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HIGHLIGHTS

e Ultrathin (<1 nm) Al,03 ALD film was
deposited on LiNip5Mn;504 (LNMO)
particles.

e Coulombic efficiency, cycleability,
and self-discharge were improved by
ALD.

e Thinner SEI layer with less organic
components was observed for ALD
coated LNMO.

o Fluorination of the Al,03 ALD coating
layer upon charge—discharge cycles
was found.

e This fluorination accounts for the
increasing capacities upon cycles.
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ABSTRACT

The effects of depositing ultrathin (<1 nm) Al,O3 coatings on LiNigp5Mn;504 (LNMO) particles using
atomic layer deposition (ALD) are presented. Promising electrochemical performance of the Al,03 ALD
coated LNMO at 30 °C is demonstrated in not only significantly improved coulombic efficiency, cycle
retention, and rate capability, but also in dramatically suppressed self-discharge and dissolution of
transition metals. Combined analyses by electrochemical impedance spectroscopy, ex-situ X-ray photo-
electron spectroscopy, and ex-situ time-of-flight secondary ion mass spectrometry reveal that the solid
electrolyte interphase layer on the Al,03 ALD coated LNMO is much thinner and contains fewer organic
species than the one on the bare LNMO. This difference originates from the suppression of the side
reaction at high voltage by the Al,03 ALD protective coating. Also, fluorination of Al,03 ALD layer upon
repeated charge—discharge cycling is confirmed, and this can account for the capacity increases during
the initial charge—discharge cycles. Finally, it is also demonstrated that a full LNMO/Li4TisO1, battery
incorporating the Al,03 ALD coated LNMO outperforms the one incorporating only bare LNMO.

© 2014 Elsevier B.V. All rights reserved.

* Corresponding author.

1. Introduction

By virtue of their high energy density, lithium-ion batteries
(LIBs) are used as the power sources in most portable electronic
devices [1,2]. Of late, LIBs have opened up new opportunities for
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energy storage in large-format technologies including electric ve-
hicles and smart grids [1,2]. With these applications in mind,
several characteristics such as energy, safety, and cost need to be
improved [1,2]. High energy densities in LIBs can be achieved by
increasing either the capacity or the voltage. Efforts to develop
high-capacity anode materials, such as silicon [3], and high-
capacity cathode materials, such as sulfur [4] (theoretically,
1675 mA h g ') and Li-excess transition metal oxides [5] (Li
[Li,Ni,Co,Mn]0,, typically 200—250 mA h g~1), are in line with the
capacity-based approach to increase the energy density. Regarding
the voltage: there is little room for further decreasing the voltage of
the anode materials because conventional graphite already oper-
ates close to 0 V (vs. Li/Li") and silicon reacts with Li at low voltages
[0.2—0.3 V (vs. Li/Li*)]. Therefore, development of high-voltage
cathode materials is the only one way to increase the overall
voltage of batteries.

Spinel LiNip5Mny504 (LNMO) is an attractive cathode material
because it can operate at higher voltages [~4.7 V (vs. Li/Li")] than
conventional LiCoO; [6—9]. Additionally, the energy density of
LNMO (650 W h kg~ !) is ~20% higher than that of conventional
LiCoO; [10]. The presence of three-dimensional diffusion channels
for Li* ions in the spinel structure is an additional advantage of
LNMO. Ni in LNMO exists as Ni** and is oxidized to Ni** upon Li*
intercalation/extraction, while Mn*" remains unchanged [8,9].
This feature prevents structural degradation by disproportionation
reactions and Jahn-Teller distortion, both of which are associated
with Mn>* [8,11]. However, the fact that the high energy density of
LNMO, enabled by the high operating voltage, is offset by limita-
tions in the thermodynamic-stability window of conventional
organic liquid electrolytes remains a critical issue [9,11]. Mn
dissolution is also a serious problem, not only in LiMn;04 but also
LNMO [8,9,12]. The dissolved Mn?* moves toward the anode and
disrupts the solid electrolyte interphase (SEI) on the anode,
resulting in rapid degradation of the full cells [13—15]. The sta-
bility of the electrode-electrolyte interface for LNMO at high
voltages can be improved by either developing advanced electro-
lytes [16] or shielding the bare LNMO with coating materials
[15,17,18].

