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Abstract: Nickel-rich LiNiggMng1Cop 10, (NMC811) is one of the most promising Li-ion battery
cathode materials and has attracted the interest of the automotive industry. Nevertheless, storage
conditions can affect its properties and performance. In this work, both NMC811 powder and
electrodes were storage-aged for one year under room conditions. The aged powder was used to
prepare electrodes, and the performance of these two aged samples was compared with reference
fresh NMC811 electrodes in full Li-ion coin cells using graphite as a negative electrode. The cells
were subjected to electrochemical as well as ante- and postmortem characterization. The performance
of the electrodes from aged NM811 was beyond expectations: the cycling performance was high,
and the power capability was the highest among the samples analyzed. Materials characterization
revealed modifications in the crystal structure and the surface layer of the NMC811 during the storage
and electrode processing steps. Differences between aged and fresh electrodes were explained by the
formation of a resistive layer at the surface of the former. However, the ageing of NMC811 powder
was significantly mitigated during the electrode processing step. These novel results are of interest
to cell manufacturers for the widespread implementation of NMCB811 as a state-of-the-art cathode
material in Li-ion batteries.

Keywords: NMC811; aging; lithium-ion cells; cathodes; transition metal oxides

1. Introduction

It is already 30 years since the commercialization of the first Li-ion battery allowed the
revolution of portable devices that have become an indivisible part of our day-to-day [1].
Laptops, cell phones and other electronic devices would not be as powerful if fed by
other energy storage systems such as nickel-cadmium or nickel metal hydride batteries [2].
Nevertheless, Li-ion batteries are nowadays facing a more ambitious challenge: they have
been nominated to enable the wide implementation of electric vehicles in our society [3].
Even though their driving range is approximately 400 km for most of the models and most
of them are still not able to be charged fast, they fulfill the requirements of a wide sector of
the population [4]. In fact, electric vehicle sales have significantly grown in recent years,
and their growth is expected to be more prominent in the future [5]. For that aim, it is
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necessary to increase the energy density of the cells, which are the building blocks of the
battery packs powering these electric vehicles [6].

From a materials point of view, anodes in lithium-ion batteries principally consist of
graphite as the active material [7]. However, silicon is being included in the formulation, in
small fractions, to increase the capacity of the negative electrodes [8]. Indeed, the capacity
is 10-fold higher than that of graphite, and the substitution of 10% of the graphite in the
electrode by silicon would theoretically double the specific capacity (from ~360 mAh/g of
graphite to ~680 mAh/g of 10% Si + 90% graphite) [9]. Moreover, research in anodes is not
limited to the adoption of Si in the formulation: lithium metal is the next step on the ladder
leading to the increase in energy density [10]. On the cathode side, lithium-ion cells based
on the layered LiNixCoyMn,O, (NMC, with x + y + z = 1) cathode material have gained
much interest and have already been implemented in some electric vehicles [11]. Moreover,
it has been accepted that as a result of the increase of Ni content in the material, its capacity,
as well as its energy density, are increased [12], even though this is usually calculated
using a fixed cut-off voltage for the comparison of the different NMC samples, which,
in turn, have different Li* extractions ratios for the same cut-off voltage [13]. Thus, the
original LiNip3Cop3Mny 30, (NMC111) has now been overtaken by LiNip5Cog3Mng 20,
(NMC532), LiNig 6Cog2Mng ,0, (NMC622), LiNig §Cop 1Mng 10, (NMC811) and ultimately
LiNig 9Cog 95Mng 9502 (NMC90505) [14]. While the latter is still beyond state-of-the-art,
NMC811 is targeted as the next NMC material for the automotive industry [15]. Never-
theless, the main trade-off of the extra capacity provided by higher nickel content is the
decrease in the stability of the NMC811 towards oxidation upon charge [16]. In particular,
the occurrence of irreversible reactions at higher potentials with the increase of Ni leads to
the formation of an insulating layer at the surface of the NMC particles, the increase of the
cell impedance, the evolution of oxygen, the loss of active material and, due to all these
factors, the decrease of cycle life of the cells [14]. Thus, material developers are currently
focused on optimizing the characteristics and testing conditions of these materials to obtain
a successful balance between high energy density and acceptable cycling performance.

The increase of Ni (or, to be more accurate, the decrease of Co) in the material presents
another difficulty from a structural point of view. In the crystal structure of NMC, Co®*
is placed in the center of the hexagon, surrounded by Ni and Mn atoms [17]. The de-
crease of Co content in the material favors the mixing of Ni and Li upon delithiation in a
phenomenon known as cation mixing [18]. This occurs because the sizes of Ni%* (0.69 A)
and Li* (0.76 A) are similar [19]. Thus, Li cations are trapped at the atomic positions
where nickel ions should be located. Doping of the NMC has been suggested as a possible
solution to minimize cation mixing [20]. Other alternatives involve the overlithiation of
NMC or the decrease of its nickel content [17]. Finally, stability issues with high-nickel
NMCs are not limited to the cycling stage. It has been observed that these materials are
sensitive to exposure to ambient moisture, with higher instability caused by the increase of
Ni content [21]. Indeed, the analysis of NMC stability towards ambient storage has been
a research topic that has attracted the interest of many research groups in recent years.
Jung et al. analyzed the influence of ambient storage on NMC811 using electrochemical
cycling, Raman spectroscopy and X-ray photoelectron spectroscopy [22]. They observed the
formation of a significant amount of nickel carbonate on the surface of the aged NMCS811,
which compromised the cycling stability of the cells based on this electrode. The formation
of carbonates upon ambient storage was further analyzed by Sicklinger et al. [23]. In their
work, NMC111 and NMCS811 were aged in the same conditions and the surface contami-
nants formed (carbonates and hydroxides) were quantified by means of thermogravimetric
analysis coupled with mass spectroscopy. Interestingly, they demonstrated that the impuri-
ties formed could be partially removed from the aged samples when they were subjected
to a thermal treatment. In a recent study, Busa et al. [12] exposed NMC811 electrodes
to different degrees of humidity. They evidenced that after 28 days of air exposure, the
formation of lithium hydroxide and carbonate on the NMC surface significantly limited
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the cycling stability of the cells due to the decrease in the electronic and ionic conductivity
of the aged samples.

