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Structural and Electrochemical Study of Al,O; and
TiO, Coated Li; ;,Nig 13Mng 54C0p 130, Cathode Material

Using ALD

Xiaofeng Zhang, llias Belharouak,* Li Li, Yu Lei, Jeffrey W. Elam, Anmin Nie,

Xingi Chen, Reza S.Yassar, and Richard L. Axelbaum

Nanolayers of Al,0; and TiO, coatings were applied to lithium- and
manganese-rich cathode powder Li; ;Nig 13Mng 54C0g 130, using an atomic
layer deposition (ALD) method. The ALD coatings exhibited different surface
morphologies; the Al,O; surface film appeared to be uniform and conformal,
while the TiO, layers appeared as particulates across the material surface.

In a Li-cell, the Al,O; surface film was stable during repeated charge and
discharge, and this improved the cell cycling stability, despite a high surface
impedance. The TiO, layer was found to be more reactive with Li and formed
a Li, TiO, interface, which led to a slight increase in cell capacity. However,
the repetitive insertion/extraction process for the Li* ions caused erosion

of the surface protective TiO, film, which led to degradation in cell perfor-
mance, particularly at high temperature. For cells comprised of the coated

Li; ;Nig.13Mng 54C0g 130, and an anode of meso-carbon-micro-beads (MCMB),

lithium- and manganese-rich (LMR)
oxides, xLi;MnO;-(1-¥)LiMO, (M = Mn,
Ni, and Co), are promising cathodes in
terms of safety and energy density. These
materials are composites of a monoclinic
layered phase Li,MnO; integrated with
a trigonal layered phase LiMO,.3* LMR-
composites must, however, be charged to
above 4.5 V to fully activate the Li,MnO;
component, and after activation the dis-
charge capacity can reach 250 mAh/g at a
C/10 rate.>> The wide operating voltage
(2.04.7 V) poses problems for the long-
term cycling stability of the cells due to
electrolyte decomposition and dissolution
of transition metals, which occur at the

the cycling stability introduced by ALD was not enough to overcome the
electrochemical instability of MCMB graphite. Therefore, protection of the
cathode materials by ALD Al,O; or TiO, can address some of the capacity
fading issues related to the Li-rich cathode at room temperature.

1. Introduction

Lithium-ion batteries (LIBs), which are commonly used in port-
able electronics, have shown a growing penetration in larger
applications such as transportation.'?l For these applications,
high durability, improved safety and high-energy densities are
key requirements. Among the advanced cathode materials,

electrode-electrolyte interface.”#! Another
issue is the formation of a spinel like
phase during cycling,” which can lead
to uncontrolled voltage changes of the
LMR-materials during their life span.[1%11
One of the approaches to strengthen the
cathode interface against electrochem-
ical and physical fatigue in the LIB cells is through surface
modification.['2-14

Recent works have demonstrated that surface modification
using fluorine or phosphate wet chemistries!">'7l can reinforce
the protection against electrode-electrolyte reactions, and facili-
tate charge transfer at the cathode surface, and hence improve
the cycle life and rate performances of the cells.[%!>1 Others
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Figure 1. SEM photograph of the porous Li; ;Nig;3Mng54C0g 130, parti-
cles for the ALD experiments.

have claimed a reduction in the irreversible capacity loss during
the first activation cycle by using an Al,O; coating.['¥l Despite
these improvements, wet chemistry processes are quite emper-
ical in controlling film thickness, composition, uniformity and
conformity of the coatings. On the other hand, atomic layer
deposition (ALD) is a method to grow conformal ultrathin
films with atomic layer thicknesses utilizing sequential and
selflimiting surface chemical reactions.*1%2%1 ALD has been
utilized to coat anode materials,?'-*! cathode materials, 2030
and electrodes.’'*  Electrochemical improvements had
been reported in the case of Al,O; coated LiCoQ, [26:2:30:33]
LiNi;;3Mny3C04/30,128) and Li; ;Mng 54Nig 13C0q,130,.! 30 34]

In this paper, we studied the electrochemical behavior of
Li; ;Mng 54Nig 13C00 130, coated with Al,O; and TiO, by an
atomic layer deposition process. Lithium and graphite cells were
made and electrochemical results were compared at room tem-
perature (25 °C) and 55 °C with and without the coating. The
morphology and chemical structure of the surface films were
characterized by high-resolution transmission electron micros-
copy (HR-TEM) and X-ray photoemission spectroscopy (XPS).

