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35 1. Abstract

36

37 Atomic Layer Deposition (ALD) has emerged as a strategic enhancement method for lithium-ion
38 battery (LIB) materials offering potential benefits and durability benefits for industrial battery
ig production. However, the translation from laboratory achievements to commercial-scale
41 applications has been limited. This study aims to bridge this gap by comprehensively evaluating
42 the effects of commercially scalable Al,Oz ALD coatings using full pouch cell performance as a
43 means to assess the ALD impact. We utilized large-scale slot-die coating techniques to ensure
44 . . . . L

45 consistent electrode quality and tested four configurations of pouch cells to analyze the individual
46 effects of ALD coating on anode and cathode electroactive materials. Our extensive testing matrix
47 included long-term cycling, fast discharge, fast charge, leakage current, and high voltage tests.
jg While at lower C-rates (<~1C), the influence of Al,Os; coatings on cell performance is not
50 significant. Fast charging conditions reveal that the anode ALD coating significantly enhances
51 performance via a passivating effect, while on the cathode, it is detrimental, potentially due to
gg increased resistance of the thin interfacial layer formed during the ALD processing. Leakage
54 current and high-voltage tests show that the application of ALD coatings on either anode or
55 cathode effectively minimizes side reactions at the electrode-electrolyte interface. Additionally,
56 ALD coatings significantly mitigate concentrated and localized lithium plating on the anodes.
g; These insights provide a valuable understanding of the potential of ALD technologies in LIB
59 manufacturing to tailor cell performance, paving the way for safer, more efficient, and cost-
60 effective battery solutions.
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2. Introduction

The global demand for lithium-ion batteries (LIBs) is expanding rapidly, primarily fueled by the
growing commercial vehicle and passenger transportation sectors. With the continuous rise of the
electric vehicle (EV) market, LIB technology faces critical challenges that need to be addressed.
These challenges include extending the driving range [1, 2], improving the fast charging and
discharging capabilities [3, 4], and enabling high-capacity and high-voltage cathode materials [5,
6]. Additionally, improving battery efficiency, reliability, safety, and developing cost-effective

manufacturing processes [7, 8] are essential to meet the growing demands.

In a typical LIB system, the main components include anode and cathode electrodes, separators,
electrolyte, and current collectors. During cycling, issues with any of these components can lead
to battery failure. Cathodes frequently encounter challenges such as the dissolution of metal ions,
structural disorder, side reactions with electrolyte, and particle cracking [9-11]. On the anode side,
common issues involve the continuous formation of solid electrolyte interphase (SEI) layers and
the growth of lithium dendrites [12, 13]. These problems collectively lead to reduced battery
capacity and increased internal resistance, thereby accelerating the degradation process [14, 15].
To tackle these complex challenges, researchers are actively pursuing effective solutions aimed
at prolonging the lifespan and enhancing the performance of LIBs. For example, discovering
advanced electrode materials, optimizing electrolyte formulations, investigating solid-state
electrolytes, and employing interfacial and nano-engineering techniques in electrode design.
Among all the strategies, modifying the surface of electrode materials has emerged as a
particularly promising approach. By engineering protective layers or altering the electrode
surfaces at the microscopic level, it's possible to alleviate the negative impacts of electrode
degradation and prevent harmful reactions between the electrodes and electrolytes. Various
coating techniques are applied to electroactive materials, such as sol-gel [16, 17], pulsed laser
deposition (PLD) [18], physical vapor deposition (PVD) [19], and chemical vapor deposition (CVD)
[20]. In addition, carbon pitch coatings are applied to graphite using high-temperature processes.
[21] However, these methods frequently face challenges in attaining precisely controlled
thicknesses and uniformity, which can result in thick, non-uniform films, with stress and cracks
forming on the film surface, which in turn affect the transmission of ions and electrons [16, 22].
Atomic Layer Deposition (ALD) distinguishes itself by enabling the growth of ultra-thin films with
atomically precise thickness control and excellent conformality. ALD coatings can be grown on a

wide range of materials via self-limiting surface reactions [23, 24], thereby ensuring good
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uniformity and strong chemical bonding to the substrate, and with very thin films often providing

similar benefits as thicker films deposited by other methods.

Various ALD films have been explored for coating LIB electroactive materials [25], including metal
oxides (Al.O3[26-28], ZnO [29], ZrO, [30], etc.), and metal fluorides (LiF [31], AlF3 [32], etc.).
Among all the coating materials, Al.Os is the most extensively explored and well-established
material due to its low cost, ease of deposition, and excellent performance [26]. Typically, the
Al,O3 ALD coating is produced using trimethylaluminum (TMA) and H>O as precursors [24]. An
Al2O3 coating on cathode materials can i) suppress structure and chemistry changes on the
particle surface (transition metal dissolution, oxygen loss, phase transition) [26, 33]; ii) reduce the
oxidative decomposition of electrolyte and improve the stability of the cathode—electrolyte
interphase (CEIl) layer [34]; and iii) prevent the particle pulverization [33]. Similarly on anodes, the
Al203 ALD coating can offer multiple benefits: i) improving the stability of the SEI layer by reducing
the electrolyte decomposition [35, 36]; ii) suppressing the formation of lithium dendrites [37]; iii)
better accommodating the volume expansion/contraction during charging and discharging, thus

avoiding particles pulverization and loss of electronic conductivity in silicon-based anodes [38].