In all these works, aging was performed in the electrodes, while the influence of
processing ambient-stored NMC811 powder was not discussed. Furthermore, it is not
trivial for the industry to investigate the conditions in which high-nickel NMC powder and
electrodes can be stored. This has motivated the present study. In this work, NMC811 was
exposed to ambient air for 1 year, and electrodes were prepared by processing this powder.
In parallel, electrodes were also prepared with fresh NMC811. Furthermore, electrodes
prepared with fresh-NMC were also ambient-air exposed for 1 year. To sum up, this study
compared fresh-NMC electrodes (fresh), NMC electrodes subjected to ambient storage
(aged-electrodes) and electrodes prepared with aged NMC powder (aged-NMC). These
electrodes were subjected to galvanostatic cycling, power tests, electrochemical impedance
spectroscopy (EIS) and different materials characterization techniques.

2. Materials and Methods
2.1. Electrode Preparation

NMC811 (T81R from Targray) was used as the active material in the positive elec-
trode. The other two materials in the positive electrode were PVDF (Polyvinylidene
fluoride, PVDF Solef® 5130) as the binder and carbon black (C-NERGY Super C65 from
IMERYS Carbon & Graphite) as the conductive additive. A PVDF in N-methyl pyrroli-
done (NMP) solution was initially prepared. Then, C65 was added while stirring. Finally,
NMC811 was included in the solution, and the slurry was cast onto aluminum foil (ac-
quired from Hydro, 20 um thick) at Cidetec’s electrode manufacturing line. The loading of
the coating was 20 mg/cm? (4.0 mAh/cm? calculated using 190 mAh/g as the capacity
of NMCS811, based on the datasheet of the material). After drying, the electrodes were
calendered to 3.0 g/cm? (37% porosity) at room temperature. The electrode formulation
was 95% NMC811, 3% PVDF and 2% C65.

The positive electrodes consisting of the aged NMC were prepared at a laboratory scale
due to the low amount of material subjected to aging, which was not enough to work at the
pilot plant scale. The slurry preparation method was the same as for the rest of the samples,
but the coating of the current collector was conducted using a laboratory-scale doctor blade.
The mass loading and the electrode density were the same for these electrodes and the
electrodes prepared at the coating line. Despite different coating scales, FE-SEM imaging
displayed no remarkable difference in the morphology of these electrodes (Figure S1).

The negative electrode consisted of graphite (MEG-2C, SGL Carbon) as the active
material, carbon black (C-NERGY Super C45 from IMERYS Carbon & Graphite) as the
conductive additive, carboxymethylcellulose (CMC, Walocel 2000 from DOW) as a disperser
and thickener and Styrene-Butadiene Rubber (SBR, BM-451B from ZEON) as the binder.
CMC was initially dispersed in water, and C45 was added to this dispersion under stirring.
Later, graphite and SBR were subsequently added to the solution. The slurry was cast
onto copper foil (Furukawa, 8 um thick), dried and calendered at Cidetec’s pilot plant
facilities at room temperature. The electrode loading and final densities were 13 mg/cm?
(4.4 mAh/cm?, based on the datasheet of the material) and 1.45 g/cm? (35% porosity),
respectively. The electrode formulation was 94% graphite, 2% C45, 2% CMC and 2% SBR.

2.2. Aging of the Electrodes/Materials

Two different aging procedures were analyzed in the current study. On the one hand,
NMC powder was stored under ambient air for 1 year at ~55% relative humidity and
15-25 °C and processed later to obtain electrodes with aged NMC (hereafter referred to as
Aged-NMC). On the other hand, a coating prepared with fresh NMC was subjected to ex-
posure to ambient air for one year, and after this period, electrodes were cut, vacuum dried
(120 °C and 10 mbar for 16 h) and tested (hereafter Aged-electrode). The cells aged under
these conditions were compared with NMC electrodes not subjected to aging (hereafter
fresh). The same NMCS811 batch was used during all the studies. NMC “fresh” powder
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and NMC fresh electrodes were stored and sealed in a dry room (dew point = —40 °C) to
avoid aging from the ambient humidity.

2.3. Assembly of Coin Cells

@ =17.7 and 16.6 mm disks were punched with a high precision disk cutter from the
graphite and NMC coatings, respectively. These electrodes were dried for 16 h at 120 °C
under a vacuum (10 mbar) prior to the assembly of the coin cells (CR2025, Hohsen). On
the other hand, the covers of the coin cells were cleaned with ethanol in an ultrasonic bath
for 15 min and dried at 60 °C for 1 h. The coin cells were assembled with a separator
(18.92 mm diameter glass fiber, Albet GF 52) and 100 uL of electrolyte solution 1 mol/L
Lithium hexafluorophosphate in (1:1 vol.%) ethylene carbonate:dimethyl carbonate + 2 wt.%
vinylene carbonate-99.9% (1 M LiPF¢ in EC:DMC (1:1) + 2% VC) purchased from Solvionic
was added. Cell assembly was conducted in dry-room facilities (dew point = —40 °C).

2.4. Electrochemical Testing

The cells were tested at 25 &= 1 °C inside a room controlled with air conditioning. All
the cells were initially formed at C/20 C-rate between 4.2 and 2.8 V. A constant voltage
(CV) step until C/40 was included. Then, three cells per type of positive electrode were
subjected to each of the two different test plans. The first one consisted of a charge to
30% of State of Charge (SOC) and an impedance scan. Later, they were cycled at C/3 until
reaching 80% of State of Health (SOH). In this case, the charge consisted of the CV step (to
C/10) following the constant current step. During this galvanostatic cycling, periodical
checkup tests were conducted. These tests consisted of a single cycle at C/20 used to
perform a differential capacity analysis (dQ/dV) and a subsequent charge to 50% of SOC.
At this stage of charge, a discharge pulse at 1C (0.19 A/gnmc) was applied for 30 s in order
to calculate the DC resistance on the basis of Ohm’s law. Finally, cells were charged to
100% SOC and C/3 galvanostatic cycling was continued. After reaching 80% SOH, the
cells were charged to 30% SOC and subjected to EIS analysis. This electrochemical testing
protocol was also followed and described in previous work [24]. After EIS experiments, the
cells were subjected to postmortem analysis.

