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Abstract

LiNip.8Mno.1Co00.102 (NMCS811) is a popular cathode material for Li-ion batteries, yet degradation
and side reactions at the cathode-electrolyte interface pose significant challenges to their long-term
cycling stability. Coating LiNixMnyCo1xyO2 (NMC) with refractory materials has been widely
used to improve the stability of the cathode-electrolyte interface, but mixed results have been
reported for Al,O3 coatings of the Ni-rich NMC811 materials. To elucidate the role and effect of
the Al,Os coating, we have coated commercial-grade NMC811 electrodes with AlbO3 by the
atomic layer deposition (ALD) technique. Through a systematic investigation of the long-term
cycling stability at different upper cutoff voltages, the stability against ambient storage, the rate
capability, and the charger transfer kinetics, our results show no significant differences between
the Al,Os-coated and the bare (uncoated) electrodes. This highlights the contentious role of Al,O3
coating on Ni-rich NMC cathodes and calls into question the benefits of coating on commercial-

grade electrodes.



Introduction

The layered lithium transition metal oxide with the general formula of LiNixMnyCoi.xyO2
(NMC) forms an important family of cathode materials for Li-ion batteries thanks to their high
theoretical capacity, energy density, and tunable chemical composition. Recent efforts to increase
the Ni concentration at the expense of Co have led to the Ni-rich NMC materials, epitomized by
the state-of-the-art LiNip.sMno.1Co0.102 (NMC811), which is widely adopted in commercial Li-ion
battery cells. However, the reversible capacity reported for Ni-rich NMC cathodes corresponds to
only ~80% of their theoretical capacity because significant degradations occur at a higher capacity
utilization (i.e., a higher upper cut-off voltage). One major cause of the capacity degradation is the
instability at the NMC cathode surface, which has been found to undergo irreversible structural

4,9-11

reconstruction' ™, oxygen evolution®, transition metal ion dissolution*~!!, and the electrolyte

decomposition'?>"!°. This surface degradation also aggravates the electrolyte decomposition, which

16-25

inevitably occurs at high reduction potentials The prevailing consensus is that a stable

cathode-electrolyte interface is important to enable high-voltage cycling. Strategies to increase this

7,16,26-29

interfacial stability include elemental substitution and doping , concentration gradient in

cathode particles’®>°, surface coating and modification®!*2627:3642 and electrolyte

formulation*>#,

Surface coating provides a direct method to tailor the chemical and physical properties of the
electrode surface, thereby modifying the electrode’s stability against the electrolyte. The coating
layer has been proposed to act as a physical barrier between the cathode and the electrolyte to
stabilize the cathode-electrolyte interface and/or as an HF scavenger to disrupt the autocatalytic

hydrolysis of the LiPF¢ electrolyte salt”*. A variety of methods are available to modify the

electrode surface, which includes surface coating via high-temperature heat treatment’’, liquid



38,40,46—49

phase deposition , atomic layer deposition (ALD)>*34159-54 " facing-target sputtering

5738 "and a combination of these methods*!. Amongst

(FTS)>’, metallurgy®®, mechanochemistry
these, the ALD method is especially appealing as it allows the controlled and conformal growth
of the coating layer with diverse chemistry at moderate temperatures>’. The ALD can be applied

36,5160 and active material powders*®#148, Refractory materials, such as ZrO»

to both electrode films
and AbO3, are commonly used for surface coatings. For example, coating NMC811 powder with
layers of ZrOx**%? or AlL,O3!'*415160 via ALD have resulted in improved the long-term capacity
retention. Annealing of the coated NMC811 powders has been found to reduce the polarization
and increase the specific capacity, Coulombic efficiency, and the rate capability*'*2. However,
recent studies of NMC811 powders coated by Al,O3; using wet chemical methods showed a

163

nuanced or even detrimental®® effect of annealing on the capacity retention®*.

Direct coating of composite electrode films via ALD has also been adopted to improve the

1.3,14.51.6061.65 hecause the coating has been proposed to protect all

electrochemical performance
exposed surfaces, including those from both the active cathode material and carbon black
additives, from direct contact with electrolyte®®’. For example, improved capacity retention has
been reported for a series of NMC532%°, NMC622°!, and NMC811'* composite electrodes coated
with AIbO3 by ALD. However, these coating studies are based either on home-made cathode
materials which present inferior performance to their commercial counterparts or on NMC with
less nickel content (e.g. NMC532 and NMC622). This begs the question of whether coating on
commercial-grade NMC811 electrode would still be effective in improving the electrochemical

performance. While uniform and conformal coating can be achieved by ALD on cathode powders,

the homogeneity of the coating via ALD on electrodes has not been studied. Therefore,



investigation of the coating via ALD on commercial-grade electrodes is needed to guide their
application in practical battery electrodes.