Atomic layer deposition (ALD) is an attractive thin film depo-
sition technique based on a sequential and self-limiting surface
reaction [19]. Compared to the conventional wet methods [20],
ALD offers several advantages such as excellent conformality and
atomic-scale thickness control [21,22]. Also, because ALD offers
relatively low operating temperatures [19], reactions between the
substrate and the coating materials is not an issue in most cases.
To date, Al,03 ALD coatings deposited on various cathode mate-
rials including LiCoO; [21,23—25], Li[Ni,Co,Mn]O; [26,27], and Li-
excess materials (Li[Li,Ni,Co,Mn]O;) [28] and anode materials
including graphite [7,22,25], silicon [29], and metal oxides [30,31]
have been demonstrated to significantly improve the performance
and safety of the cells. Recently, Al,O3 and LiAlO, ALD coatings
deposited on as-formed LNMO composite electrodes have also
been reported [15,18,32]. However, detailed and in-depth analyses
of the behaviors of the ALD-modified LNMO are lacking. Especially,
effect of the ALD coatings on surface chemistry of LNMO is yet
unknown.

In this report, ultrathin (<1 nm) Al;O3 ALD coatings were
deposited on LNMO particles. The effects of the Al,03 ALD coating
on the electrochemical performance of electrodes fabricated using
these materials were examined. The coulombic efficiency, cycle
retention, rate capability, self-discharge behavior, and dissolution
of transition metals were enhanced. The relationship between the
electrochemical performance and the features of the SEI, such as
thickness and composition, for the Al,03 ALD coated LNMO and the
bare LNMO materials was investigated.

2. Experimental
2.1. Atomic layer deposition of Al03 on LiNipsMnq504 powders

Al,0s films were grown by ALD on LiNig sMn 504 powders using
a custom-made rotary ALD reactor, as described in previous reports
[21,22]. The ALD precursors were trimethylaluminum (TMA) and
H,0. During ALD, a porous stainless-steel cylinder containing the
powders in the reaction chamber rotated at 140 rpm. A single cycle
of Al;03 ALD sequence was: (1) dose with TMA to 1.0 Torr, (2) wait
for the duration of TMA reaction, (3) evacuate chamber to eliminate
reaction products (CH4) and excess TMA, (4) dose with Ar to 20.0
Torr, (5) Ar static time, (6) evacuate chamber to purge Ar and any
entrained gases; (7) dose with H,O to 1.0 Torr, (8) wait for the
duration of the HyO reaction, (9) evacuate chamber to eliminate
reaction products (CH4) and excess H;0, (10) dose with Ar to 20.0
Torr, (11) Ar static time, and (12) evacuate chamber to purge Ar and
any entrained gases. ALD was conducted at 180 °C.

2.2. Materials characterization

X-ray diffraction (XRD) measurements were performed using a
D8-Bruker Advance diffractometer with Cu K radiation (1.54056 A).
The Al content of the Al,O3 ALD coated LNMO powders was deter-
mined using inductively coupled plasma optical emission spectrom-
etry (ICPOES, 720-ES, Varian). Field emission scanning electron
microscopy (FESEM) images were obtained using a Nanonova 230
microscope (FEI). High-resolution transmission electron microscopy
(HRTEM) images were obtained using a JEM-2100F microscope (JEOL).