The second testing protocol consisted of a power test. The cells were charged to 50% of
SOC and subjected to different discharge C-rates: 1C, 3C, 5C, 8C, 10C, 12C, 15C, 17C and
20C. These pulses were limited by time (10 s) and voltage (2.8 V).

Galvanostatic experiments were conducted using a BaSyTec CTS Battery Test System.
Furthermore, electrochemical impedance spectroscopy measurements were performed us-
ing a Potentiostat/Galvanostat PGSTAT30 equipped with a Frequency Response Analyzer
(FRA2, N4L). Impedance spectra were fitted using Zview software version 3.5f (Scribner).
Spectra were obtained between 10° and 10~2 Hz with a perturbation amplitude of 10 mV
at the beginning- and end-of-life of the cells.

2.5. Postmortem Characterization

After reaching 80% SOH, setting the cells at 30% SOC and conducting the EIS analyses,
the cells were introduced in an Ar-filled glove box (MBraun) and disassembled inside
([02] < 0.1 ppm, [HyO] < 0.5 ppm). The electrodes were thoroughly cleaned inside the
glove box using dimethyl carbonate to remove the salts from the electrolyte. Afterwards,
they were dried and sealed in bags to minimize their exposition to ambient air before their
corresponding analysis. The positive electrodes were analyzed by means of X-ray diffrac-
tion (XRD), field emission scanning electron microscopy (FE-SEM) and X-ray photoelectron
spectroscopy (XPS).

The crystal structure of the NMC electrodes after cycling, as well as before and
after the aging protocols in electrode and powder forms, was analyzed by XRD using
a Bruker D8 Discover diffractometer (Cu K« radiation, A = 0.154 nm) equipped with
a LynxEye PSD detector. The diffractograms were recorded between 20 = 10° and 85°
at 0.003° s~!, while the obtained data were fitted by means of the Pattern Matching
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method using the FULLPROF program [25]. The morphology of the same electrodes
and powders was characterized by field emission scanning electron microscopy (FE-SEM,
ULTRA plus ZEISS). The samples were prepared in the lab and stuck to the holder using
carbon adhesive tape. FE-SEM micrographs at different magnifications (from x200 to
x20,000) were obtained. In addition, the composition of the sample was confirmed using
energy-dispersive X-ray spectroscopy (EDX). The XPS spectra of the same samples were
collected at pass energies of 200 eV and 20 eV for survey spectra and individual elements,
respectively. Charge neutralization was achieved with both low-energy electron and argon
ion flood guns (0.5 eV, 100 pA and 70 pA current, respectively) during XPS measurements.
The XPS spectra were peak-fitted using Avantage processing software (Thermo Fisher
Scientific—East Grinstead, United Kingdom). The Lorentzian/Gaussian line shape and
“Smart” background subtraction were used for peak fitting. Quantification was carried out
using sensitivity factors provided by the Avantage’s library. Elemental composition depth
profiling was carried out by means of the ion source (MAGCIS, Thermo Fisher Scientific)
operated in monoatomic mode with beam energy 500 eV, current 0.9 uA. The sputtering
rate established for TayOs film was 0.045 nm/s. The Ar* beam was raster-scanned over a
2mm X 2 mm area.

3. Results and Discussion
3.1. Electrochemical Experiments
3.1.1. Galvanostatic Cycling

Li-ion cells consisting of fresh, aged-electrode (electrode exposed to calendar aging)
and aged-NMC (electrodes prepared with NMC powder exposed to calendar aging) cath-
odes were subjected to galvanostatic cycling at C/3 to analyze the discharge capacity and
the capacity retention. The evolution of these two parameters upon the cycling life of the
cells is shown in Figure 1. In addition, the Coulombic efficiency of these cells is shown in
Figure S2.

(a) 108 Fresh (b) Fresh
+ Aged-electrode 100 + Aged-electrode
190 +  Aged-NMC +  Aged-NMC

954

SOH (%)

904

85

80

Cycle count Cycle count

Figure 1. Galvanostatic cycling experiments conducted at C/3 current rate: (a) discharge capacity
per gram of NMC and (b) capacity retention during the cycle life of the cells.

The capacity provided by the cells with the different positive electrodes is shown
in Figure 1la, while the corresponding SOH evolution is represented in Figure 1b. The
discharge capacity achieved by the cells with the aged-electrodes was lower from the
beginning-of-life (BOL) of these cells. In fact, they could only provide 166.4 £ 0.6 mAh/g
and completed 213 cycles before reaching 80% of SOH. In any case, the unsuccessful
electrochemical performance provided by these cells was expected based on the works
reported in the literature [22]. On the other hand, the results obtained with the cells using
the aged-NMC electrodes outperformed those with the aged-electrodes in terms of capacity
retention and discharge capacity. In fact, they achieved 313 cycles before their end-of-life
(EOL) and, interestingly, provided higher discharge capacity in the first cycles than the
cells consisting of the fresh coatings (189.9 £ 0.9 and 178.6 & 0.6 mAh/g, respectively). The
latter, however, exhibited longer cyclability as they completed 379 cycles above 80% SOH.

The complementary electrochemical experiments facilitated a better perspective of
the capabilities of the cells with the different positive electrodes. Firstly, the cells were
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subjected to EIS at BOL (just after formation) and EOL (after reaching 80% SOH). Note
that EIS experiments were conducted after setting the cells at 30% SOC. The corresponding
Nyquist plots, as well as the equivalent circuits used to fit the spectra, are shown in Figure 2.
In addition, the assignment of the different features was reported in previous work [24]
and is further discussed in the Supporting Information together with the Bode diagrams
(Figure S3). The values obtained by the fitting of the spectra are compiled in Table S1.