Here, we present a systematic investigation of the effect of Al>O3 coating by the ALD technique
on commercial-grade NMC811 electrodes. We examined the effect of the Al,O3 coating thickness,
modulated by the number of ALD cycles, on the long-term cycling performance at different cut-
off voltages, the electrode’s stability against ambient exposure, and the rate capability. No
significant differences are observed between the coated and the bare electrodes. Our result
questions the efficacy of direct coating on Ni-rich NMC electrodes when the active electrode
materials are optimized.

Results

Characterization of commercial NMC811 powder: Figures la and b show the SEM

images of the as-received commercial NMC811 powder, which consists of spherical secondary
particles with a median diameter of 15 pm. Elemental analysis by EDX was performed to examine
potential surface coating and/or doping that could be present in commercial NMC811 powders.
The EDX spectrum (Fig. 1¢) shows no peaks other than those from Ni, Mn, Co and O, ruling out
the presence of substantial surface coating or doping in this batch of NMC811 powder. EDX result
also shows the atomic ratio of Ni:Mn:Co in this sample is 8.00:0.90:1.03, which agrees well with

the nominal ratio of 8:1:1.
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Figure 1. (a, b) Scanning electron microscopy images of the commercial NMC811 powder. (c)
EDX spectrum of the as-received commercial NMC811 powders. Vertical axis plotted on

logarithmic scale.

Surface characterization of electrodes coated by Al,Os via ALD. The as-received NMCS811

powders were prepared into homogeneous electrodes with an areal loading of 5.6 mg/cm?.
Electrodes from the same batch were further coated with Al,O3; via ALD. ALD with 2, 5, 10, and
20 cycles were applied to the electrodes to yield different coating layer thicknesses, which are
denoted as ALD-2, ALD-5, ALD-10 and ALD-20, respectively. The XRD pattern indicates the
preservation of NMC811 layered structure after 20 cycles of ALD repetitions (Supplementary Fig.

S1). The Al 2p XPS spectra were measured for all the electrodes to validate the presence of Al,O3



coating after ALD (Fig. 2a). No Al 2p peak is observed for the bare NMC811 electrode, which is
consistent with the EDX result. An Al 2p peak at 75.00 eV is observed for all electrodes coated
via ALD and is assigned to Al,O3%®. The integrated area of the Al 2p peak increases linearly with
the number of ALD cycles (Fig. 2b), which suggests the growing thickness of the Al,O3 coating
layer with increasing ALD cycles. This is consistent with the layer-by-layer deposition mechanism
of ALD.

HAADF-STEM and EDX mapping was used to examine the Al,O3 coating introduced by the
ALD method. A weak Al intensity is observed on the surface of the secondary NMC811 particle
from the ALD-2 electrode (Fig. 3a), whereas a strong and continuous Al intensity covers the
surface of the secondary NMCS811 particle from the ALD-20 electrode (Fig. 3b). The EDX
mapping result indicates the growing Al content on the NMC particle surface with increasing ALD
cycles. Accordingly, TEM images of the surface region of the NMC particles show a thicker
deposition layer in the ALD-20 (Fig. 3d) than ALD-2 (Fig. 3¢) sample. This electron microscopy

result is consistent with the XPS result (Fig. 2) and demonstrates the growing thickness of the

AL O3 coating layer with increasing ALD cycles.
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Figure 2. (a) Normalized Al-2p XPS spectra measured for bare and coated electrodes. (b) The

integrated area of the Al-2p peaks as a function of the ALD cycle number.
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Figure 3. (a, b) HAADF-STEM and EDX Al mapping of the FIB slice prepared from the NMC811
electrode coated by 2 and 20 ALD cycles, respectively. (¢, d) TEM images of the surface region

for the ALD-2 and ALD-20 electrode, respectively.



Electrochemical performance at room temperature. Electrochemical cycling was

conducted to examine the effect of the Al,O3 coating via ALD on the cycling stability against
different upper cut-off voltages at 4.4V and 4.6V. Figure 4a shows the specific capacity over 100
cycles at 4.4V upper cut-off voltage. Both the bare and the coated electrodes exhibit a starting
capacity of 200 mAh/g, which is typically observed for NMC811 electrodes at this cut-off
voltage”®. After 100 cycles, the discharge capacity decreases to ~160 mAh/g with no significant
differences between the coated and bare electrodes. This capacity degradation agrees well with a
previous report of ~157 mAh/g after 100 cycles for a Ni-rich LiNig.s3Mno05C00.1202 electrode’.
No significant difference in the Coulombic efficiency is observed. Based on the numerical data
provided by the statistical analysis of NMC811 electrodes by Savina et al.”!, the median capacity
decay rate is 0.135% per cycle for 48 studies with an upper cutoff voltage of 4.4 V. The decay rate
of 0.2% per cycle in the present study is lower than 14 (out of 48) other studies. However, of the
6 studies using commercial NMC811 materials (Table S1), only 2 studies by Xin et al?’ and