2.3. Electrochemical characterization

The LNMO composite electrode was prepared by spreading the
LNMO powder (Mitsui Corp.), Super P, and poly(vinylidene fluoride)
(PVDF) binder (KF1100, Kureha Inc.) on a piece of Al foil in a weight
ratio of LNMO:Super P:PVDF = 90:5:5. The mass of LNMO loaded into
the composite electrode was ~5.5 mg cm 2. 2032-type coin cells
were assembled in an Ar-filled dry glove box. Galvanostatic char-
ge—discharge cycling was performed over the potential window
3.0—5.0V (vs. Li/Li*) at 30 °C at a current density of 0.1C (14 mA g~ 1)
for the first two cycles and 0.5C for the subsequent cycles. Li metal foil
was used as the counter electrode in the half cells. A 1.0 M solution of
LiPFg dissolved in a mixture of ethylene carbonate (EC), ethyl methyl
carbonate (EMC), and dimethyl carbonate (DMC) (3:4:3 v/v) (Panax
Inc.) was used as the electrolyte. A porous polypropylene (PP)/poly-
ethylene (PE)/PP tri-layer film (Celgard Inc.) was used as the sepa-
rator. AC impedance measurements were performed using a signal
with amplitude 10 mV over a frequency range from 100 kHz to 5 mHz
using an IviumStat (IVIUM Technology Corp.). After the LNMO/Li half
cells were discharged to 60 mA h g~! at 0.1C after the requisite
number of cycles and rested for 6 h, AC impedance spectra were
recorded at the open circuit voltage, which was ~4.7 V (vs. Li/Li"). For
the full-cell tests, LisTi5O1 (LTO) was used as the anode material. The
composite anode included LTO, Super P, and PVDF (80:10:10 by
weight). The mass ratio of LNMO/LTO in the LNMO/LTO full cells was
~1.4. The full cells of LNMO/LTO were cycled between 2.00 and 3.45V
at 0.5C. Based on the reversible capacities obtained from the half-cell
experiments on LTO/Li (~160mA hg~' at0.1Cbetween 1.2and 2.0 V),
the np ratio of LNMO/LTO was determined to be ~0.9. All of the cells
were assembled in an Ar-filled dry box and tested at 30 °C.

2.4. Ex-situ analyses

For the ex-situ analyses of the electrodes, the cycled electrodes
collected from the disassembled coin cells were rinsed with
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anhydrous DMC and dried in the Ar-filled dry box. For the ex-situ
XRD analyses, a specially designed cell was used: the air-sensitive
cycled electrodes were placed on a beryllium window and her-
metically sealed inside the Ar-filled dry box. The amount of dis-
solved transition metal was obtained by the following procedure:
The dissolved transition metals in the composite electrodes and the
electrolytes were collected by rinsing the composite electrode, the
separator, and the coin cell components in DMC. The transition
metals deposited on the lithium metal counter electrode were
collected by dissolving the cycled lithium metal in deionized water.
(Caution: The reaction between lithium and water is dangerous.)
The total amount of dissolved transition metals was determined
using the aforementioned DMC and water solutions by ICPOES
measurements. Ex-situ characterization with XPS was performed
using a K-alpha X-ray photoelectron spectrometer (Thermo Fisher)
with a monochromatic Al K, source (1486.6 eV). Time-of-flight
secondary ion mass spectrometry (TOFSIMS) analyses were con-
ducted on a TOF SIMS 5 (ION TOF). A 25 kV Bi* and O™ source was
employed for analysis and sputtering. For the ex-situ XPS and
TOFSIMS analyses, the LNMO/Li cells were discharged to 3.0 V at
0.1C after the selected cycle.

3. Results and discussion

The XRD patterns of the bare and Al,O3 ALD coated LNMO
particles shown in Fig. 1a match well with a disordered phase with
a space group of Fd®m [7]. The XRD pattern of the Al,0O3-coated
LNMO is identical to that of the bare LNMO; this indicated that the
ALD operation did not affect the bulk structure of LNMO. Fig. 1b and
¢ show HRTEM images of the bare LNMO particles and the Al,03-
coated LNMO particles after 10 ALD cycles. It is apparent that a ~2-
nm-thick amorphous layer was deposited on the crystalline sub-
strate in Fig. 1¢, a situation that is supported by previous reports in
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which the Al,03 grown by ALD is amorphous and the ALD film
growth rate on powders is ~2 A per cycle [21]. As an alternative
method to estimate the thickness of the Al;03 ALD coating, the Al
content of the Al,Os-coated LNMO particles was measured by
ICPOES after 10 ALD cycles, giving 828 ppm. Given the surface area
(025 m?> g ') of LNMO as determined by the N, adsorp-
tion—desorption isotherm method and the specific density of ALD-
grown AlbO3 (3.0 g cm—3) [19], the thickness of the Al,O3 ALD film
was calculated as 2.1 nm. This value agrees perfectly with the re-
sults in Fig. 1c and the calculation based on a growth rate of 2 A per
ALD cycle, demonstrating that the Al;03 ALD coating on the LNMO
is very conformal.