=75 11—

] ——Fresh, BOL
=70+ ——Aged-NMC, BOL
65 —— Aged-electrode, BOL
1 - - —Fresh, EOL
=50 - - ~Aged-NMC,EOL
-55-1 BOL - - —Aged-electrode, EOL
_50 Rohm Rdl Ret CPE ]
| — >
—45 cdl CPEct .
— 40.] it > 1
_g 1 EOL 1
& 3547 -
= _a | Roh Ret-2 Rdl R CPE i
N 30 . ohm ct. ct
—25 Cet-2 cdl CPEct i
20 N
_15_- - TT Y~ -
—10: LT ~ . —
] .7 :/" ~ P ‘\ ’ \ ’
-5 ~ 7 N N N7 i
-0 ] ; -

0 5 1I0 1I5 Zb 2I5 3I0I3I5I4IO’4I5‘5I0I5I5I6I0'6I5I7I0'75
Z' (Q-cm?)

Figure 2. Nyquist diagrams of a representative cell per type of positive electrode: fresh (black lines),

aged-NMC (blue lines) and aged-electrode (red lines). Continuous and dashed lines are used for the

spectra obtained at the beginning and the end of life, respectively. The equivalent circuits for the
fitting of the spectra are also included.

Fitting of the spectra showed that the ohmic resistance (Rohm) was very similar for all
the cells at their BOL. Thus, the differences obtained in the electrochemical experiments
could not be ascribed to differences in the casing or the contacts. It was also similar to the
EOL, with a slightly lower value for the cells with aged-electrodes due to their lower cycle
life. In contrast, those made of aged-electrodes were the cells with the highest double layer
resistance (Rdl) at both the BOL and EOL. This suggests the formation of a resistive layer
in the interfaces of the particles during storage-aging as reported by other authors [12]. On
the other hand, the cells with the aged-NMC electrodes had the lowest interface resistance
at BOL and EOL. Thus, the electrodes processed with the aged-NMC had lower double
layer resistance than those processed with fresh NMC both before and after being subjected
to galvanostatic cycling. Finally, the resistances attributed to charge transfer (Rct and Rct-2)
were also determined. On the one hand, the cells with the aged-electrodes and the fresh
electrodes had similar values at their BOL. This suggests that storage-aging affected the
particle surface, while the core of the particles remained initially unaffected. As can be seen
by the EOL, the cells with the aged-electrodes had the highest charge transfer resistance,
while those with fresh electrodes provided a lower value. In contrast, the cells assembled
with the aged-NMC had the lowest charge transfer resistance both at the BOL and EOL.
Based on the conclusions obtained from the comparison of the aged and the fresh electrodes,
a similar charge transfer resistance could be expected for these cells since the storage-aging
should only affect the surface of the particles. The use of ambient aged NMC powder
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impacted the charge transfer resistance of these electrodes. This can be associated with the
crystalline structure and will be discussed in Section 3.2.1 (XRD).

In addition, checkup experiments consisting of a C/10 galvanostatic cycle and a
DC resistance measurement were conducted every 25 cycles of the cycling performance
experiments discussed above. The evolution of this resistance during the cycle life of the
cells is shown in Figure 3.

= : ' y : m  Fresh
® Aged-electrode

40+ A Aged-NMC

35 ; —
% 30 i ¢ i : " .
5 . i : |
2 254 s g i | 1 7
g [} i i E | L
220 # § : = 1

15 ® i 4

Fy
10 T T T
0 100 200 300 400

Cycle count

Figure 3. DC resistance evolution during the cycle life of the cells with different cathodes: fresh (black
squares), aged-NMC (blue triangles) and aged-electrode (red circles). Error bars indicate the standard
deviation between the different cells with the same cathodes.

The experiments, consisting of a 1C discharge pulse of 30 s, evidenced that the DC
resistance was higher for the cells with aged-electrodes. This is in good agreement with
the results of the galvanostatic cycling and the higher AC resistance determined by the
EIS experiments. Furthermore, the DC resistance was very similar for the cells with the
fresh and the aged-NMC electrodes during all their cycle life. Thus, the increase of the DC
resistance of the cell was discarded as the main reason for the lower cycling performance
of the cells with aged-NMC. As mentioned, each of the DC resistance measurements was
coupled with a C/20 galvanostatic cycle. By analyzing the capacity obtained throughout the
voltage profile, it is possible to assign the plateaus to the different electrochemical reactions.
The evolution of the voltage and the area of the signals obtained during the cycle life of
the cells is useful to extract information on their aging processes. This technique is known
as differential capacity analysis (dQ/dV) [26]. The dQ/dV of cells with different cathodes
during all their cycle life are shown in Figure 54, while those from the 25th cycle (BOL) and
the last dQ/dV completed before reaching 80% SOH (EOL) are shown in Figure 4.

Positive and negative values in the Y-axis of the dQ/dV correspond to the charge
and discharge reactions, respectively. Four main features can be observed in each of them,
which are assigned to different electrochemical processes in the literature [26]. Starting
from the charge reaction, the first peak (c1) is associated with the lithiation of the graphite
anode. The other three peaks (c2, ¢3 and c4) are useful for analyzing the reactions in the
NMC, even if graphite also contributes to these signals [27]. Subsequently, c2 is ascribed to
the transition from the initial hexagonal phase (H1) to monoclinic (M) upon delithiation. In
3, NMC undergoes the transition from M to a second hexagonal phase (H2). The last peak
(c4) is associated with the transition from H2 to a third hexagonal phase (H3). This process
is usually associated with the degradation of the battery, particularly for high-nickel NMC.
Finally, the vertical line at 4.2 V is related to the CV step of the charge: the longer the line,
the higher the charge capacity that was obtained in this step. In the subsequent discharge,
H3—H2, H2—M and M—H1 in combination with graphite delithiation reactions occur in
d4, d3 and d2, while d1 is exclusively associated with the delithiation of graphite. dQ/dV
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in the BOL (Figure 4a) shows that the reactions occur at the same voltage regardless of the
positive electrode. The size of the peaks was smaller for the cells with the aged-electrode,
in good agreement with the lower capacity obtained. On the other hand, the cells with the
fresh and aged-NMC electrodes were overlapped. The discharge capacities in these cycles
were 193.6 + 0.6 and 193.1 & 1.3 mAh/g, respectively. The subsequent discharge capacities
at C/3 were 175.6 = 0.1 and 177.7 & 1.8 mAh/g, respectively: the capacity of the cells was
higher for the cells with the aged-NMC when the C-rate was increased from C/20 to C/3,
which is in good agreement with the lower charge transfer and double layer resistances of
the electrodes in these cells (determined by EIS experiments).