1.7 reported a lower capacity decay rate than ours. In the study by Xin et al., the

Thapalia et a
electrode was calendered, which has been shown to increase the capacity retention for Ni-rich
NMC electrodes’. In the study by Thapalia et al., the first-cycle capacity for 4.4 V cycling was
180 mAh/g, which corresponds to a lower state of charge than the present work at the end of
charge. Since the equilibrium state of charge at 4.4 V is the onset potential for the detrimental gas

release and surface reconstruction reactions’*”

, a lower state of charge is expected to result in a
lower rate of capacity decay. Therefore, the capacity decay rate in the present work is consistent
with existing literature on commercial NMC811 electrodes.

For the long-term cycling at the upper cut-off voltage of 4.6V, two identical cells were prepared

and measured for each electrode sample. The average discharge capacity and Coulombic efficiency



are shown in Fig. 4b, where the error bars indicate the difference in capacity between the two
identical cells. An initial specific discharge capacity of 215 mAh/g is observed for both the coated
and the bare electrodes, which is slightly higher than the previously reported value of ~205 mAh/g
at the same cut-off voltage?’. Again, there is no significant difference in the Coulombic efficiency
between the bare and the coated electrodes. The standard deviation of the measured specific
capacity, as indicated by error bars in Fig. 4b, of all five samples is ~ 2 mAh/g for the 1% cycle,
which demonstrates the high consistency in the electrode preparation and ALD coating. However,
the standard deviation increases with the cycle number and reaches ~10 mAh/g at the 100™ cycle.

To examine the effect of Al,O3 coating on the voltage polarization, the voltage profiles for all
samples at select cycles are plotted in Fig. 5. Fig. 5a shows the 1% cycle voltage profiles of both
the bare and the coated electrode samples cycled with 4.4 V cutoff. All five samples are initially
onset to a higher open-circuit voltage, which is probably caused by different coating thicknesses
and unpredictable surface species synergistically. Nevertheless, all five electrode samples yield a
close specific charge capacity of 233 mAh/g and nearly identical voltage profiles during discharge

regardless of the coating thickness. In comparison, previous reports for NMC811 particles!>#0:4!

4041 showed in a slight decrease of 2~8 mAh/g in the specific discharge capacity.

with Al,Os; coating
After 100 cycles, substantial changes in the voltage profile are observed for both the bare and the
coated electrodes (Fig. 5b): the capacity of the constant voltage charging step at 4.4 V increases
to ~18 mAh/g, as opposed to ~5 mAh/g in the 1* cycle, which is attributed to the increased voltage
polarization after long-term cycling. The specific discharge capacity decreases to ~160 mAh/g for
all electrodes, regardless of the coating thickness. This shows that the Al,O3 coating on electrodes

does not suppress the voltage or the capacity decay at least for the first 100 cycles with a cutoff

voltage of 4.4 V under room temperature.
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Comparison in the evolution of the voltage profile was also made for electrodes cycled with the
upper cutoff voltage of 4.6 V (Figs. 5¢ and d). For the first cycle, all five samples show a similar
onset voltage with unnoticeable difference as well as their charge and discharge capacities. After
100 cycles, the voltage polarization for cycling at 4.6 V is increases by ~181 mV than cycling at
the 4.4 V (as shown in Supplementary Fig. S2). The capacity for the constant voltage charging
step increases to ~20 mAh/g, and the specific discharge capacity decreases to 153 — 163 mAh/g
for all electrodes regardless of the coating thickness. Again, no significant difference in the
capacity retention or voltage polarization is observed for the bare and the coated electrodes.
Therefore, the Al,O3 coating on electrodes does not improve the capacity retention nor reduce the

voltage polarization for cycling with upper cutoff voltages of up to 4.6 V.
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Figure 4. Specific discharge capacity of both the bare and the coated electrodes cycled with an
upper cutoff voltage of (a) 4.4 V and (b) 4.6 V. Error bars correspond to the differences in capacity

between the two replicate measurements for the 4.6 V samples and are shown for every 20 cycles.
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Figure 5. Voltage profiles of (a) the first and (b) the 100™ cycles for the electrodes cycled within
the voltage window of 2.8 — 4.4 V, and the voltage profiles of (¢) the first and (d) the 100" cycles

for the electrodes cycled within the voltage window of 2.8 — 4.6 V.