Fig. 2a shows the initial charge—discharge voltage profiles of
bare and Al,03 ALD coated LNMO at 0.1C (14 mA g~ 1) at 30 °C. The
plateaus at ~4 and ~4.7 V are associated with Mn>*/Mn*" and
Ni®*/Ni*t redox reactions, respectively [8,9]. The occurrence of a
plateau at 4 V is typical of a disordered phase [7—9]. Polarization
increases with an increasing number of ALD cycles; consequently,
the capacity decreases. Fig. 2b shows the discharge capacities at
0.1C and 0.5C as a function of the number of ALD cycles. The
abrupt capacity decrease at 6 ALD cycles is associated with the
impeded transport of both electrons and Li* ions through the
insulating Al,O3 ALD coating layers, which agrees well with pre-
vious reports [21,22].

Fig. 2¢ depicts the cycle performances of bare and Al,03 ALD
coated LNMO cells cycled at 30 °C at 0.1C for the first two cycles and
0.5C for the subsequent cycles. The capacities of the LNMO elec-
trodes subjected to 4, 6, and 10 ALD cycles increase with the
number of charge/discharge cycles. The increases in capacity of the
LNMO electrodes after the initial charge/discharge cycles are
exceptionally large for the materials fabricated using 4 and 6 ALD
cycles (indicated by the arrows). These increases may reflect
gradual changes in the Al;03 ALD coating layer, a possibility which
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Fig. 1. a) XRD patterns of the bare and Al,03 ALD coated (4 ALD cycles) LNMO powders.
LNMO particles.

HRTEM images of b) the bare LNMO particles and c) the Al,05 ALD coated (10 ALD cycles)
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Fig. 2. a) Initial charge—discharge voltage profiles, b) discharge capacity as a function of ALD cycle number, c) cycle performance, and d) coulombic efficiency of the bare and Al,03
ALD coated LNMO electrodes. The numerals in (a) indicate the ALD cycle numbers for each sample.

will be discussed in detail later. The 4 ALD cycles on LNMO show a
significant improvement in capacity retention, while the 2 ALD
cycles do not. If the capacity retention after the 150th char-
ge—discharge cycle is compared to the retention after the 20th
cycle (where the capacity stabilized), the LNMO with 4 ALD cycles
exhibits a value of 98.0% while the bare LNMO gives 94.3%. Fig. 2d
shows the coulombic efficiency of the bare and Al,03 ALD coated
LNMO electrodes. The coulombic efficiency is very important
because it reflects the performance of the full cell, in which the Li
source is limited [24]. For example, a coulombic efficiency of 99%
indicates that the full battery loses 1.0% of its capacity every char-
ge—discharge cycle, even if the half cell shows no capacity loss. No
enhancement in coulombic efficiency by the Al;03 coatings during
the initial charge/discharge cycle is observed in Fig. 2d. However, at
higher numbers of charge—discharge cycles, all the Al,03 ALD
coated LNMO electrodes exhibit much higher coulombic effi-
ciencies than the bare LNMO electrodes do. For example, the
coulombic efficiency of the coated LNMO after 4 ALD cycles at after
the 80th charge—discharge cycle is 99.5%, which contrasted sharply
with the value of 97.9% determined for the bare LNMO. Because the
LNMO particles subjected to 4 ALD cycles showed optimal perfor-
mance in terms of capacity, coulombic efficiency, and cycle per-
formance, this material will be extensively compared to the bare
LNMO in the following results.