(a)

Fresh
1 —— Aged-electrode
4004 ——Aged-NMC |
S 200
(2]
=
<
E o]
>
K
S —200-
400 1PNG |
BOL el
—600 T T T T Tt l: T T T
26 28 30 32 34 36 38 [40ii42 44

Voilt:age W

(b)

dQ/dV (mAh/gV)

—600 T T T T T T T T T T
26 28 30 32 34 36 38 40 42 44

Voltage (V)

Figure 4. dQ/dV of the cells (a) at the beginning and (b) end of life performed at C/20 between
2.8 and 4.2 V at C/20. Included cells with fresh (black line), aged-NMC (blue line) and aged-electrode
(red line) cathodes. Main features of the scan are labelled as c1, c2, ¢3, c4, d1, d2, d3 and d4. Dashed
lines are included to evidence the overpotential generated for the main signals.

The dQ/dV at the EOL of the cells is shown in Figure 4b. In addition, dashed lines
were included in the figure to compare the voltage at which each of the features occurs
compared to those in Figure 4a. Upon charge, c1 and c2 exhibited an increased voltage
during their cycle life. Interestingly, the associated d1 signal upon discharge occurred at a
lower voltage. A cl-d1 redox pair was exclusively ascribed to the delithiation/lithiation of
graphite, while the other contributions were influenced by the reaction of NMC811. Thus,
the increased overpotential of c1 and decreased overpotential of d1 could be associated
with the slippage of the graphite and the NMC811 electrodes [28]. The lower overpotential
for the cells cycled for a larger number of cycles suggests that the mismatch was increased
with the number of cycles. The area of the c1-d1 peaks was slightly decreased when the



Batteries 2022, 8, 79

90f18

curves at BOL and EOL were compared. However, this decrease was significantly lower
than for the rest of the cells, indicating that the delithiation and lithiation of the anodes
were not significantly affected even at the EOL of the cells. In contrast, the magnitude of the
rest of the redox pairs except c3-d3 was decreased. In addition, d4 also almost maintained
the original area by the EOL. Based on the discussion in Figure 4a, the decrease of the
c2-d2 and c4-d4 peaks points out that the H1 — M and H2 — H3 transitions (and the
subsequent M — H1) occur to a lower extent as a result of the EOL of the cells. It is difficult
to evaluate the evolution of the c3-d3 redox pair as the signals are wider and might also
partially include the H1 — M transition, which should really occur at a lower potential.
Nevertheless, it is not likely that M — H2 and H2 — M are bottleneck reactions for charge
and discharge, respectively. One of the most meaningful features in the charge profile by
the EOL of the cells appeared at 4.2 V: as mentioned, the vertical line observed was due to
the CV step included by the end of the charge. The presence of this charge step might be
the reason for the very small differences observed between the d4 signals at the BOL and
the EOL; once the CV step was completed, there were similar amounts of NMC811 in the
H3 phase to subsequently obtain a similar H3 — H2 reaction capacity. The very different
size of the c4 feature at BOL and EOL, in combination with the similar size of d4, confirms
that a significant fraction of the charge is occurring at this CV step. Again, it is difficult to
compare d3 at the BOL and EOL, while the area d2 is lower by the end of life. Considering
both the slight voltage shift for c2 and the influence of the CV step, it can be deduced that,
apart from the possible loss of active material, the overpotential caused by the increase of
both the charge transfer and the double layer resistances might also be influencing the cycle
life of the cells. Indeed, these dQ/dV were conducted on galvanostatic cycles performed
at C/20 while regular cycling consisted of C/3 cycles; at the latter C-rate, the influence of
overpotential was increased.

3.1.2. Power Tests

The response of the cells to high currents was explored by conducting discharge power
tests. After formation, the cells were set at 50% SOC and 1C, 3C, 5C, 8C, 10C, 12C, 15C,
17C and 20C discharges were conducted with 10 s and 2.8 V time and voltage cut-offs.
Cells were charged to 50%SOC after each discharge pulse. The galvanostatic curves for the
different samples are shown in Figure 5.
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Figure 5. Power tests conducted on the lithium-ion cells with the NMC811 electrodes subjected to
different aging protocols.

As could be expected based on the impedance analyses previously discussed, the cells
with the aged-electrodes showed the worst power capability among those included in this
study. In fact, they were the sole type of cell unable to resist 8C pulses without reaching
the discharge cut-off limit. Again, the power tests were in good agreement with the EIS



Batteries 2022, 8, 79

10 0of 18

results of the cells with the fresh and aged-NMC electrodes. The latter, which had the lower
interface resistance, could resist pulses up to 10C. Moreover, none of the cells with the fresh
electrodes could be subjected to the same current without reaching the 2.8 V cut-off.

To sum up the electrochemical experiments, cells assembled with the aged-electrodes
provided the worst electrochemical performance in all the experiments conducted. They
provided the lowest discharge capacity, capacity retention and power capability. This is
in good agreement with the highest AC and DC resistances observed for these cells. The
most unforeseen performance was obtained with the cells with aged-NMC. They exhibited
the lowest interface and charge transfer resistances, and their discharge capacity was
higher during the first cycles, particularly with increasing C-rate. Their capacity retention,
however, was lower than for the cells with fresh electrodes. In order to shed some light
on the reasons leading to these controversial results, the electrodes and NMC powders
were subjected to different materials characterization techniques. These experiments will
be discussed in the following section.