Stability against air exposure. To explore whether the Al,O3 coating increases the stability

of the electrode against moisture exposure, both the coated and the bare electrodes were exposed
to air (43 % relative humidity, 22 °C) for 1 day and 30 days before electrochemical cycling. The
specific discharge capacity for the first 100 cycles of the 1-day and 30-day exposed samples is
shown in Figs. 6a and 7a, respectively. After 1-day exposure, the bare electrode shows a small but
noticeable drop in the initial specific discharge capacity to 195 mAh/g, as opposed to ~200 mAh/g
observed for non-exposed electrode (Fig. 4a). This observation is in agreement with the report by
SickInger et al.”’, where a drop in the initial specific capacity is observed for electrodes after long-
term storage in inert dry atmosphere and after short-term storage in a high-humidity environment.
In contrast, no drop in the initial discharge capacity is observed for any of the coated electrodes.
The voltage polarizations of all four coated electrodes stay nearly the same with the bare electrode
as shown in Supplementary Fig. S3a. After 100 cycles, the bare electrode retains a capacity of 153

+ 5 mAh/g, whereas the coated electrodes retain a slightly higher capacity of 160 £ 6 mAh/g

12



regardless of the coating thickness (Fig. 6a). Among all the coated electrodes, only the ALD-20
electrode shows a smaller voltage polarization than the bare electrode, especially in the high-
voltage regime (Supplementary Fig. S3b). Although all coated electrode samples started off and
ended up with higher capacities than the bare electrode after 1-day exposure, a capacity drop of
~40 mAh/g after 100 cycles is observed for both the bare and the coated samples (e.g., capacity
drops of 42 +£ 5 mAh/g, 39.7 + 0.5 mAh/g, 42.9 + 0.2 mAh/g, 39.2 £ 0.9 mAh/g and 41 £ 6 mAh/g
are observed for the bare, ALD-2, ALD-5, ALD-10 and ALD-20 electrodes, respectively, after
100 cycles). The average voltage (i.e., specific energy/specific capacity) is calculated to examine
the effect of AlbO3 coating on the evolution of the voltage polarization (Fig. 6b). The average
charge voltage for the 1% cycle is 4.05 V, which contributes to the large voltage polarization (i.e.,
difference between average charge and discharge voltages, denoted as AV) observed for the 1%
cycle. The average charge voltage drops to 3.93 V in the 2™ cycle and gradually increases to 4 V
in the 100" cycle. The average voltage polarization (AV) increases from 0.07 V for the 2" cycle
to 0.25-0.32 V for the 100" cycle with no significant differences between the coated and the bare
electrodes (Fig. 6b). Examination of the 1% cycle voltage profile shows voltage spike at the
beginning of charge followed by a long voltage plateau at 4 V (Fig. 6¢). Such a voltage profile is
commonly observed for electrodes exposed to air’® and has been attributed to the decomposition
of surface carbonate species introduced as a result of the air exposure’®. This voltage polarization

is absent during the subsequent discharge step and in later cycles (Fig. 6d).
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Figure 6. Electrochemical behavior of both the bare and the coated electrodes after 1-day air
exposure: (a) Specific discharge capacity, (b) average charge/discharge voltages and the voltage
polarization (AV) for 100 cycles, and the voltage profiles for (¢) the 1st cycle and (d) the 100th
cycle. The electrodes were cycled at C/3 rate, and the specific discharge capacity is averaged over

two parallel measurements. The error bars indicate the difference between the results from the two

parallel experiments.
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For electrodes exposed to air for 30 days, an initial discharge capacity of 191-197 mAh/g is
observed for both the coated and the bare electrodes (Fig. 7a), which is comparable to the non-
exposed and 1-day exposed electrodes. However, the discharge capacity for both the coated and
the bare electrodes after 30-day exposure drops to ~140 mAh/g in the 100" cycle, which is much
lower than that of the non-exposed electrodes (~160 mAh/g) and the 1-day moisture exposed
electrodes (~160 mAh/g). This shows the accelerated capacity degradation with prolonged air
exposure. Calculation of the average voltage shows a higher average charge voltage of ~4.1 V and
a larger voltage polarization than the 1-day exposed electrodes for the 1% cycle; the average
voltages and the voltage polarization for the 2" cycle are similar for both the 1-day and the 30-
day exposed electrodes (Fig. 7b). Nevertheless, the voltage polarization for the 30-day exposed
electrodes increases to 0.5 V as opposed to 0.3 V for the 1-day exposed electrodes at the 100"
cycle. Again, no significant difference is observed between the coated and the bare electrodes.
Examination of the voltage profile reveals an increased voltage spike at the beginning of the initial
charge, indicating a more prominent growth of surface impurities than the 1-day exposed
electrodes (Fig. 7¢). Accordingly, the voltage polarization becomes more aggravated for the 30-

day exposed than the 1-day exposed electrodes in the 100" cycle (Fig. 7d).
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Figure 7. Electrochemical behavior of both the bare and the coated electrodes after 30-day air
exposure: (a) Specific discharge capacity, (b) average charge/discharge voltages and the voltage

polarization (AV) for 100 cycles, and the voltage profiles for (¢) the 1st cycle and (d) the 100th

cycle. The electrodes were cycled at C/3 rate.