Despite numerous experimental studies and supporting theoretical work about the benefits of ALD
coatings on electrode performance, many remain academic, failing to transition beyond lab-scale
experiments. High throughput, such as roll-to-roll process, has been rarely reported [39]. Often,
the exceptional performance reported in scientific literature is assessed under conditions that are
not aligned with the practically relevant processing conditions and testing conditions. Challenges
include scalability & cost concerns of certain ALD processes, impractical mass loadings of
electrodes, and focusing only on testing one electrode (anode or cathode) in half-cell
configurations. Additionally, experiments are often conducted on a small scale in coin cell setups,
with limited testing conditions that do not mirror practical demands. Hence, there is a significant
gap between laboratory achievements and the commercialization of ALD-coated electrodes that
must be addressed. In this paper, we aim to bridge the gap between laboratory and commercial
applications by conducting comprehensive evaluations of scalable Al,O3 ALD coating impacts on
full-cell battery performance in various test conditions. Our approach involves applying Al,O3z ALD
coatings via commercially scalable powder ALD processing equipment from Forge Nano (up to
tons per day) to both anodes and cathode powders, and implementing large-scale electrode
coatings (hundreds of feet) using slot-die coating for consistent quality. We conducted tests on
four configurations of single-layer full-pouch cells, featuring variations in coated and uncoated

anodes and cathodes, each in ftriplicate, to specifically analyze the individual effects of ALD
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coating on either the anode or the cathode in the full cells. A comprehensive testing matrix,
covering long-term cycling, fast discharge, fast charge, and high voltage, was developed and
employed on these pouch cells. Our study aims to shed light on the potential of ALD surface
modifications to revolutionize LIB manufacturing, offering a pathway to safer, more efficient, and

cost-effective battery technologies.

3. Experimental

I. Coating process:

The AlOs ALD coatings were deposited on lithium nickel manganese cobalt oxide
(LiNio.sMng.1C00.102, NMC811) and SLC1520T graphite powders, purchased from Gelon Lib Co.,
Ltd. and Superior Graphite, respectively. The ALD coating process was performed by Forge Nano
in one of their large powder ALD coating tools. In this work, batches of anode and cathode
powders, each ranging between 6-10 kg, were coated with two cycles of Al,O3; ALD, utilizing
trimethylaluminum (TMA) and water in a fluidized bed reactor. The powders were fluidized using
nitrogen gas, and pre-dried at 180°C overnight. During each ALD cycle, TMA and water vapors
were sequentially introduced until residual gas analyzer readings indicated the completion of the
respective surface chemical reactions, as evidenced by breakthrough of the reactant chemical
species, along with a rapid drop in the byproduct methane. Each dosing step was followed by a
purging phase to ensure the removal of excess reactants and byproducts. After coating, the
powders were cooled and vacuum sealed under nitrogen in a foil bag to limit moisture and air
exposure during transport and storage. The pristine materials are referred to as uncoated-
NMC811 and uncoated-graphite, while the Al.O3s-coated samples are labeled as ALD@NMC811
and ALD@Graphite.

I1. Electrode preparation:

Cathode slurries were composed of 90 wt% of either coated or uncoated NMC811, 5 wt% carbon
black (C65, Denka), and 5 wt% polyvinylidene difluoride (PVDF, Solvay 5130) in N-
methylpyrrolidone (NMP, Sigma-Aldrich). Similarly, anode slurries were formulated with 92 wt%
of either coated or uncoated graphite, 2 wt% carbon black (C65, Denka), and 6 wt% PVDF
(KUREHA 9300), also in NMP. The mixing process for both slurries was conducted using a
planetary mixer (Ross PDM — 1/2). Similar slurry fabrication process can be found in our previous
publication [40].
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The electrodes were coated onto either aluminum or copper foil (MTI Corporation) using a pilot-
scale slot-die coater (Frontier Industrial Technology). The total mass loading of the cathode and
anode is 11.1 mg/cm? and 7.1 mg/cm?, respectively. For all the mass loading, the electrode
balance (N/P ratio) was maintained at approximately 1.12 to 1.17. Post-coating and drying, the
electrodes were calendered to ~35% porosity. Subsequently, all electrodes were subjected to a

secondary drying process at 115 °C under vacuum conditions to prepare them for cell assembly.

I11.Coin cell and pouch cell fabrication:

Half coin cells (CR2023) were assembled with electrodes precisely cut to a diameter of 12.7 mm,
in a glove box under Ar atmosphere, using Celgard 2400 separator and Gen 2 electrolyte (1.2 M

LiPFs in 3:7 wt% ethylene carbonate/ethyl methyl carbonate).

For single-layer pouch cell assembly, cathodes and anodes were cut to dimensions of 8.4 cm x
5.6 cm and 8.6 cm x 5.8 cm, respectively. All pouch cells with an approximate capacity of 85.5
mAh were assembled in a dry room environment maintained at relative humidity lower than 0.3%.
These cells utilized Celgard 2400 separators and were filled with Gen 2 electrolyte. The electrolyte
volume factor was 1.9, same as our former publications [41]. Prior to testing, all cells underwent

a formation process involving three cycles at C/10, ranging from 3 to 4.2 V.