Fig. 3 compares the rate performances of bare and Al,03 ALD
coated (using 4 ALD cycles) LNMO. Increasing the C-rate gradually
from 0.1C to 2C resulted in slightly higher polarization and lower
capacities in the Al;03 ALD coated LNMO than in the bare LNMO.
After prolonged charge—discharge cycling at 4C, however, the trend

reversed. This behavior could have originated from severe degra-
dation of the bare LNMO during charge—discharge cycling. The
subsequent cycling at 1C starting from the 28th charge—discharge
cycle results in noticeable difference in capacity fade between bare
and Al,O3 ALD coated LNMO, indicating that accumulated fatigue
produced by the side reactions at high C-rates is much more sig-
nificant for the bare LNMO than the Al,03 ALD coated material.
To compare changes in the resistances of bare and Al,O3 ALD
coated (using 4 ALD cycles) LNMO, electrochemical impedance
spectroscopy (EIS) measurements were conducted, as shown in
Fig. 4. Fig. 4a shows Nyquist plots collected after different numbers
of charge—discharge cycles. All spectra are comprised of two
semicircles and a low-frequency tail. The high-frequency semicircle
is associated with transport of Li* ions through the SEI film [33] or
the inter-particle contact resistance in the composite electrodes
[34]. The mid-frequency semicircle reflects the charge-transfer
resistance at the electrode/electrolyte interface [33,35]. The low-
frequency tail arises from Li* ion diffusion in the bulk LNMO
[33,35]. After the spectra in Fig. 4a were fitted using the Randles
circuit, as shown in Fig. 4b [35], the resistance values were ob-
tained; these are plotted in Fig. 4c. Both the Ry and R; values after
the 2nd charge—discharge cycle for the Al,03 ALD coated LNMO are
higher than those for the bare LNMO, indicating that the transport
of Li* ions was impeded by the insulating Al,O3 film. It should be
emphasized that both the Ry and R; values for the Al,03 ALD coated
LNMO do not change much during charge—discharge cycling,
whereas the R values for the bare LNMO increases sharply. This
strongly suggests that the Al,03 ALD coatings suppress the side
reactions successfully during continuous charge—discharge cycling.
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The severe side reaction of LNMO at high operating voltage also
leads to negative effects related to self-discharge [12]. Fig. 5 com-
pares the results of self-discharge of bare and Al,03 ALD coated
(using 4 ALD cycles) LNMO. Fig. 5a and b shows the discharge
voltage curves measured after the LNMO/Li cells were fully charged
to 5V (vs. Li/Li") and kept at 30 °C for various lengths of time. It is
evident that the discharge capacities of the bare LNMO
decrease significantly as the storage time increases whereas the
Al;03 ALD coated LNMO do not lose much capacity. The lowered
discharge capacity after storage reflects the fact that the charged
LNMO could self-discharge via the reaction [12].

NigsMny504 + x Li™ + electrolyte — LiyNigsMnq504 + X
electrolyte™. (1)

The lithiation of fully charged LNMO by self-discharge is also
confirmed by the ex-situ XRD results shown in Fig. 5c. The smaller
negative shift of the peaks associated with the Al,03 ALD coated
LNMO compared to those of the bare LNMO directly indicates a
smaller amount of inserted Li [7]. In other words, there was less
self-discharge.

The degrees of the dissolution of transition metals in bare and
Al;03-coated LNMO were also compared using ICPOES, as shown in
Fig. 6. The overall amount of dissolved transition metal was ob-
tained by collecting residuals not only from the used electrolytes

and coin cell components, but also the cycled Li metal. The fully
charged LNMO/Li cells kept at 30 °C for 7 days were used. The Al,03
ALD coated LNMO exhibited significantly less dissolved transition
metals. In particular, the amount of dissolved Mn recovered from
the Al,03 ALD coated LNMO cell is 6.6 times less than that recov-
ered from the bare LNMO cell. Enhanced dissolution of Mn is
related to the evolution of the soluble Mn®** [36]. First, the
disproportionation of Mn>* can generate the Mn?* [37]. Second,
the severe side reaction in LNMO at high voltages also promotes the
dissolution of Mn [12]. It has been reported that higher state of
charge results in increased dissolution of Mn and Ni from LNMO
[12]. At high voltages, anion oxidation can be accompanied by the
reduction of Mn** to Mn>*, which in turn leads to disproportion-
ation and the generation of soluble Mn?* [36]. Alternatively, the
severe side reaction at high voltage is also known to produce more
HF, which likely promotes the dissolution of transition metals
[12,36].