Kinetics studies. To investigate the effect of AlOs; coating on the rate capability, two

parallel rate tests were performed for the coated and the bare electrodes (Fig. 8). Yet, no significant

differences in the discharge capacity are observed for discharge rate up to 3C.
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Figure 8. Specific discharge capacity obtained at different discharge rates. Cycling was performed
in the voltage window of 2.8 — 4.2 V, and the CCCV charging protocol at C/3 was applied while
only varying the discharge rate from C/3, 1 C, 1.5 C, 2 C and 3 C. One more charge-discharge
cycle at C/3 rate and cutoff up to 4.4 V is appended at the end of rate test to show the preservation

of sample after the rate test.

PITT was also introduced to quantify the Li-ion diffusivity and the exchange current density of
the coated and bare electrode samples (the entire PITT voltage profiles are shown in
Supplementary Fig. S4). To eliminate the uncertainties related to the measurement of the particle
size in the determination of the Li-ion diffusivity, the quotient of D/r* is reported in Fig. 9a. The
shape of the D/r? curve is similar to our previous measurement for a single-crystalline NMC
electrode?® and other reports for NMC811 cathodes®®32. No significant difference in the Li-ion
diffusivity is observed between all samples. This is consistent with our expectation that the surface
coating does not affect the bulk Li-ion diffusivity. To calculate the exchange current density (jo),
a radius of r = 0.5 um is assumed for the primary particle size of the NMC811 powder. (Fig. 9b)

The exchange current density is on the order of 0.1 mA/cm? and increases with voltage, which is

17



consistent with a previous measurement for isolated NMC811 secondary particles®>. However, no
systematic differences are observed between the coated and the electrodes. This result shows that

coating on the electrode does not change the intrinsic kinetic properties of the NMC811 particles.

36 3.7 38 3.9 4.0 4.1 4.2
Voltage (V, Li*/Li°)

Figure 9. (a) D/r? and (b) jo obtained from fitting the PITT results. D, r, and jo correspond to the

Li diffusivity, radius of the NMC811 particle, and the exchange current density, respectively.

Electrochemical impedance spectroscopy (EIS) measurement was used to interrogate changes
in the electrode surface between the bare and the coated electrodes. Fig. 10a shows the Nyquist
plots measured for electrodes charged to 3.8 V and 4.4 V on the first charge. At 3.8 V, the Nyquist
plot exhibits a well-defined semicircle arc at frequencies above 10 Hz, a suppressed semicircle at
lower frequencies, and low-frequency linear region for both bare and coated electrodes. This
suppressed semicircle becomes much better defined between 100 Hz and 0.1 Hz for all electrodes
at4.4 V. The growing prominence of the mid-frequency arc with increasing voltage is in agreement
with previous EIS studies of NMC811 electrodes®. It is well established that the high-frequency

semicircle is related to the surface film formed on the electrode and mid-frequency semicircle is

18



related to the charge transfer at the electrode-electrolyte interface. To model the EIS result, we
have employed the equivalent circuit model adopted by Trevisanello et al.®* (Fig. 10b), where Ro,
R1, and R» correspond to the bulk resistance of cell, the resistance of the surface film on the
electrode, and the charge-transfer resistance, respectively. Fig. 10¢ shows the fitting results. The
surface layer resistance (R1) for the coated electrodes (20~22 QQ at 3.8 Vand 17~18 Q at 4.4 V) is
consistently larger than for the bare electrodes (16 Q at 3.8 V and 13 Q at 4.4 V). The increased
surface layer resistance for the coated electrode is attributed to the AlOs coating layered
introduced by the ALD. However, the R; is effectively independent of the AlOsz layer
thickness?’%%%. While the charge transfer resistance (Rz) for the coated electrode (27~37 Q) is
consistently larger than the bare electrode (21 Q) at 3.8 V, the R> becomes effectively identical for
both coated and bare electrodes at 4.4 V. It is worth pointing out that the fitting result for R is
more robust at 4.4 V, where the mid-frequency semicircle is much better resolved and the
estimated errors of the fitting results are smaller than at 3.8 V. This shows that the charge transfer
resistance is not affected by the Al,Os coating layer.