V. Electrochemical testing procedure

The rate performance of all electrodes was evaluated using a half-coin cell configuration. For the
NMC811 half-cell, the test protocol included a constant current charge at C/3 to 4.3 V followed by
a constant voltage charge at 4.3V with a trickle current of C/20 and discharge at C/5, C/3, C/2,
1C, 2C, 4C to 3.0 V for 5 cycles each, respectively, where 1C=180 mA/gnuc. For the graphite half-
cells, discharge followed a constant charge and constant voltage (CCCV) pattern at C/3 to 5 mV,
with a trickle current of C/20. Charging took place at C/5 to 4C, again, for 5 cycles each, operating

within a voltage range of 5 mVto 1.5 V.

To assess the effect of the Al,O3 coating on the performance of full cells, 48 single-layer pouch
cells in four configurations—UCUA (uncoated cathode & uncoated anode), UCCA (uncoated
cathode & coated anode), CCUA (coated cathode & uncoated anode), and CCCA (coated cathode
& coated anode)—were subjected to a series of tests under five different testing protocols. These
include USABC cycling (0.33C/-0.33C), high-power discharge cycling (0.5C/-1C), XFC cycling
(4C/1C), leakage current testing at high voltage, and high voltage testing (0.33C/-0.33C at 4.4V).
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The specifics of these protocols are detailed in Table 1. Notably, Test 5 was conducted after Test

4 and performed on the same cells.

All the tests of coin cells and pouch cells were conducted in a temperature chamber (ESPEC) at

30 °C using a Maccor battery cycler (Series 4000).

Table 1. Electrochemistry testing protocols

Protocol Testing procedure

number

Test 1 0.333C/-0.333C 4.2V upper cutoff voltage (UCV) with voltage hold of 10-min or
current < 1/20C USABC long term cycling. (3 duplicates for each)

Test 2 0.5C/-1C 4.2V UCV with voltage hold of 10-min or current < 1/20C normal
charge. (3 duplicates for each)

Test 3 4C/-1C 4.2V UCV with voltage hold at 4.2V fast charging while limiting the total
charge time to be 15 min. (3 duplicates for each)

Test 4 Measure leakage current at 4.6V: Charge the pouch cells to 4.6V at 0.333C
and record the leakage current during 2-days relaxation

Test 5 High voltage testing: 0.333C/-0.333C 4.4V with voltage hold of 10-min or
current < 1/20C UCV cycling. (3 duplicates for each) This test was started on
the same cells that completed Test 4.

The electrochemical impedance spectra (EIS) were measured at the end of cycling, in the
frequency range from 500 kHz to 10 mHz using a VMP-3 potentiostat (Biologic, France), at 30
°C.

V. Material and electrode characterization:

The composition, crystallinity, and morphology of the electrode materials were analyzed using a
suite of techniques: elemental analysis via inductively coupled plasma optical emission
spectroscopy (ICP-OES, PerkinElmer Optima 8000, US), X-ray diffraction (XRD, PANalytical
X'pert PRO, UK), scanning electron microscopy (SEM, Thermo Fisher Scientific, US), and the

Talos F200X transmission electron microscope (TEM, Thermo Fisher Scientific).
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4. Results and discussions

|I. Material characterization
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(e), and charge rate capability of ALD-coated vs. uncoated graphite (f), across
current densities from 0.2C to 4C. Five cycles per current density; three coin cells

tested per material. The ICE of all the samples are presented in the tables.

Figure 1a displays the XRD patterns of both the ALD-coated and uncoated NMC811 powders, in
a 20 range from 10° to 80°. All the primary peaks are labeled in the figure, and they align well with
the NMC811 reference [42, 43]. The split peaks at (006)/(102) and (108)/(110) indicate that the
two materials are highly crystallized [44, 45]. There is a negligible difference between the XRD
patterns of the coated and uncoated materials, indicating that the crystal structure of NMC811
remains unchanged after the ALD coating process. Additionally, no prominent Al,O3 peaks are
detected in the ALD-coated material, implying a minimal amount of amorphous Al,O3 coating [46].
Similarly, no change in structure is observed and no AlO; peaks are detected for the graphite

powder (Figure 1b).

Figure S1 presents the SEM images of the ALD-coated cathode (a) and anode (d). The
corresponding EDX mapping results for these are shown in Figure S1b and 1e, respectively. A
minuscule atomic percentage of Al elements is detected on the ALD electrodes: 0.14% on the
cathode and 0.02% on the anode. The ALD-coated anode and cathode powders were analyzed
using TEM-EDX, as depicted in Figure 1c&d. This analysis confirmed the successful application
of an Al203 layer on NMC811 and graphite particles, with an apparent thickness of approximately
1-2 nm for both. Notably, the coating on the NMC powder appears more uniform and continuous
than that on the graphite. The Al content of the Al,O3; coatings of both the anode and cathode
powders were quantified using plasma-optical emission spectroscopy (ICP-OES), with the
findings presented in Table 2. Both values are consistent with the expected ALD growth per cycle
(GPC) of ~0.11nm/cycle for the TMA/water process. The NMC cathode powder aluminum content
of 170 ppm, with a 0.29 m?g surface area, corresponds to ~0.3 nm of alumina, while on the
graphite anode, it is somewhat lower at ~0.2 nm, perhaps attributable to slower nucleation on
graphite. The layers appear thicker in the TEM-EDX, likely due to the formation of a mixed layer,
such as LiAIOx or LIAIMOx [25, 27], and perhaps also due to surface roughness or smearing

during cross sectioning.

Table 2. Analysis of Al>2O3 coated cathode and anode powders.