3.2. Materials Characterization
3.2.1. X-ray Diffraction

XRD analysis of the fresh and aged NMC was conducted to obtain information on the
evolution of the crystal structure upon aging. The diffractograms of the fresh and aged
NMC powders are shown in Figure S5. They were fitted with the R —3 m hexagonal space
group (JCPDS No. 00-85-1968, Lig goNij 0102) [29]. Both a and c unit cell parameters were
very similar before and after the ambient storage period (2 = 2.8721(1) and ¢ = 14.2082(8) A
for the fresh NMC and a = 2.8737(5) and ¢ = 14.2063(8) A for the aged NMC) evidencing that
the aging procedure did not affect the crystal structure in the bulk of the NMC particles.
XRD analyses were repeated on the electrodes after processing the aged and fresh NMC, and
the diffractograms obtained are shown in Figure 6. The diffractogram of the aged-electrode
is also included.
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Figure 6. X-ray diffraction patterns of the fresh (black line), aged-NMC (blue line) and aged-electrode
(red line) coatings. (003)/(104) peak intensity ratios, theoretical reflections for NMC, graphite and
aluminum and unit cell parameters for the fitting of each diffractogram are included.

Aluminum from the current collector (Fm —3 m, cubic, JCPDS No. 03-65-2869) and
graphite from the graphitic fraction in the carbon black (R —3 m, hexagonal, JCPDS
No. 01-73-5918) were included in the fitting together with the NMC phase. The unit
cell parameters obtained are shown in the inset in Figure 6. The a and c cell parameters of
the NMC in the fresh and aged electrodes were similar, in good agreement with the results
discussed for the NMC samples before processing. Regarding the electrodes processed
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with aged-NMC powder, a parameter was similar to those from the aged and fresh elec-
trodes, but c was higher for the electrode prepared with aged-NMC. This means that the
interlayer distance in the NMC crystal structure was enlarged when the aged-NMC was
processed, which in literature is associated with cation mixing [30]. Furthermore, cation
mixing is evidenced in the (003)/(104) peaks intensity ratio [31]. Fresh, aged-electrode
and aged-NMC coatings subjected to XRD showed 1003 /1104 values of 1.79, 1.72 and 1.12,
respectively. Values below 1.2, such as that of the aged-NMC electrode evidence cation
mixing [29]. The increase of the interlayer distance is in good agreement with the lower
impedance and higher initial discharge capacity observed for the cells with the electrodes
made of aged NMC powder, as lithium ions should move more easily in the interlayer space.
This characteristic could also allow a better response to high C-rates. Nevertheless, cation
mixing is also associated with lower irreversibility towards crystal structure transitions,
which ultimately leads to lower cycling performance [7]. As a result of the EOL of the cells,
the crystal structure of the NMCs was not significantly different. The diffractograms of
these samples are shown in Figure S6.

3.2.2. Field Emission Scanning Electron Microscopy and Energy-Dispersive
X-ray Spectroscopy

The morphology and chemical composition of the NMCs and the electrodes subjected
to different aging protocols, as well as the different electrodes after the C/3 cycling test, were
analyzed by means of SEM and EDX. Even if these techniques are useful in other studies,
they did not provide relevant information to the current one. The SEM images obtained
are shown in Figure S7. In addition, electrodes did not show significant morphological
differences either before or after their cycling life. However, it was interesting to observe
that the carbon fraction was very similar for all samples (~30%). This evidences that even
if a resistive layer, possibly made of carbonate [32], could be formed during the aging
of the electrode, it is difficult to characterize it by means of this technique. For that aim,
surface-characterization techniques, such as XPS, were used.

3.2.3. X-ray Photoelectron Spectroscopy (XPS)

The same samples previously subjected to XRD, SEM and EDX experiments were
also analyzed by XPS. The C1s and O1ls regions of the scan conducted on the fresh and
aged NMC powder are shown in Figure 7. The peak area for the deconvoluted features is
included in Table S2.

Cl1s regions could be deconvoluted into three different contributions, which were
assigned to C-C (284.9 eV), C-OR (286.4 eV) and C=0 (289.6 eV) bonds [33]. The presence
of the former might be ascribed to the carbon coating layer that is usually added to enhance
the conductive properties of the NMC. On the other hand, the other two features are
associated with the presence of carbonate-like species. The area of these signals was higher
for the aged NMC, suggesting that the exposition of NMC to ambient air resulted in the
formation of carbonates on the surface of this material [12]. These carbonate-like species
could not be found in the XRD analyses. There are two possibilities to explain this fact:
(i) the carbonate layer was thin, and the total amount of this compound was negligible
compared with the total NMC and (ii) this carbonate was amorphous and, therefore,
not detectable by XRD. On the other hand, the Ols spectra could be deconvoluted into
two different features with maximum values at 529.2 and 531.7 eV [22]. The latter is
associated with O=C bonds, and the larger area of this signal for the aged NMC confirms
the formation of a native carbonate layer at the NMC particle surface [34]. Regarding the
signal at 529.2 eV, it is attributed to O-Metal bonds [22]. Again, the area of this feature is
higher for the aged NMC. The interpretation of this fact is more challenging as the main
contributor to this feature should be the metal-oxygen bond coming from the NMC itself.
However, metal carbonates and single-metal oxides (NixOy, MnyOy, CoxOy) segregated
from the active material NMC can contribute to this signal [35]. Given the fact that the
Li/Ni ratio (calculated from the atomic ratio obtained in the fitting of the XPS spectra) was
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lower for the aged NMC (Li/Ni = 7 and Li/Ni = 5 for the fresh and the aged samples,
respectively) and that the carbonates are mainly lithium carbonates, not contributing to
the 529 eV component of the Ols, it can be speculated that aging leads to the segregation
of metal oxides to the NMC surface. That would explain why the 529 eV component is
stronger for the aged NMC.
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Figure 7. XPS spectra of the NMC powders: Cls region of (a) fresh and (b) aged NMC powder, and
O1s region (c) of the fresh and (d) aged NMC.