In comparison, past studies on the coating of NMC electrode films often lack systematic
characterization of the kinetic properties of the coated electrode and leads to mixed results. For
example, Su et al. reported a slight decrease in the Li-ion diffusivity when the NMC532 electrode
film was coated with ALO; via 5 and 10 ALD cycles®; yet the diffusivity was found by Shi et al.
to increase by an order of magnitude for an NMC532 electrode coated with Al,O3 via 4 ALD
cycles®. Su et al. also reported a significant increase in both Rsr and Re only for the electrode
coated via 10 ALD cycles. The study by Negi et al. on a coated NMCS811 electrode reported an
improved rate capability for the electrode' but did not characterize the kinetic properties to

identify the origin of such an improvement.
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Figure 10. (a) Electrochemical impedance spectra measured for the bare and the Al,Os-coated
electrodes at 3.8 V and 4.4 V during the first charge. A vertical offset of 15 Q is applied between
consecutive curves. Experimental data and the fitting curves are represented by solid circles and
lines, respectively. (b) Equivalent circuit model used to fit the experimental EIS results. (¢) Surface
layer resistance (Ri) and charge-transfer resistance (R») obtained from the equivalent circuit

modeling of the EIS spectra.

Discussion
The present result demonstrating only a limited benefit (i.e., slightly better stability against 1-
day ambient exposure) with Al2O3 coating seems to contradict numerous previous studies that

report significant improvement in the electrochemical performance of coated electrodes**60-8586,
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Nevertheless, significant improvements in past studies are commonly observed for the surface
coating/modification of homemade electrode materials, whose performance trails the commercial
ones. It is worth noting that the capacity retention of the baseline electrode in the present work
(160 mAh/g at 100 cycles) outperforms the Al,Os-coated electrode using homemade NMC811
electrode materials (160 mAh/g at 40 cycles)’. Even comparing with reports that adopted
commercial NMC811 electrode materials*!7%%7, the commercial NMC811 used in the present
study shows superior capacity retention. It is possible that the high-quality of the commercial
NMCS811 adopted in the present study renders less room for improvement in the electrochemical
performance by the surface coating method.

The ALD of Al>Os3 in the present work was performed on electrode films as opposed to electrode
powders. In the ALD of electrode films, the coating is expected to be deposited on open surfaces
of all components, including the NMCS811 particles, the carbon additives, and the PVDF binder.
Yet, it is unclear whether the deposition is homogeneous throughout the porous electrode,
especially along the thickness of the electrode. To examine the spatial homogeneity of the Al,O3
coating, we measured the elemental distribution along the thickness of a thick NMC811 electrode
coated by AlbO3 using ALD. The elemental mapping of the cross-section of the electrode shows a
higher concentration of Al near the top layer of the composite electrode than the interior (Fig. S5),
which indicates the preferential coating of only the top layer of the electrode particles. This means
that coating on all NMC811 particles could be realized provided that the electrode is sufficiently
thin. In this work, the electrode is ~70 um thick (areal loading is 5.6 mg/cm?), which corresponds
to 2~3 layers of NMC811 secondary particles. Hence, the deposition of the AloO3 coating is
expected to cover most open surface area of the electrodes, which is corroborated by both the

homogeneous spatial distribution of Al and the increased surface film resistance of the coated
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electrodes. The reported improvement for composite electrode films coated with the ALD method
also implies the successful coating of a significant fraction of the open surface in these thin, porous
electrodes, e.g. 2.5 mg/cm? NMC532 electrode by Shi et al®®, 11.6 mg/cm? NMC622 electrode by
Neudeck et a/*® and 10.8 mg/cm?> NMC71515 electrode by Negi et al/*?. Notwithstanding the
widely acclaimed benefits of the surface coatings for NMC materials, the effects of the Al,Os
coating on Ni-rich NMCs, such as NMCS81 1, are controversial. While Gao ef al. reported improved
capacity retention of both the as-prepared and the annealed (750 °C) Al,O3-coated polycrystalline
NMCS811 electrodes (Al,O3 coating on powder by ALD*! recent studies by Han e al.®® and
Riesgo-Gonzalez et al.** found that the high-temperature annealing of Al,Os-coated NMC811
particles by wet-chemical methods resulted in deteriorated capacity retention. In agreement with

1.5 observed no significant difference in the capacity retention

our result, Riesgo-Gonzalez et a
between the pristine and the coated sample when annealed below 400 °C. This challenges the
presumption that coating the electrodes with refractory materials always improves the capacity
retention. Indeed, a recent work on the Al,Os; coatings on a LiNigsMnis50s4 cathode shows
aggravated electrochemical performance®®.