Substrate Surface area | Moisture | Al,O3 ALD | Al (ppm) Calc. Al,O3
BET (m?/g) (ppm) coating ICP-OES thickness (nm)
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Gelon NMC 811 0.29 36 2 cycles 170 0.3 nm
Superior graphite | 0.84 2 2 cycles 42 0.2 nm
SLC1520T

I1. Baseline of the ALD coated and uncoated active materials rate capability.

Figures 1e and fillustrate the discharge rate capability performance of uncoated and ALD-coated
NMC811 (a), charge rate capability of uncoated and ALD-coated graphite (b) electrodes. Coin
cells were assembled using Li metal as the counter electrode. All specific discharge capacity
values depicted in the figure represent the average from three coin cell tests. First, all electrodes
exhibited exemplary performance, on par with other commercial powders [47]. For the cathodes,
both the uncoated and ALD-coated NMC 811 demonstrate similar performance from C/5 to 4C.
The capacity gradually diminishes from ~215 mAh/g to ~130 mAh/g. For the anode material, the
ALD coating demonstrates an improvement in performance at higher C-rates. At lower C-rates
(C/5, C/3, C/2, and 1C), the difference in charge capacity is not significant, with ALD@ Graphite
showing a slightly lower capacity that is negligible compared to the uncoated graphite. However,
at high C-rates, the ALD@Graphite shows a 14% increase at 2C, and a notable 44% increase at
4C compared to the uncoated graphite. Additionally, the ALD@Graphite displays an initial
coulombic efficiency (ICE) of 95.97%, a 2% improvement over the uncoated one (93.7%). This
suggests that the ALD coating reduces irreversible capacity loss during the initial cycle. In

summary, the ALD coating seems more beneficial at high rates on the anode.

I11. Effects of ALD coatings on full cells under various testing conditions

Figure 2 displays the specific discharge capacity (average of 3 cells) and capacity retention
(average of 3 cells) for cells with four different configurations, evaluated under testing protocols 1
(a, b), 2 (c, d), 3 (e, f), and 5 (i, j). The capacity retention is calculated by the discharge capacity
divided by the highest discharge capacity among all the cycles (usually in the first several cycles).

In Test 1 where the cells were charged and discharged at C/3, all cells exhibited promising
performance. Even after 1,000 cycles, each cell maintained a discharge capacity above 140
mAh/g (Figure 2a). Within the initial 100 cycles, the UCUA configuration exhibits a slightly higher
discharge capacity (~185 mAh/g), whereas the CCCA demonstrates a marginally lower capacity

(~178 mAh/g). As cycling progresses, the discharge capacity of UCUA declines a little bit more
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rapidly, while the other three configurations display a lower capacity degradation. In Figure 2b,
the UCCA, CCUA, and CCCA configurations (all involving ALD in at least one electrode)
demonstrate an 80% capacity retention after 1,000 cycles, whereas the UCUA (no ALD coating)
exhibits a slightly lower retention at 75%. In the inset of Figure 2b, the capacity retention during
the initial 25 cycles is detailed. Even after formation, all cells, except CCCA, experience a capacity
increase within the first 10 cycles, with UCUA registering the largest rise at 2.5%. This gradual
capacity rise in the early stages of Li-ion battery cycling is a commonly observed phenomenon
[48-52]. Though it may seem beneficial, such behavior in practical settings can lead to operational
instability in battery systems and, in some cases, may even result in accidents. Although
numerous previous studies have explored the origins of this behavior, a comprehensive
understanding of the underlying mechanism remains limited [53]. The mitigation of this
undesirable capacity rise may be attributed to better electrolyte wettability of the ALD-coated
electrodes, reducing the electrolyte distribution time (similar to that evidenced by coated
separators) [54]. In CCCA cells, where both the cathode and anode are ALD-coated, this
characteristic capacity increase is suppressed, potentially offering operational advantages in
industrial applications. Figure S2 illustrates the charge and discharge voltage profiles of four-
configuration cells at various stages — during formation, and at the 50", 500", and 950" cycles —
as tested under protocol 1. In the UCUA voltage profile (Figure S2a), the charge/discharge
capacity during formation (red) is smaller than in the 50" cycle. Whereas for the three involving

ALD coatings, the formation cycle shows the highest capacity.

The effect of ALD coating on high-rate performance was investigated in Test 2 where the charge
and discharge rates were increased to 0.5C and 1C, respectively. Figure 2 c-d illustrates the
discharge capacity and capacity retention across the four cell configurations. Similar to the results
observed in Test 1, all cells maintain a discharge capacity above 140 mAh/g after 1,000 cycles.
Furthermore, each cell maintains approximately 80% capacity retention after cycling, reflecting
the high quality of the electrode materials and the cell assembly process. Across all configurations,
the CCUA exhibits marginally higher capacity retention throughout the cycling, whereas the CCCA
consistently shows a slightly lower capacity. When looking at the capacity retention at the first 25
cycles (the inset in Figure 2d), similar to that observed in Test 1, capacity increase is observed in
the first 10-15 cycles in UCUA, UCCA, and CCUA, but not CCCA. The detailed voltage profile of
all cells during formation, 50", 500" and 950™ is shown in Figure S1. The UCUA exhibits the
lowest discharge capacity during formation. These observations support the idea that electrodes
with ALD coating can potentially shorten electrolyte wetting times. Overall, the test results from