2. Results and Discussion
2.1. Surface Characterization by HR-TEM/EDS

The substrate powder Li;,Niy;3Mng5,C0g 130, is spherical in
shape and highly porous, as seen in Figure 1. The particles are
poly-dispersed with a log-normal size distribution,®*! and the
mean diameter is in the 2-3 pm range. Li; ;Nij 13Mng5,C04.130,
adopts a typical layered-layered composite structure, as reported
elsewhere 33 In the ALD coated samples, neither Al,O; nor
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TiO, structures were detected by synchrotron X-ray powder dif-
fraction (Figure S1), because the coating layers are composed
of only tens of atomic layers and they can also be amorphous.
HR-TEM and EDS were employed to elucidate the ultrathin
surface film and analyze the elemental compositions of the
ALD coated samples. Figure 2a is a HR-TEM image of a pri-
mary particle of the uncoated sample. Well-defined equidistant
fringes in the bulk crystal confirm the layered structure of the
bare Li;,Nij13Mng54Cog 130, material used in this study. The
surface of the uncoated Li; ;Nij13Mng54Co0130, appears clean
and smooth. In the bulk, distinct domains of different crystal-
line orientation (i.e., grains) can be observed in Figures 2a-c,
indicating a polycrystalline structure of the primary particles.
The Al,0; and TiO, coated samples have identical layered
fringes in the bulk; however, their surfaces are quite different
morphologically (Figures 2b and c). The Al,0; coated sample
has a uniform and smooth coating, which is consistent with
an amorphous, conformal ALD Al,O; film (Figure 2b). The
film is estimated to be 2~3 nm thick. Hence the growth rate
of Al,05 film was about 2~3 A per ALD cycle, in agreement
with reported data on LiCoO, and LiMn,O, powders.?®%’]
This ALD Al,O; growth rate of 2-3 A/cycle is about two times
larger than the accepted growth rate of 1.2 A/cycle observed
on most surfaces,' and may indicate a CVD component
resulting from the reaction of TMA with residual H,O in the
cathode powder. The TiO, coated sample surface appears to be
discontinuous such that aggregated particles can be observed
on the Lij;Nig;3Mngs4Cog130, particle surface (blue arrow
in Figure 2¢). Thus, a well-defined boundary between the
TiO, coating and the bulk is not evident. Moreover, no crystal
fringe could be observed at the particle surface, hence the TiO,
coating is likely amorphous as well. The TiO, thickness varies
between 0 and 2 nm, with an average value below 1 nm. This
value is consistent with the accepted growth rate for ALD TiO,
prepared under these conditions.’”] The distinction between
Al,O3 and TiO, ALD coatings can be ascribed to the difference
in their preferential nucleation fashions. While ALD provides
conformal coatings of Al,0O; thin films, TiO, prefers island-like
growth. It forms small islands in the first ALD cycles which
gradually merge and generates surface roughness, as reported
by others.[7-3

The elemental composition of the surface and bulk of
Li; ,Nij 13Mng 54Cog 130, particles was probed by local-point EDS,
as indicated with black crosses in the corresponding HAADF-
STEM images (Figures 2d-f). Since the image intensity (con-
trast) in a HAADF image is proportional to the atomic number
(Z), Al,03 and TiO, coatings have a very low contrast under this
mode. The corresponding local-point STEM-EDS spectra were
acquired for 1 min with a probe size less than 1 nm for more
precise data acquisition. The uncoated material has identical ele-
mental composition near the surface and in the bulk. All of the
Mn, Ni and Co signals can be detected (Figure 2g). The Cu-K,
and Cu-Kg arose from the contribution of the TEM sample grid.
The EDS spectra of the bulk of the Al,0; and TiO, coated sam-
ples were also similar to that of the uncoated powder, where only
the transition metals and oxygen were detected (Figures 2h-i).
As the electron beam probed the edges of the coated powders,
sharp Al-K, and Ti-K,, signals emerged, confirming the presence
of Al and Ti elements at the surfaces.