Finally, Ni?* /Ni (Ni3+ fraction of the overall Ni, the latter calculated by the sum of
Ni** and Ni?*) was determined for the two NMC powders following the methodology
recently described elsewhere [21]. In good agreement with the former work, Ni** /Ni
was 0.48 and 0.40 for the fresh and aged NMC samples, respectively. Thus, some Ni**
undergoes reduction to Ni?* upon ambient storage. This is analyzed in detail below.

The O1s spectra of the electrodes under study in this work are displayed in Figure 8.
Moreover, the same region of the scan is also shown for the postmortem cathodes in
Figure S8. The information regarding the signals and the fitting of the spectra of the
pristine and postmortem electrodes is compiled in Tables S2 and S3, respectively.

Opposite to the NMC powders, the Ols spectra of the surface of the processed elec-
trodes did not evidence the presence of O-M. In addition, the feature ascribed to carbonate
(C=0) with a maximum at 531.5 eV could be deconvoluted into two signals: the first one at
531.5 eV and the second at 532.5 eV, ascribed to C-O bonds. Interestingly, a small feature
was also detected at 533.5 eV in the fresh sample. This is also associated with the presence
of carbonate groups [33]. Thus, all of them will be quantified and discussed together in
the following lines (hereafter referred to as carbonate-based compounds). Nevertheless,
the presence of distinct carbonate-based compounds on the surface of the samples evi-
dences the influence of the aging protocols on the chemical characteristics of the NMC
coatings. This also explains the different double-layer resistances measured on the pristine
cells by means of EIS. The area of the carbonate signal was increased in the following
order: fresh ~ aged-NMC < aged-electrode. Thus, the formation of carbonate-like species
on the surface of the NMC powder upon ambient storage previously discussed is in good
agreement with the results observed at the electrode scale for the fresh and aged-electrode
samples. Interestingly, the signal was very similar for the fresh electrodes and the electrodes
made of aged-NMC. The fitting of the Cl1s region also supports this, as the areas of the
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signals at 287.0 eV and 288.9 eV (ascribed to C-O and C=0 bonds, respectively) were similar
for the fresh and aged-NMC electrodes and slightly higher for the aged-electrode. In a
recent study, Wood et al. [36] reported the removal of surface impurities of different NMCs
in water solutions. It is likely that the same occurred when the aged-NMC was processed
in NMP. In this context, the key question is what occurs with the carbonate dissolved in the
NMP. Three facts should be considered. Firstly, the overall amount of carbonate generated
in the aging of NMC was very low as its presence could not be determined by bulk char-
acterization techniques such as XRD or EDX. Indeed, its concentration should be several
orders of magnitude lower than other electronic insulating components of the electrode,
i.e., the PVDF binder. Secondly, a fraction of the carbonate dissolved in NMP could be lost
as CO; facilitated by the vigorous stirring during the NMC electrode slurry processing.
In fact, the native carbonate layer in NMC electrodes was reported to be removed and
evolved as CO, after cell assembly, just charging the cell to 3.9 V [34]. Additionally, thirdly,
the rest of the carbonate could be homogeneously distributed throughout the electrode,
minimizing its impact in the impedance of the NMC electrode.
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Figure 8. XPS spectra of the NMC811 coatings: Ols region of the (a) fresh, (b) aged-NMC and

(c) aged-electrode coatings.
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Finally, the signals associated with the O-Metal bonds of the aged and the fresh elec-
trodes could not be found at the electrode surface. In order to find this feature, the depth
profile of the coatings was conducted on the three samples. The corresponding spectra,
shown in Figure S9, show a similar O-M signal in the internal layers of the coatings, evidenc-
ing that the bulk composition was similar for the different samples. In parallel, Ni** /Ni
was calculated for the different samples in the depth profile analyses. The evolution of the
Ni* with the depth for the three samples is shown in Figure S10. Interestingly, both the
fresh and aged-electrode showed a marked difference between the surface coating and the
first internal layer, evidencing that these aging conditions only affected the surface of the
NMC particles (in good agreement with EIS results). Nevertheless, Ni®*/Ni increase in
the aged-NMC electrode was gradual. This suggests that the processing of the aged NMC
also affected the oxidation state of the internal layers of this transition metal oxide. This
supports the hypothesis of the reduction of some Ni** to Ni?* in the bulk of the material,
which would facilitate the cation mixing determined by means of XRD fitting. Furthermore,
the negative Ni3* /Ni value observed for the aged-NMC electrode suggests the presence of
Ni-F bonds. The electrodes consisted of NMC811, PVDF and conductive C, and the sole
chance for the origin of this negative value should be the interaction between the binder
and the active material. Thus, it can be concluded that processing the electrodes with aged
powder led to a stronger attachment between these two components.

In a recent study, Lin et al. [37] evidenced that the presence of a nickel valence gradient
from the particle surface (Ni%* rich) to the core (Ni** poor) enhances the thermal and
cycling stability of NMC811. They evidenced that this gradient mitigated the formation of
micro-cracks during the charge-discharge cycles, which cause a decrease in the electronic
conductivity and contribute to the capacity decay. In our study, we have observed decreased
DC and AC resistances with the aged-NMC electrodes, in which this nickel valence gradient
has been detected. Nevertheless, the cycle life of these cells was found to be shorter than
for those consisting of fresh electrodes. It must be mentioned that, in our case, this gradient
was not obtained on purpose, and it was caused together with detrimental issues such as
cation mixing. In any case, this gradient could be the reason behind the unexpectedly high
electrochemical performance of the aged-NMC electrodes.