Test 1 and Test 2 show no significant differences, suggesting that the ALD coating does not
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markedly impact performance under these testing conditions. This aligns with the results from the
half-cell Rate Capability Cycling (RCC) tests, which also indicate no substantial enhancement
from ALD coating at low C-rates. The primary advantage observed from ALD coating in both Test

1 and Test 2 is improved wettability, which contributes to reduced electrolyte wetting time.[55, 56]

Since the ALD coating showed limited impact on low to medium-rate performance, a fast charge
test, where the charge and discharge rate were set at 4C and 1C, respectively, was performed as
Test 3. Significant differences are observed among the four cell configurations, as depicted in
Figure 2e&f. The UCCA configuration exhibits the most promising performance, maintaining over
150 mAh/g (~87% capacity retention) after 1000 cycles. In contrast, surprisingly, the CCUA
displays the poorest performance, with a rapid capacity decline in the initial 100 cycles and
stabilizing thereafter (75% capacity retention after 1000 cycles). As depicted in Figure S2 i-I, from
the 50th cycle onward, the CCUA cell (Figure S2k) reaches 4.2V significantly faster than the other
cells during 15-minute charging. As for UCUA, its capacity steadily decreases, showing 82%
capacity retention after 1000 cycles, positioning it between UCCA and CCUA. These results
suggest that during fast charging in the full cell, the ALD coating on the anode has a beneficial
effect, whereas the coating on the cathode appears to have negative impacts. This may be
attributed the amorphous Al,O; coating acting as an insulating layer, which introduces decreased
electronic conductivity to the cathode, consequently accelerating electrode degradation under fast
charge conditions [57]. Conversely, the ALD coating on the anode acts as a preformed SEl,
offering protection during fast charging[56]. The post-mortem characterizations and impedance

measurements discussed in Section IV strongly support these arguments.
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In Test 4, the leakage currents at a high voltage of 4.6V for four types of full pouch cells were
monitored over two days, as shown in Figure 2g and h. While no significant differences are initially
apparent in Figure 2h, a closer examination from 10-hour in Figure 2h, reveals that cells with ALD-
coated electrodes (UCCA, CCUA, CCCA) exhibit lower leakage currents at 4.6V compared to
those in the UCUA configuration. This observation indicates reduced side reactions at high
voltages in cells where the electrodes are protected by ALD coating. Following Test 4, Test 5 was
subsequently performed on the same cells. Differing from Test 1, the upper cutoff voltage was
increased from 4.2V to 4.4V in Test 5. The resulting discharge capacity and capacity retention are
depicted in Figure 2i and j. Notably, compared to the UCUA, the three cells with ALD coatings
(UCCA, CCUA, CCCA) exhibit enhanced performance at the higher voltage. All three of these
cells demonstrate over 50% capacity retention after 1000 cycles, while the UCUA maintains only
about 40% of its capacity after cycling. Among all the cells, the CCCA cell displays the most stable
performance throughout the 1000 cycles, suggesting that the ALD coating on both the anode and

cathode is advantageous at higher voltages.

To examine the polarization behavior of different cell configurations, the average voltage
difference between charging and discharging (AV) over 1000 cycles in Tests 1, 2, 3, and 5 was
calculated and illustrated in Figure 3. Throughout all the tests, there is an observed increase in
AV over time, attributable to heightened polarization, a result of electrode degradation. Consistent
with expectations, in Tests 1 and 2, which involve relatively lower cycling C-rates, the four cell
types show no marked differences. Specifically, in Test 1, under the mildest cycling conditions,
the smallest AV is recorded among all tests, beginning at around 0.05V and increasing to
approximately 0.15-0.18V after 1000 cycles. Meanwhile, in Test 2, AV rises from 0.1V to about
0.20-0.22V over 1000 cycles. With the increase of C-rate or voltage limit during cycling, notable
differences emerge among the four cells, as demonstrated by the results of Tests 3 and 5. In Test
3 (Figure 3e), with the fast charge protocol (4C/-1C), the polarization behavior increases
significantly compared to the first 2 tests. Particularly, the CCUA cell exhibits the highest
polarization during the initial 300 cycles, but it stabilizes afterward, suggesting a rapid electrode
degradation in the early stages. Conversely, the UCUA starts with a AV comparable to that of
UCCA and CCCA in the first 300 cycles. However, its AV steadily and more rapidly increases in
subsequent cycles, resulting in the highest polarization of all cells after 1000 cycles. In Test 5
(Figure 3g), carried out under high voltage conditions, a marked polarization (from 0.1V to
approximately 0.45V) is observed, suggesting rapid electrode degradation at high voltage testing.
Among all the cells, CCCA demonstrates the lowest polarization over the cycles, while UCUA

shows the greatest. This observation implies that ALD coating on either the anode or the cathode
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significantly improves cycling performance under high-voltage conditions. All these results are in
with

characterization will offer deeper insights into understanding these behaviors.
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The Round-Trip Efficiency (RTE), calculated by normalizing the discharge energy by charge
energy, is plotted for all the tests in Figure 3. The RTE trends align closely with polarization
behavior, given that RTE is significantly affected by energy losses due to polarization. Specifically,
in Tests 1 and 2, minimal differences in RTE are observed across the four cell types. As the testing
current density or voltage limits increase, RTE decreases, following the trend: Test 1 > Test 2 >
Test 3 > Test 5. In Test 3, UCCA demonstrates the highest and most stable RTE throughout the
cycling process. Conversely, cells with cathode coating (CCUA & CCCA) exhibit a rapid decline
in RTE within the first 100 cycles, followed by a slight increase and subsequent stabilization in
later cycles. Particularly, CCCA consistently outperforms CCUA in RTE. UCUA, on the other hand,
experiences a continual decrease in RTE over 1000 cycles. These findings reinforce the earlier
conclusion that, under fast-charging conditions, cathode ALD coating accelerates electrode
degradation due to increased internal resistance introduced by the insulting the Al2O3 layer, while
anode ALD coating (thinner than cathode) offers protective benefits during fast charging. In Test
5, CCCA maintains the highest and most stable RTE across 1000 cycles, aligning well with the
average voltage difference and cycling performance tests. This further confirms the advantage of
ALD coating, whether on the anode or cathode, in enhancing performance during high-voltage

cycling.