It has been well known that impurities, such as Li>CO3, readily form on the surface of NMC
particles®. The presence of such surface impurities undermines the assumption that the deposition
of the Al,O3 coating via ALD is directly on the cathode particle surface, i.e., the transition metal
oxide lattice. This assumption is further challenged when the ALD is performed on electrodes,
where the surface is well covered with a layer of the polymeric binder (e.g., PVDF). The elemental
mapping of the as-prepared electrode shows the spatial overlap between the F-containing species

and the NMC particles, demonstrating at least partial surface coverage of the NMC811 particles

with the PVDF binder, as shown in Supplementary Fig. S6. The XPS 1s measured for both the
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NMCS811 powder and electrodes shows a suppressed peak at 529 eV (assigned to the lattice oxygen
of NMC81178%%%%)"and a prominent peak at 532 eV (assigned to lithium carbonate’®%%) (Fig.
11). This indicates that the surface of the NMC particles is already covered with a layer of
secondary species that prevents the direct reaction and bonding between the ALD precursors (i.e.,
TMA) and the oxide surface of NMC811. Therefore, an interlayer must exist between the Al,O3
coating layer and the oxide surface of the NMCS811 particles (Fig. 12). Further work on Al,O3
coating of pristine commercial NMC811 powders is required to elucidate the effect of this

interlayer on the electrochemical performance.
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Figure 11. O 1s XPS spectra of bare NMC811 powder and bare electrode. The prominent peak at

~531 eV is attributed to surface carbonates and overshadows the lattice oxygen peak of NMC811

at 529 eV.

This brings into question the efficacy of the AloO3 coating as a physical barrier to prevent the
direct contact between the NMC particles and the electrolyte when the Al,Os layer is not
chemically bonded to the NMC oxide surface. For example, a gap between the Al,O3 layer and the

NMC oxide surface could develop when the surface Li2CO3 is decomposed electrochemically
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during charge. This could explain the present result where the A1>O3 coating on the electrode does

not improve electrochemical performance.

H.C. ,CH
H.C( ,CH3 3 Al 3
Al CH
CH, 5
\‘.\Icoa, LiOH, PVDF._.

NMC particle NMC particle

ALD on pristine surface ALD on composite electrode
Figure 12. Illustration of the ALD on pristine NMC particle surface and on the composite
electrode. The secondary species introduced during the electrode preparation step prevents the

direct Al203 deposition on the NMC particle surface.

Conclusions

Electrode films prepared with commercial polycrystalline NMC811 powder were coated with
ADLO3 by ALD to investigate the effect of surface coating on the electrode’s electrochemical
performance. Electrochemical characterization shows no significant differences between the
coated and bare electrodes in the capacity retention at different cut-off voltages or the rate
capability. The coated electrode does show improved stability against short term air exposure,
where the bare electrode suffered a larger irreversible capacity loss. Yet, this improved stability is
independent of the coating layer thickness and is not manifested for long-term air exposure. We
speculate that the pre-existing secondary species on the NMC particle surface in the composite
electrode introduces an interlayer between the NMC oxide surface and the AlbO3 coating layer,
which undermines the efficacy of the coating layer. Our work underlines the contentious effect of
ADOs3 coating on NMCS811 electrodes, which warrants further investigation.

Methods

Electrode preparation.  Polycrystalline NMC811 powder purchased from Xiamen TMAX

Battery Equipments was used as the active cathode material. NMC811 cathode powder (90 wt%),
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acetylene black (Alfa Aesar, 5 wt%) and polyvinylidene fluoride (PVDF, Sigma Aldrich, 5 wt%)
were well mixed with N-methyl-2-pyrrolidone (NMP, Sigma Aldrich) to form a homogeneous
slurry. The slurry cast was completed on a coating line. After drying out the NMP solvent, a roll
of electrode with an areal loading of 5.6 mg/cm? was obtained.

ALD of Al203 on NMC811 electrode films. The Al>O3 coating layer was deposited on the
NMCS8I11 electrode films at 80 °C in an ALD system (this temperature was selected based on the
results from a few trial runs at 80 °C, 100 °C, 120 °C and 140 °C, as shown in Supplementary Fig
S7). Trimethylaluminum (TMA) and water vapor was used as the precursors. High-purity N> gas
was flowed into the chamber as the carrier of the precursors and maintained the chamber pressure
of about 200 mTorr before the injection of the precursors. A complete ALD deposition cycle
includes the following steps: (1) pulsing TMA for 150 ms, (2) purging the TMA residual for 20 s,
(3) pulsing water for 150 ms, and (4) purging the water residual for 25 s. 2, 5, 10 and 20 ALD
cycles were applied on the electrode sheets to deposit Al>O3 with different thickness, which are
denoted as ALD-2, ALD-5, ALD-10 and ALD-20, respectively.

