sample, suggesting a partial reaction of Li-ion with
air at the top surface of NMC811 material grains. In the case of
the unwashed stoichiometric sample, only small localized
fractions of Li2CO3 particles can be observed, whereas after
aging, it revealed both localized fractions and a uniformly

spread small signal from Li2CO3 is visible, suggesting the
reaction of surface Li ions with air. Only the fresh and washed
stoichiometric NMC811 samples did not show LRC residues.
However, for the ST-NMC811-W sample, the surface is
modified due to the washing procedure, and we assume that
this surface is likely Li-deficient, which significantly disturbs its
electrochemical performance. After aging, the ST-NMC811-
WA sample shows a minor but uniform coverage of a Li2CO3
signal (darkening of Raman map, as a consequence of green
and red colors mixing during map preparation).
Figure 5a shows the Raman spectra of the compounds

detected in the most contaminated sample, Li-rich unwashed
NMC811. For the freshly made powder, we could observe
both LiOH, Li2CO3, and their mixed signals. After they were
aged, the LiOH crystals fully transformed into Li2CO3.
Depending on the preparation procedure, aged samples
showed stronger (LR-NMC811-A) or weaker (ST-NMC811-
WA) signals. A small signal of the symmetric stretching
vibration of the CO32− groups located at 1088 cm−1 can be
detected even for an aged washed stoichiometric sample
(Figure 5b). It is also worth noting that this sample showed a
disturbed Raman signal of the NMC structure. This is a
representation of structural changes that happened after
sample washing and partial structural reconstruction due to
the sudden surface Li removal. Figure 5c shows Raman’s
response from as-received and aged samples. Typical Raman
lines of NMC811 are fitted for the ST-NMC811 material. A1g
and Eg modes appear at 590 and 506 cm−1, respectively, as
expected for this NMC composition.105 Only the ST-
NMC811-W sample shows a disturbed A1g to Eg ratio. After
aging the samples, the growth of two new modes at ca. 470 and
545 cm−1 is observed (Figure 5c). These new bands remind
the discharged NMC811 features indicating that over time Li
ions react with air (H2O and CO2) diffusing from the near-
surface region to the top and causing a Li-deficient region
observed in Raman spectra.105

Figure 5. Raman spectra of investigated materials: (a) Raman spectra of the LR-NMC811 sample with marked modes related to impurities: LiOH
and Li2CO3. (b) Raman spectra of all aged samples show a Li2CO3 impurity signal. (c) A comparison of NMC811 spectra of fresh and aged
samples; light-violet zone − Eg mode, light-red zone − A1g mode, dot-dash line − new Raman peaks from Li-deficient surface region at 470 and 545
cm−1.
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From those experiments, we can conclude that there are four
stages of creating LRC at the surface of NMC811 over time
(Figure 6 and Figure S6, page S-11). The surface reactions can
be described as follows:106

Stage I: Li O H O LiOH2 2+
Stage II: 2LiOH 2H O 2LiOH H O2 2+ ·
Stage III: 2LiOH H O CO Li CO 3H O2 2 2 3 2· + +
Stage IV: 2Li O H O 2LiOH(NMCsurface)

2
(NMCsurface) 2+ ++

During the first stage after cooling the postsynthetic Li2O
residue reacts with H2O creating LiOH. It is known that the
surface of Li2O particles first converts into a LiOH layer
followed by the bulk of the particle.96 Williams et al.
experimentally studied the transformation of LiOH into
Li2CO3 at room temperature, and they concluded that it is a
two-stage process. Since LiOH contains OH− groups between
(002) to (005) planes with a distance between Li−Li layers of
4.334 Å, water molecules of ∼2.8 Å size can easily fit in and
initiate the phase transition from P4/nm tetragonal to C2/m
monoclinic structure. Consequently, in the second stage, LiOH
created from the Li2O residue further reacts with a moisture-
formed LiOH monohydrate (LiOH·H2O). In the third stage,
LiOH·H2O reacts with CO2 converting into Li2CO3 (C2/c
monoclinic structure). As seen in Figure S7 (page S-12, SI) the
(220) plane of the C2/m monoclinic structure can be exposed
to CO2 from multiple crystal facets: (201), (021), (20-1), and
(11-1) planes located at various crystallographic directions
giving more chances for the reaction to occur. This reaction
produces three mol of water per mole of Li2CO3. Those
released H2O molecules might further react with Li ions

located near the NMC surface region, promoting the formation
of the thicker LRC deposits and Li-deficient NMC grain shells.
After reaching stage IV the reaction can loop with stage II