V. Postmortem analysis

To better understand the impact of ALD coating on cycling stability and performance at high rates
and voltages, after electrochemical testing, all the cells were disassembled in a glove box and
rinsed with DMC three times for further characterization. The corresponding optical images of

anodes and cathodes for four cell configurations are displayed in Figure 4.
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Figure 4. Optical images of anodes and cathodes dissembled from pouch cells with
four different configurations after long-term cycling (1,000 cycles) under testing
protocols 1-5. All the cells are dissembled in the glove box and rinsed with DMC for

3 times.

Test 1 and Test 2: at relatively low C-rate

Regarding the anodes, white residues, often indicative of lithium plating, are visible on their
surfaces in most cases. This plating is confirmed by SEM and EDX analyses. As illustrated in
Figure S3, SEM and EDX mapping were conducted on the UCUA anode post-Test 1, focusing on
areas both with (c, d) and without (a, b) white residue. In areas with residue, distinct lithium plating
structures are evident, as presented in Figure S3 d-1. Additionally, the corresponding EDX
mapping (Figure S3 d-2) reveals a high intensity of oxygen at these locations, which could come
from the oxidized lithium. In both Tests 1 and 2, lithium plating is shown on both UCUA and CCCA
cells. Optical observations suggest more extensive lithium plating in CCCA compared to UCUA,

with more white lithium plating presenting on the anode surface. However, a closer examination
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at the micro-scale reveals a somewhat different picture. Figure 5 presents SEM images
highlighting the lithium plating regions on the anode for UCUA (a, c) and CCCA (b, d) following
Tests 1 (a, b) and 2 (c, d). In UCUA, images a-1 and c-1 reveal a tendency for lithium plating to
be more localized and concentrated. Conversely, lithium plating on CCCA appears more evenly
across the anode, as shown in images b-1 and d-1. Upon closer examination of the lithium plating
structures, UCUA exhibits a mossy, thick, and dense morphology. In contrast, CCCA shows a
whisker-like lithium plating. Using the same electrolyte and cycling conditions, it's evident that the
lithium plating's morphology is significantly influenced by current density [58-61], with mossy
structures typically forming at higher densities compared to whisker-like structures [60]. Even
though the ALD coating on both the anode and cathode increases material resistance and
consequently increases lithium plating, the overpotential across CCCA anode is more evenly
distributed compared to that of UCUA. The anodes of UCCA and CCUA were also thoroughly
characterized using SEM, as shown in Figure S4. In line with optical observations, no lithium
plating is detected on UCCA and CCUA after Tests 1 and 2, as evident in images a-1, b-1, c-1,
and d-1. Additionally, under higher magnification views a-2, b-2, c-2, and d-2, neither cracks nor
delamination are observed in any of the anodes. Extensive EDX mapping was conducted on all
the anodes after Test 1 and 2, over a 420*280 ym? area, with the corresponding elemental
analysis presented in Figure S4e and f. Notably, UCUA and CCCA exhibit lower C and higher O
levels, signifying relatively higher lithium plating on the anodes. Similar percentages of C, O, F,

and P in UCCA and CCUA suggest a comparable extent of SEI formation in these two anodes.

Test 1 - Anode

(a-1) UCUA [ISERri

{.‘ ¥

i
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Test 2 - Anode
‘




O©CO~NOOOTA~AWNPE

Figure 5. SEM analyses of the anode surface of UCUA (a, ¢) and CCCA (b, d) Cells
post Test 1 (a, b) and Test 2 (c, d). The electrode was disassembled in a glove box
and rinsed three times with DMC. Images a2, b2, c2, and d2 offer magnified views

of areas with lithium plating.

The cathodes display a similar appearance in optical images across all cells. This similarity
persists under SEM characterization, with no notable differences in cathodes among four cell
configurations in Tests 1 and 2, as illustrated in Figure S5. To delve deeper into the structural
changes and degradation of cathode materials post-cycling, all disassembled cathodes were
analyzed using XRD and EDX mapping (covering a 420 x 280 ym? area), as shown in Figure 6.
After 1000 cycles across various tests, all cathodes retain good crystallinity without the presence
of other phases, such as spinel or rock-salt, being identified. The XRD patterns, particularly at
peaks (108)/(110) and (113) of all cycled cathodes, are compared in Figure 6a-d, alongside two
pristine reference cathodes (ALD-coated and uncoated NMC 811). Relative to pristine cathodes,
an increase in the splitting of (108) and (110) peaks, and a shift of (113) to higher angles are
observed in all cycled cathodes. This change suggests lattice shrinkage along a and b directions
and expansion along the c direction [62-65], indicative of Li loss in the aged NMC materials. Such
alterations impact the interlayer spacing and lattice parameters, reflecting the aging process of
cathodes. In Test 1, the UCUA cathode exhibits more pronounced splitting and shifting compared
to the others. Additionally, higher carbon and lower oxygen percentages are detected in the UCUA
cathode, as shown in Figure 6e. These findings suggest, without any ALD coating on the electrode,
greater structural degradation and CEI formation in the UCUA cathode relative to others. Upon
comparing Tests 1 and 2, Test 2 reveals more significant splitting and shifting, alongside higher
carbon and lower oxygen percentages on the electrode surface. This suggests a more severe

structural degradation of the cathode under higher cycling C-rates.