Coin cell assembly. The as-coated electrode was punched into discs with 14 mm
diameter outside glovebox and then was transferred into glovebox for further coin cell assembly.
The coin cell was assembled with a NMCS811 electrode disc as the cathode, a lithium chip (1.1 mm
thick and 15.4 mm in diameter, purchased from TOB) as the anode, a class fiber disc (3/4 inch,
Whatman) as the separator, and electrolyte (175 uL) of 1 M LiPF¢ dissolved in 1:1 (weight ratio)
dimethyl carbonate/ethylene carbonate solvent (Gotion).

Materials characterizations. The X-ray photoelectron spectroscopy (XPS) was performed
on a PHI 5000 VersaProbe. Its X-ray energy was 1486 ¢V from Al K, line achieved by electrons

bombarding the aluminum anode with 50-Watt power and 15 KV anode voltage. The X-ray spot
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size and pass flux was set to 200 um and 29350, respectively. The emission angle 8 = 452 to
optimize the thickness measurement. The as-measured XPS spectra were calibrated by setting the
graphitic carbon 1s peak at 284.5 eV.

A ZEISS SUPRA 55-VP scanning electron microscope (SEM) was used for the secondary
electron mapping and the energy-dispersive X-ray (EDX) spectroscopy of the NMC811 particles
and electrodes.

Transmission electron microscopy (TEM) was used to characterize the coated electrode.
NMCS8I11 particles were collected from the ALD-2 and ALD-20 electrodes. Thin slices of TEM
samples were prepared using focused ion beam (FIB) lift-out techniques to obtain clear cross-
sectional views. High-angle annular dark-field (HAADF) imaging, energy-dispersive X-ray
spectroscopy (EDX) with a mapping and line scan time of 900 seconds to ensure sufficient
elemental signal acquisition, and high-resolution transmission electron microscopy (HR-TEM)
images were collected using a FEI Talos F200X (200 keV) at the Center for Functional
Nanomaterials at Brookhaven National Laboratory.

The X-ray powder diffraction was performed with a Bruker D8 Advance diffractometer with
Mo Ka radiation in the 20 range of 5 - 55° and a scanning rate of 2 °/min (in 20).

Electrochemical tests. All electrochemical cycling measurements were performed on a
LAND battery testing system (model CT3001A). The as-assembled cells rested for six hours
before the application of the cycling protocol. For long-term cyclings, the charging protocol
follows the constant current constant voltage (CCCV) charging method, where the cell was
galvanostatically charged at C/3 rate to 4.4V or 4.6V followed by a potentiostatic charge until the
current drops to C/20. Galvanostatic discharge at C/3 was used for discharge to 2.8 V. Here, 1C

corresponds to 200 mA/g.
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Rate tests were conducted at room temperature, within the voltage window of 2.8 V—4.2 V to
minimize side reactions at high voltages. The charge protocol followed the CCCV method as
described above, and the rate was varied only on discharge sequentially from C/3 to 1C, 1.5C, 2C
and 3C. A recovery cycle at the rate of C/3 was performed at the end of rate test.

Potentiostatic intermittent titration technique (PITT). PITT measurement was
performed for the 2™ cycle on a Biologic BCS-805 potentiostat in voltage steps of 10 mV during
both charge and discharge in the voltage window of 2.8 — 4.4 V. The voltage was held constant at
each step until the current decreased to C/100. The chronoamperometry data (/(z)) for each
potentiostatic step was fitted with Equation (1) assuming a finite interfacial kinetics®!,

I1(t) = —?—f{—% (1 - erfc\/%) + BB—_Zle%(B_l)Zerfc I(B - 1)\/%] +

D

B2-2B 2(B—1)+2¢(B—1)? T 4y [Pt
—— ¢ = erfc lm+(3 1)\/;]} (1)

where D is the Li-ion diffusivity, r the radius of the electrode particle, O the total charge
transferred during the potential step for the whole electrode, B the Biot number. Both B and D are

fitting parameters. The exchange current density is derived from Equation (2)°?,

) BDRT
Jo = — 3T ()

ac

where B and D are the Biot number and Li-ion diffusivity, respectively, obtained from Equation

(1), R is the universal gas constant, 7 is the temperature in Kelvin degree, r is the particle radius
. U . o . .
(estimated to be 13 um), and % is the derivative of the cell voltage (U) with respect to the Li-ion

concentration (C) in the NMC particle, which is obtained from the voltage vs capacity curve for
NMC.
Electrochemical impedance spectroscopy (EIS). The EIS were measured during the

discharging of the 2nd cycle from 4.4 V down to 3.8 V in steps of 100 mV on Ivium PocketStat2.
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The cell was equilibrated at the target voltage for 30 minutes before every EIS measurement. EIS

data fitting was performed with the Python package of impedance.py®>.
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