until there are no near-surface Li ions at the interphase with
Li2CO3 ready to react with H2O. Such mechanism might
initiate additional surface changes such as TM surface
reorganization (e.g., rock-salt formation) or the reaction of
TM with air (e.g., NiCO3), thus worsening the electrochemical
performance of the material. As seen above, the effect of the
ambient storage highly depends on the sample preparation, its
final structure, and the amount and distribution of LRC at the
NMC811 surface. Locally, grouped and larger LRC crystals
seem to have a less severe impact on NMC performance than
more uniformly distributed ones. This might be due to the
overall smaller physical contact between NMC and formed
Li2CO3 crystals because, due to their size, the most of lithium
hydroxide particles transition to carbonate happens away from
the NMC surface. In the worst-case scenario, the LiOH
uniformly covers particle surfaces, transforms into Li2CO3, and
releases moisture at the near NMC surface, thus initiating the
further reaction with Li ions as in the case of Li-rich washed
sample where LiOH homogeneously reprecipitates after
washing.
We know from the literature that Li2CO3 is regarded as

stable during electrochemical operation up to 4.6 V while in
the presence of trace water or HF impurities may be chemically
decomposed, forming LiF on the surface.36 To examine the
stability of the developed LRC upon C-rate test, electrodes
with unwashed and aged NMC811 (LR-NMC811-A) active
material were characterized using the ex situ XRD experiment,

Figure 6. Schematics of LRC formation process: (Stage I) Li2O postsynthetic residue quickly reacts with H2O after cooling; (Stage II) LiOH
created from Li2O residue reacts with H2O creating monohydrate; (Stage III) LiOH· H2O further reacts with CO2; (Stage IV) Water molecules
released from Li2CO3 formation might further react with Li-ion out-diffusing to the top surface of NMC creating thicker LRC deposits and Li-
deficient NMC grain shells.
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before and after electrochemical measurements (Figure S8,
page S-13). Received XRD patterns are typical for NMC811,
with additional reflexes originating from amorphous carbon,
aluminum foil, and Li2CO3. There are no reflexes from LiF or
other phases from electrolyte degradation and cathode-
electrolyte interphase formation. LRC present on the surface
of the aged and unwashed LR-NMC811 (LR-NMC811-A)
remains stable upon C-rate electrochemical testing to 4.3 V as
expected.

■ DISCUSSION
Taking into account differences in the initial capacity and the
shape of charge−discharge curves (Figure 1 and S9, page S-14,
respectively), we see that the discussed differences in NMC811
structures and the presence of LRC play a major role in
electrochemical performance. Unwashed and washed stoichio-
metric NMC811 differ in overpotential of the first cycle (ca.
100 mV higher for the washed sample) and irreversible
capacity loss (52 vs 35 mAh g−1, respectively), which is smaller
for the aged powders in both cases of about 6−7 mAh g−1

(Figure S9, page S-14). This could be associated with a
complete transition from lithium hydroxide to lithium
carbonate. A similar situation was with Li-rich NMC811,
where improved electrochemical performance occurred after
the sample aging. Since LRC reflexes, observed in XRD data,
are more prominent in Li-rich material, it was possible to
identify initial residues as lithium hydroxide, oxide, and
carbonate mixture (Figure 4). Knowing that a highly alkaline
environment is responsible for HF release in defluorination
and dehydrogenation of PVDF, a dissolution of transition
metals in HF, and a change in surface chemistry of NMC
particles of LR-NMC811 sample is a major drawback and
source of electrochemical performance worsening.107 Though
we did not observe flocculation, gelation, or thinning of slurry
during ST-NMC811 electrode preparation, we can assume that
an analogous phenomenon of HF etching is possible but on a
much smaller and more local scale.
Literature reports state that deionized water washing is a

good strategy for LRC removal.33,78,79,82−84 Indeed, a better
electrochemical performance was observed for the washed Li-
rich sample (LR-NMC811-W) in comparison to the unwashed
analogue, while the stoichiometric NMC811 (ST-NMC811-
W) material performed much worse and had the highest
irreversible capacity loss during the first cycle (Figure S9, page
S-14). This could be associated with a wider particle size
distribution and lithium deficiency in the washed stoichio-
metric sample, which consequently partially forms the rock-salt
phase near the surface upon delithiation in water solution
(Figure 2, Figure S5, and Table S4). On the other hand, we
can see that the aging of washed Li-rich NMC811 drastically
changes its electrochemical performance, since in this case, the
LRC had enough time to transition from LiOH into Li2CO3.
Since the coverage of LRC is very uniform, the released
moisture (stage IV) reacted with Li ions at the near surface of
NMC, looping stage II to stage IV reactions creating the
increased amount of LRC that are partially composed of
lithium ions out-diffused from the NMC811 surface (Figure
2). This effect can also be observed as a change in charge and
discharge profiles that does not remind the regular NMC
behavior (Figure S9, page S-14).
Electrochemical performance is often linked to structural

parameters in several manners. Typically, a calculation of the
integrated intensity ratio of (003) and (104) reflexes from the