Under low C-rates, despite little differences in cycling performance among all cell configurations,
varying levels of degradation are evident in the cycled electrodes. The UCUA cell, without ALD
coating, exhibits localized and dense mossy lithium plating on the anode, alongside relatively
severe structural degradation and thicker CEI on the cathode. In contrast, cells with ALD coating
on either the anode or cathode alone (CCUA and UCCA) display relatively milder degradation on
both electrodes. The CCCA cell, with ALD coating on both anode and cathode, experiences
increased lithium plating on the anode, yet this plating is more evenly distributed across the anode

surface compared to UCUA.
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Figure a, b, ¢, and d display XRD analysis of cycled and pristine cathode

materials for Tests 1, 2, 3, and 5, respectively. Figure e, f, g, and h present elemental

analysis of the cycled cathode surfaces through EDX mapping for Tests 1, 2, 3, and

5, respectively.

lest 3 — Fast charging

Under fast-charging conditions, ALD coating significantly affects electrode degradation more than
at low C-rates. Optical images in Figure 5 show lithium plating on UCUA, CCUA, and CCCA
anodes, but not on UCCA. Notably, CCUA anode displays the most extensive lithium plating,
almost entirely covering its surface. SEM analysis in Figure 8a-d offers a more detailed view of
the anode surface after Test 3. In Figure 7c-1, lithium plating covers the entire CCUA anode
surface, with scarcely any visible graphite upon closer inspection (Figure 7c-2). UCUA and CCCA
anodes anode surfaces are partially covered with lithium plating (Figure 7a-1, d-1). Zooming in
on less plated areas (Figure 7a-2 and d-2) shows graphite still slightly covered by lithium plating
and electrolyte decomposition products. Conversely, UCCA shows a clearer graphite surface

(Figure 7b), indicating that the full cells with ALD coating solely on anodes exhibit reduced lithium

plating under fast charging conditions.
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The SEM images in Figure 7 e-f show the cathode surface structures post-Test 3. No big
difference can be observed among the cathodes at the particle level. However, more cracks are
observed on the CCUA cathode at the electrode level, as marked by the red dash line in Figure
8g-1 and g-2, implying more mechanical stress is introduced in the CCUA cathode during cycling
compared to others. In the XRD patterns (Figure 6¢), the trend in peak splitting at (108)/(110) and
shiftat (113) is as follows: CCUA > CCCA > UCUA> UCCA. This suggests that CCUA experiences
the most severe cathode degradation, while UCCA exhibits the least. Examining the elemental
distribution on the cathode surface, the UCUA cathode displays relatively higher carbon and lower

oxygen, nickel, manganese, and cobalt levels, indicative of a thicker CEI layer formation.

Consistent with cycling performance results, under fast-charging conditions, ALD coating on the
anode protects both electrodes. It reduces lithium plating and interfacial resistance, thereby
lowering heating and increasing the safety of the cell. In contrast, ALD coating on the cathode

tends to exacerbate the degradation of both the anode and cathode.

Test 3 - Anode

Test 3 - Catho

f
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Figure 7. SEM analyses of the anode and cathode surface of four configuration
Cells post Test 3. The electrode was disassembled in a glove box and subsequently

rinsed three times with DMC.

Test 4&5 — High voltage testing

After high-voltage testing, SEM reveals no significant structural differences in the cathodes, as
depicted in Figures S5i-l. The XRD patterns (Figure 6d) show the following trend in peak splitting
at (108)/(110) and shift at (113): UCCA > CCCA > UCUA > CCUA, suggesting that ALD coating
on the cathode more effectively protects against structural degradation and Li loss of cathodes

under high voltage conditions.

Optical (Figure 5) and SEM (Figure 8a-1 to d-1) images reveal lithium plating on all anode
surfaces. Localized plating is noted on UCUA, UCCA, and CCUA, with UCUA exhibiting the most
severe plating and UCCA the least. Specifically, light lithium plating on UCCA is shown only in
one place, while the remainder of the surface remains distinctly clear (Figure 8b-1), indicating that
anode-only coating is particularly effective in minimizing lithium plating. Compared to others.
CCCA features a more uniform lithium plating distribution, consistent with its appearance in Tests
1-3. Unlike other tests, colorful residues are found in the UCUA and UCCA anodes, as shown in
the optical images (Figure 5). These colorful residues are attributed to transition metal deposits,
originating from the cathode under high voltage, as confirmed by SEM and EDX characterizations.
In Figure 8a-2, brain-shaped deposits, distinct from lithium dendrites, are observed on the UCUA
anode. A detailed view of this structure with EDX mapping is provided in Figure 8e-i, where a high
Ni intensity is noted on these deposits (Figure 8h). The EDX spectrum (Figure 8i) shows distinct
Ni, Co, and Mn peaks, with Ni atomic percentage at 2.96%, significantly higher than the surface
average of 0.25% (Figure 8j). Similar deposits are seen on UCCA (Figure 8b-2), but not on CCUA
(Figure 8c-2) or CCCA (Figure 8d-2). EDX mapping of the four anodes (over a 420280 um? area)
reveals higher transition metal intensity under high voltage testing compared to other test
protocols, particularly on cells with uncoated cathodes (UCUA, UCCA), indicating more
dissolution and deposition of transition metals. This aligns with SEM observations. Among all of
them, the CCCA shows the lowest transition metals. All these observations suggest that ALD