From the extensive comparative analyses of coulombic effi-
ciency, cycle performance, rate capability, EIS spectra, self-
discharge behavior, and transition-metal dissolution measure-
ments, it was confirmed that the Al,O3 ALD coating significantly
suppressed the undesirable side reaction at LNMO surfaces. To
understand the aforementioned behaviors in-depth, surface ana-
lyses were carried out. Fig. 7 shows the surface morphologies of
bare and Al,03 ALD coated (using 4 ALD cycles) LNMO electrodes
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before and after charge—discharge cycling. The pristine electrodes
(Fig. 7a and c) have similar morphologies. After charge—discharge
cycling, however, the surfaces of the electrodes look quite different.
The bare LNMO electrode exhibits smooth surfaces, indicating a
thick SEI layer was deposited. In contrast, the surface morphology
of the Al,03 ALD coated LNMO electrode does not change signifi-
cantly. This suggests that the SEI layer on the Al,03 ALD coated
LNMO is much thinner than that on the bare LNMO, which in turn
reflects a smaller degree of side reaction.

In order to collect in-depth information about the SEI layers, ex-
situ XPS signals of for the C 1s, O 1s, F 1s, and Al 2p were collected
for bare and Al,O3 ALD coated (using 4 ALD cycles) LNMO elec-
trodes both before and after 50 charge—discharge cycles at 30 °C, as
shown in Fig. 8. The peak assignments and deconvolution method
were based on previous reports [24,38,39]. Comparing the signals
after the 50 charge—discharge cycles, four features are notable.
First, the relative intensity of the C—C peak at 285.0 eV in Fig. 8a is

smaller for the bare LNMO electrode than the Al,03 ALD coated
LNMO electrode, which supports the assessment that there was a
thicker SEI layer on the bare LNMO electrode. This behavior also
agrees with the smaller intensity of the O 1s peak from Ni'O at
530.3 eV for the bare LNMO after charge—discharge cycling
compared to the Al;O3 ALD coated LNMO, as shown in Fig. 8b.
Second, much higher intensities related to organic species,
including alkyl carbonates and Li,COs, as well as inorganic species,
such as LiPF,Oy, are observed for the bare LNMO electrode
compared to the Al,03 ALD coated LNMO electrode, as indicated by
the arrows in Fig. 8a and b. Third, a much higher intensity of the LiF
peak at 685.6 eV is observed for the Al,03 ALD coated LNMO
compared to the bare LNMO, as shown in Fig. 8c. This behavior can
be interpreted as the result of much thinner organic SEI compo-
nents on the Al,O3 ALD coated LNMO electrode than on the bare
LNMO electrode. However, a definite explanation is prohibited
because the contribution of AlF3 or AlO,F, may be superimposed on
the LiF peak. Fourth, the Al 2p peak of the Al,03 ALD coated LNMO
shown in Fig. 8d becomes broadened and positively shifted after
charge—discharge cycling. This result is a direct evidence of fluo-
rination of the Al,03 ALD coating layer by HF upon repeated char-
ge—discharge cycles. The final composition of the Al,03 ALD
coating is somewhere in between Al;03 and AlFs3. The chemically or
electrochemically driven transformation of Al,O3 into AIOkF,
should be accompanied by microstructural changes as well.
Assuming the specific density of AlF; is ~3.0 g cm™>, based on the
crystallographic data for AlF; (JCPDS no. 43—0435: 2.82 g cm ™3, no.
44-0231: 3.13 g cm~3, no. 47—1659: 3.02 g cm~>) and considering
the specific density of amorphous Al,03 (~3.0 g cm™3), the volume
change produced by complete fluorination of Al,03 to 2AlF; is.

(2 x molar volume of AlF3) — molar volume of Al,03
molar volume of Al,03

x 100
= 64%
(2)

which is comparable to the values obtained when the conversion-
type transition metal oxides react with Li [40]. In this regard, the
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Fig. 7. FESEM images of bare and Al,03-coated (4 ALD cycles) LNMO electrodes before and after 50 charge—discharge cycles.
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Fig. 8. Ex-situ XPS results of bare and Al03 ALD coated LNMO electrodes before and after 50 charge—discharge cycles. The signals for C 1s, O 1s, F 1s, and Al 2p are shown in (a), (b),

(c), and (d), respectively.

possibility of cracks developing in the ALD coating layer during
fluorination is not surprising. The microstructural changes induced
by fluorination thus can lead to an increased rate of Li* ion trans-
port, and consequently account for the dramatic increase in ca-
pacity during the initial charge—discharge cycles shown in Fig. 2c.
However, the microstructural change in the ALD coating layer is not
desirable in terms of conformality of the protective coatings. In this
regard, further improvement of electrochemical performance of
LNMO is believed to be possible by directly coating with AlF; by
ALD.