XRD pattern is presented as a quality factor. To obtain NMC
material with a good hexagonal ordering and reduced Li+/Ni2+
cation mixing, it is often stated that this ratio should exceed the
value of 1.2.102,108,109 It should be mentioned that this value
was calculated from experimental data of LiNiO2 material and
assumed for NMC analogs.102,110 The second parameter,
defined in literature as the I(006 + 012)/I(101) ratio, is
imprecisely claimed to have a value as small as possi-
ble.109,111−113 The analysis of the doublet (018)-(110)
centered at ca. 65° in 2θ range30,98,109,111,113−115 is usually
presented in two ways: by calculation of the doublet
separation, and analysis of the doublet mutual peak position,
and the I(110)/I(018) ratio calculation.116−121 In the first
method, it is claimed that this doublet has to be “well
separated”, but no precise range is given. The second method
with the I(110)/I(018) ratio calculation is based on the fact
that the [110] facet has an open layered interspace for lithium
intercalation into the bulk material.116−121 At the same time,
there is no open space within the (018) plane due to the close-
packed atomic structure. The orientation of grains can be
deduced based on XRD patterns analyzing the (018)-(110)
doublet. The intensity ratio of I(110)/I(018) greater than 1
demonstrates (110)-oriented active planes and is regarded as a
factor determining better electrochemical performance.122

Based on our experiment, we concluded that the integrated
intensity ratio of (003)/(104) planes could be affected not
only by cation mixing within the hexagonal structure but also
by a partial phase transition from hexagonal to cubic, since
(202) plane reflex of cubic phase overlaps with (104) reflex of
hexagonal phase, leading to a virtual increase of (104)
intensity, if only R3m phase is considered. On the other
hand, the intensity ratio of I(110)/I(018) could be insufficient
for overlapping doublet reflexes (Figure S4, page S-6). Also,
transition-metal−oxygen (TM-O) and lithium−oxygen (Li−
O) slab thickness did not show any particular correlation with
electrochemistry. Thus, the parameters mentioned above did
not act as good quality factors for NMC811.
We have identified four major factors that correlate with the

electrochemical performance of obtained NMC811 materials,
namely, unit cell volume, intensity ratio I(006+012)/I(101), crystal
size, and newly described doublet resolution of (018)-(110)
and (006)-(012) reflexes (Figure 7).
Based on our detailed analysis, we propose to introduce a

definition of the doublet resolution (eq 1), adapting this term
from gas chromatography analysis, as123

R
x

fwhm fwhm(018 110)
(018 110)

(018) (110)
=

+ (1)

where R(018−110) is a doublet resolution, Δx(018−110) = x(110) −
x(018) (x-reflex position in 2θ range) is a doublet separation,
fwhm is a full width at half maximum of selected reflex. Our
intention was to replace doublet separation because this
parameter is regarded as information about delithiation and
seems to be less sensitive for deviation from perfect hexagonal
ordering for R3m (Figure S10, page S-16). Additionally,
doublet resolution not only contains information about the
reflex position (similarly to the doublet separation), but also
links the crystal size with the crystal quality. As seen in Figure
7, the crystal size is closely related to the doublet resolution
and follows the same trend. We can see that both the crystal
size and the doublet resolution have to be of the certain range
to obtain a satisfactory electrochemical performance. For
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studied materials, R(018−110) should fit in between 1.4 and 1.6
and the crystal size of ca. 120 nm. From our calculations, we
concluded that if the crystal size is too big, which manifest in
smaller fwhm (R(018−110) > 1.7) or the doublet separation or
crystal size are too small (R(018−110) < 1.1) the electrochemical
performance will be affected. A doublet resolution of (006)-
(012) reflexes (R(006−012)) gives the same trend and also can be
used for crystal evaluation if necessary. In this case the optimal
values lie in between 1.5 and 1.2.