coating on the cathode more effectively prevents transition metal dissolution under high voltage.
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During the high-voltage test, ALD coating on both the anode and cathode notably enhances
electrode protection from degradation. Specifically, anode ALD coating helps curb lithium plating,

while cathode ALD coating effectively minimizes transition metal dissolution.

Test 5 - Anode

(h) UCUA-EDX-Ni

Figure 8. SEM and EDX Analyses of Anodes from Four Cell Configurations Post
Test 5. The electrodes, disassembled and rinsed in a glove box with DMC, are
illustrated as follows: Figures (a-1) to (d-1) display wide views of the electrode
surfaces. Figures (a-2) to (d-2) offer zoomed-in views on the metal plating areas. A
brain-structured metal plating on the UCUA anode is captured in (e), with
corresponding EDX elemental mapping in (f) for Carbon, (g) for Oxygen, and (h) for
Nickel. The associated EDX spectrum is detailed in panel (i). Comprehensive
element analysis of the cycled anodes from the four configurations, as determined
by EDX mapping, is shown in (j).
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Figure 9. Nyquist plots and fitted Rsg and Rt values from four-configuration cells

after 1,000 cycles, tested under protocols 1 (a-b), 2 (c-d), 3 (e-f), and 5 (g-h). (i)

Equivalent circuit model used for impedance fitting.

The resulting Nyquist plots for the four cell configurations after Tests 1, 2, 3, and 5 are presented
in Figure 9a-d. For a more accurate assessment of the internal resistance of each cell, the EIS
data were analyzed using an equivalent circuit model, as shown in Figure 9i. The extracted
parameters, including solid electrolyte interphase resistance (Rsei), charge transfer resistance
(Ret), and their aggregate (Riwta) are detailed in Figures 9e-h. Ronm is excluded due to minor
variations arising from unstable connections between the cell and the cell holder during
measurement. The variance among the four cells is less pronounced in Test 1 and 2 compared to
Test 3 and 5, correlating well with their cycling performance - no big difference under small C-rate.
In both Test 1 and Test 2, CCCA shows a relatively higher Rsge;, which shows a good agreement
as the teardown observation — obvious white residue on CCCA surface in Test 1 and Test 2. The
more serious electrolyte decomposition and Lithium plating on the CCCA anode surface could be
caused by higher resistance introduced by the ALD coating on both the anode and cathode
particles. Following the fast charge testing (Test 3), CCUA exhibited the highest total resistance,
resulting from significant lithium plating on the anode and considerable cathode degradation.
Conversely, UCCA displayed the lowest total resistance, attributable to its minimal electrode

degradation. This finding reinforces that under fast charging conditions, ALD coating on the
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cathode hastens battery aging, whereas ALD coating on the anode enhances overall cell
performance. Under high voltage test, UCUA registers the highest total resistance, caused by
severe lithium and transition metal plating on the anode and cathode metal dissolution. Cells with
uncoated cathodes (UCUA & UCCA) exhibit relatively high R, attributed to significant transition
metal dissolution in the absence of ALD coating. Conversely, CCCA demonstrates the lowest

resistance, due to its minimal transition metal dissolution and comparatively uniform lithium plating.

5. Conclusions

To bridge the gap between laboratory achievements and the commercialization of ALD-coated
battery materials, this study comprehensively evaluated the effects of commercially scalable Al,Os
ALD coatings on anode and cathode powders in full pouch cells, across various operational
conditions: long-term cycling, fast discharge, fast charging, and high-voltage testing. It was
observed that in cycling performance Test 1 and Test 2 (at lower voltage and C-rates < ~1C), the
impact of ALD coating on cell performance was not significant — the cycling performance was
equivalent. Moreover, most of these cells (24 in total) can maintain a discharge capacity above
140 mAh/g after 1,000 cycles and approximately 80% capacity retention after cycling, indicating
high quality and good consistency of all the pouch cells. Under fast charging conditions at 4C,
ALD coating on the anode positively influenced cell performance by providing a protection layer
on the anode, while the coating on the cathode presented drawbacks, potentially due to resistance
increased by introducing the insulating Al2O3 layer. In the leakage current test (4.6V for 2 days)
and high-voltage test (4.4V), increased metal dissolution was noted on all cells compared to the
other lower voltage tests. However, the application of ALD coating on either the anode or cathode
effectively minimizes side reactions on the electrodes at high voltages, consequently enhancing
cell performance. Overall cell performance evaluation indicated that UCCA cells exhibited
impressive performance, especially in fast charge tests, while CCCA cells maintained consistent
performance across various testing conditions, although they experienced more lithium plating at
lower C-rates compared to other cell configurations. This comprehensive study not only confirms
the viability of ALD coatings in enhancing LIB performance under various testing conditions but
also highlights the critical role of scalable ALD technology in advancing the development of a safer,

more efficient, and economically feasible LIB manufacturing approach.
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