Fig. 9 shows the depth profiles of cationic fragments obtained by
ex-situ TOFSIMS experiments for the bare and Al,03-coated LNMO
electrodes after 50 charge—discharge cycles at 30 °C. The LiF" sig-
nals suggest that the Al;03 ALD coated LNMO electrode is coated
with slightly thinner F-bearing SEI species than the bare LNMO
electrode. The CHJ signals, which represent the organic SEI com-
ponents, however, demonstrates the huge impact of the Al,03 ALD
coating. The etching time at which the intensity decreases to half of
its original is 7.4 and 2.5 s for the bare LNMO electrode and the
Al,03 ALD coated LNMO electrode, respectively. This clearly
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Fig. 9. Ex-situ TOFSIMS depth profiles of bare and Al,03 ALD coated LNMO electrodes
after 50 charge—discharge cycles for a) LiF*, b) CH{, and c) Al*.

indicates a much thinner organic SEI component on the Al;03 ALD
coated LNMO than on the bare LNMO, which is nicely supported by
the ex-situ XPS results in Fig. 8.

Based on the ex-situ surface analyses by XPS and TOFSIMS, a
schematic diagram representing the SEI layers on bare and Al,03
ALD coated LNMO particles after charge—discharge cycles was
constructed; this is shown in Fig. 10. Compared to the bare LNMO
particles, the Al;03 ALD coated LNMO particles have much thinner
SEl layers and the amount of organic species is lower. The Al,03 ALD
layer also became fluorinated.

Finally, full cells of LNMO/Li4Tis013 incorporating bare and Al,03
ALD coated LNMO were cycled between 2.00 and 3.45 V at 0.5C at
30 °C, as shown in Fig. 11. The full cell with the Al,03 ALD coated
LNMO appears to outperform the one with bare LNMO. The

a) Bare

LiNigsMn, O,

Thicker SEI layer
— More organic species & Li,CO,

175

150

125 +

100 4

75 A

50

Capacity (mA h gLTO'1)

25 | —#— b-LNMO/LTO
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0 T T T T
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Fig. 11. Cycle performance of LNMO/LTO full cells cycled between 2.00 and 3.45 V at
0.5C at 30 °C. Bare (b) and Al,05 ALD coated (c, 4 ALD cycles on powders) LNMO
electrodes were used.

improved performance of the LNMO particles with the Al,03 ALD
coating can be explained by the enhanced stability of LNMO and the
higher coulombic efficiency (or lower irreversible Li consumption),
as demonstrated by the half-cell results.

4. Conclusions

Ultrathin (<1 nm) Al,0s3 films were grown using ALD on LNMO
particles. Significantly improved performance at 30 °C associated
with the Al,03 ALD coating was demonstrated not only in the
coulombic efficiency, cycle retention, and rate capability, but also in
the self-discharge behavior and the dissolution of transition metals.
The combined ex-situ surface analyses using XPS and TOFSIMS
revealed that the SEI layer on the Al,03 ALD coated LNMO was
much thinner and contained fewer organic species than the layer
on the bare LNMO. This difference is the result of suppression of the
side reaction at high voltages. Also, fluorination of the Al,03 ALD
layer was confirmed, shedding light on strategies for further
improvement. Finally, the full LNMO/LTO battery incorporating the
Al;03 ALD coated LNMO was demonstrated to outperform the one
incorporating bare LNMO.

Thinner SEI layer
— Less organic species & Li,CO4

Partially fluorinated Al,O; ALD
coating layer

Fig. 10. Schematic diagram of a) bare and b) Al,O03 ALD coated LNMO electrodes after charge—discharge cycling, showing different features in the SEI layers.
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