A very similar trend to the doublet resolution and the crystal
size was observed for the I(006+012)/I(101) ratio. Analogously, we
see the specific range in which this ratio represents samples
with the best electrochemical performance, namely 0.47−0.53.
As expected, above that upper value we see a dramatic decrease
in discharge capacity.109,111,113 Surprisingly, when that ratio is
too low, we again see a worsening of the electrochemical
behavior, which is in contradiction to the “as low as possible”
value. A very low value of this ratio is connected to the fact that
during the synthesis of Li-rich NMC811, the additional Li ions
might incorporate into TM sites, lowering the (006) and (012)
reflex intensities in the XRD pattern and thus the calculated
ratio. If that is the case, then those Li-occupied TM sites
become electrochemically inactive, consequently decreasing
the specific capacity of the material.
The fourth comparable factor is the unit cell volume, which

is characterized by a trend similar to that of the I(006+012)/I(101)
ratio. Here, the optimal value is ca. 101.8−101.83 Å3. A bigger
volume represents samples with disordered hexagonal
structures (ST-NMC811-W and ST-NMC811-WA), whereas
too small volumes correlate with all LR-NMC811 samples,
which present unsatisfying electrochemical behavior. As
discussed, volumes smaller than optimum indicate the excess
Li occupation in TM sites (additionally to their 3b positions),
whereas the volume expansion reveals the cation mixing. It is
worth mentioning that analyzing the values of a and c unit
parameters, they seem not to have a clear correlation with
electrochemical behavior (Figure S10, page S-16). Although,
looking closer at the a parameter, we can see some correlation.
We think it can be an indicator of the preferable initial Li−Li
distance (ca. 2.876 Å) for Li-ion hopping within the structure
(⟨100⟩ and <010> directions) during the electrochemical
process.
Few other parameters can be considered when correlating

the electrochemical behavior of NMC811. From Figure S10
(page S-16), we see that the position of the (018) and (110)
reflexes might hold important structural information. Espe-
cially, the (110) plane reflex is sensitive to electrochemical
performance and the (110) plane distance needs to be of a
particular value: in the case of NMC811, we assumed 1.44 Å.
At the same time, the doublet (018)-(110) separation should
be ca. 0.435, and c/3a ratio close to 1.648. Since the four
selected parameters correlated more directly to electrochemical
performance, we would recommend those in future studies.
We also suggest that there are specific ranges for optimal
parameters for specific NMC compositions, and they cannot
be taken arbitrarily.

■ CONCLUSIONS
This study aimed to examine and explain the morphological
surface transformation of stoichiometric and Li-rich NMC811
as a washing and aging consequence and link structural
parameters to electrochemical analysis. The X-ray diffraction,
SEM analysis, and Raman mapping were employed to identify
the LRC and their postsynthetic and aging-related distribution.
This comprehensive analysis was implemented for a Li-ion
battery system with liquid electrolyte concerning the influence
of detected LRC on the structure, morphology, and electro-
chemical performance. The LRC growth mechanism was
proposed and linked to electrode preparation issues and overall
cell performance. Our detailed examination of XRD doublets,
and reflex intensity ratios through Rietveld analysis led us to
the conclusion that four structural parameters can be chosen to

Figure 7. Comparison of structural parameters derived from XRD
data through Rietveld refinement and electrochemical performance:
unit cell volume V(Å−3), intensity ratio of I(006 + 012)/I(101),
(006−012) and (018−110) doublets resolution, crystallite size (nm),
and 35th and 1st discharge cycle capacities. Detailed parameters are
presented in Table S6, pages S-13 (light gray lines are for eye-catching
only).
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correlate the electrochemical performance with the crystal
quality of NMC811: unit cell volume, intensity ratio I(006+012)/
I(101), crystal size, and newly introduced doublet resolution
R(018−110). For this particular set of studied materials, the
NMC811 crystal size should be ca. 120 nm, doublet resolution
R(018−110) fit in between 1.4 and 1.6, with the optimal value of
unit cell volume of ca. 101.8−101.83 Å3, and intensity ratio
I(006+012)/I(101) in a range of 0.47−0.53. Meeting all four
structural criteria could help to deduce the electrochemical
performance of NMC. However, it is highly advised to set
proper ranges individually for each NMC composition, since
the indicated ranges are not described arbitrarily for the whole
NMC family because the TM composition has a significant
impact on the fundamental unit cell parameters and the
arrangement of atoms within the structure, which consequently
change the indirectly estimated values of I(003)/I(104) calculated
from XRD patterns.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c06636.
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powder XRD data collected for all NMC811 samples.
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fresh samples evaluated by ICP-MS in wt %; Elemental
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from Figure S5; Occupation of Wyckoff position by each
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Schematic representation of H2O and CO2 reactions
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