Finally, the signals in the O1s and C1s regions of the postmortem electrodes (Figure S8)
evidenced the presence of similar amounts of carbonate for aged-NMC and fresh elec-
trodes. The area of this feature was lower for the aged-electrode. This indicates that most
of this carbonate was formed upon cycling, with a higher presence of this component
for the electrodes with higher cycle life. In these samples, the Ols spectra could be de-
convoluted in two main peaks: the first at ~531.5 eV and the second at ~533.4 eV. The
area of these two contributions was similar (~1:1 ratio). Based on the above discussion,
the abundance of C=0O and C-O bonds was similar. In addition, the area of the signal
at ~290 eV in the Cl1s region, attributed to C-F bonds, decreased in the following order:
aged-electrode > aged-NMC > fresh. Furthermore, the area of the signal at 587.5 eV in the
F1s spectra (Figure S8), associated with the F-C bonds, decreased following the same trend.
The increase of these signals could be associated with the formation of a thicker cathode
electrolyte interphase (CEI) that would lead to an increased double layer resistance (in
good agreement with the EIS results). In fact, this would enhance the overpotential of the
charge and discharge reactions, which was observed as one of the causes promoting the
EOL of the cells.

4. Conclusions

As expected, the highest capacity retention was obtained with the fresh electrodes
(379 cycles at SOH > 80%). However, the capacity retention and power capability with
the aged-NMC samples were well beyond the expectations: they achieved 313 cycles at
SOH > 80% and did not reach the cut-off voltage unless they were subjected to 10C pulses
(the limit for fresh electrodes was 8C). Furthermore, the AC and DC resistances for the cells
consisting of the latter cathodes were surprisingly low, and the capacity in the formation
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cycle was higher (189.9 £ 0.9 and 178.6 & 0.6 mAh/g for cells with aged-NMC and fresh
electrodes, respectively). XRD of the pristine electrodes revealed an increased interlayer
distance and cation mixing after the processing of the aged NMC811. On the other hand,
XPS analyses revealed: (i) the formation of a carbonate layer at the NMC particle surface,
(ii) the redistribution of these carbonates upon the material processing, (iii) the stronger
binder-NMC interactions after processing this aged NMC811 and (iv) the formation of a
buffer region with higher Ni?* fraction in these electrodes, in good agreement with the
cation mixing evidenced by XRD. To the best of our knowledge, the latter three effects
have not been previously discussed in the literature. It was determined that the storage
of NMC811 electrodes might become a critical step in the production chain of battery
manufacturers to avoid the formation of a resistive layer. On the other hand, storage-aging
of NMC811 powder is not such a critical step; even though the material properties were
affected, the electrochemical performance was in the same range as that obtained with
fresh electrodes due to material washing during electrode manufacturing. The removal of
the contaminants generated on the surface of the NMC particles might be advisable [23],
but results in this work show that, during the electrode processing, their impact might be
mitigated. This is a significant breakthrough, as most of the literature related to calendar
aging of NMC811 points out the importance of avoiding the exposition of NMC811 to
ambient air. In any case, lithium-ion cell manufacturers should thoroughly design their
warehousing protocols to avoid the inconveniences described in this manuscript.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /batteries8080079/s1, Figure S1. Cross section SEM images obtained
from (a—d) fresh and (e,f) aged-NMC coatings at different magnifications: x1000 (a,e), x1500 (b,f),
%3500 (c,g) and x10,000 (d,h); Figure S2. Coulombic efficiency values obtained in the galvanostatic
cycling experiments conducted at the C/3 current rate. Zoom-in of the first 10 cycles is provided
in the inset figure; Figure S3. Bode diagrams recorded at the beginning- and end-of-life of a cell;
Figure S4. DVA of the cells with the (a) fresh, (b) aged-NMC and (c) aged-electrode cathodes during
all their cycle life; Figure S5. XRD patterns of the fresh (black line) and aged (blue line) NMC
powders; Figure S6. XRD patterns of the postmortem fresh (black line) and aged-NMC (blue line)
and aged-electrode cathodes; Figure S7. SEM images were obtained from (a) fresh and (b) aged
NMC powder. Micrographs at 5K magnification of (c) fresh, (d) aged-NMC and (e) aged-electrode
coatings. Micrographs at 20K magnification of (f) fresh, (g) aged-NMC and (h) aged-electrode coatings.
Micrographs at 10K magnification of (i) fresh, (j) aged-NMC and (k) aged-electrode postmortem (PM)
electrodes; Figure S8. XPS spectra of the postmortem electrodes. (a) Ols, (b) Cls, and (c) F1s regions
of the postmortem fresh cathodes. (d) Ols, (e) Cls, and (f) F1s regions of the postmortem aged-NMC
cathodes. (g) O1ls, (h) Cls, and (i) F1s regions of the postmortem aged-electrode cathodes; Figure S9.
Depth profile XPS spectra of the different coatings. Ols regions of the (a) fresh, (b) aged-NMC and
(c) aged-electrode coatings; Figure S10. Ni** /Ni total fraction with the depth of the sample obtained
by the methodology described in reference [21] for the fresh (black squares), aged-electrode (red
circles) and aged-NMC (blue triangles) coatings; Table S1. Resistance values obtained from the fitting
of the impedance spectra of the cells consisting of fresh-electrode, aged-NMC and aged-electrode
cathodes and graphite anodes at the beginning (BOL) and end of life (EOL); Table S2. Signals from
the XPS spectra of the fresh and aged NMC powder and results from the fittings, beam energy (BE)
of these signals, full width at half maximum (FWHM) of the fittings, area calculated from the fittings
and atomic percentage calculated from this area; Table S3. Signals from the XPS spectra of the fresh
and aged-NMC and aged-electrode coatings before electrochemical tests and results from the fittings,
beam energy (BE) of these signals, full width at half maximum (FWHM) of the fittings, area calculates
from the fittings and atomic percentage calculated from this area; Table S4. Signals from the XPS
spectra of the fresh and aged-NMC and aged-electrode electrodes obtained from disassembled cells
after electrochemical tests and results from the fittings, beam energy (BE) of these signals, full width
at half maximum (FWHM) of the fittings, area calculates from the fittings and atomic percentage
calculated from this area. References [38—41] are cited in the supplementary materials.
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