Adv. Energy Mater. 2013, 3, 1299-1307



ADVANCED
ENERGY
MATERIALS

M \110'5

www.MaterialsViews.com

5 nm

www.advenergymat.de

surface

01 2 3 4 5 6 7 8 91 0 1 2 3 4
Energy / keV

Energy / keV

2 34567 8 910
Energy / keV

5 6 7 8 9 10 0 1

Figure 2. HR-TEM, HAADF photographs and EDS spectra of the uncoated (a, d and g), Al,O; coated (b, e and h) and TiO, coated (c, f and i)

Liy 2Nig13Mng54C0g.130; particles by ALD.

2.2. XPS Analysis

With the confirmation of Al and Ti elements on the sample
surfaces, XPS was used to probe the chemical structure of the
species grown on the surfaces. In general, the high-resolution
XPS spectra of the three powders all showed 2p,;, and 2p3),
core level peaks, belonging to the Mn, Co and Ni cations, as
shown in Figure 3. However, the peaks for the powders with
surface ALD coatings have weaker intensities than those of
the uncoated powder, due to the lower weight ratios of the
transition metals near the outermost surface. The Mn 2p;,
peak fits well with a single peak with a binding energy (BE)
of 642.7 eV, which is in a good agreement with Mn*" ions in
other manganese-based layered compounds.*?) The Co 2ps,
has a binding energy of 780.8 eV which is very close to the
reported BE of Co** (780 eV) in layered LiMO, (M = Ni, Co
and Mn).*#2] The two weak satellite peaks near 790 eV and
805 eV in the Co 2p spectra (Figure 3) are characteristic of a

Adv. Energy Mater. 2013, 3, 1299-1307
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Co®* ion in an octahedral environment.*?l The Ni 2p;;, XPS
spectra for these samples have a BE of 855.7 eV, which is a
value close enough to that of Ni** in bulk LiNiO, instead of
Ni** (854 eVI**4l]), which is consistent with other reports on
similar layered compounds.***!l One possible mechanism is
that the excess Li-ions at the surface tend to occupy sites in
the transition metal slab in the layered structure which can
result in raising the oxidation state of Ni?" to compensate the
charges.!l The ALD coating layers Al,O; and TiO, are bridged
to the Li;,Nig13Mng54Cog 130, substrate via an oxygen bond.
The Al 2p;, core level XPS spectrum shows a binding energy
of 74.2 eV for the Al,O5 coated powder (Figure 4a). Taking the
O 1s peak (532.0 eV) into consideration (Figure 3f), the chem-
ical composition of the surface coating is confirmed to be
Al,03.2643] After 10 potentiostatic cycles (0.04 mV.s™! between
2.0 and 4.6 V), the BE of the Al 2p;, core level shows a mar-
ginal shift only (74.0 eV), indicating a stable Al,O; surface film
against the electrochemical charge and discharge. Liu et al,,
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Figure 3. XPS core level spectra of transition metals and oxygen in uncoated, Al,O; and TiO, coated Li; ;Nig13Mng54C0g 130, powders: (a) Mn 2p;
(b) Co 2p; (c) Ni 2p; (d) O s spectrum of the uncoated sample; (e) O 1s spectrum of the TiO, coated sample; (f) O 1s spectrum of the Al,O; coated

sample.

suggested that the Al,O; film can be transformed into a stable
Li-Al-O glass (or LiAlO,) during lithiation,*****] which is
inconsistent with our finding in this study.

The 2p core level binding energies of Ti are aligned at
458.7 eV (2p3);) and 464.4 eV (2py);) (Figure 4b), and the
corresponding O 1s peak has a BE of 530.0 eV (Figure 3e),
which indicates the formation of TiO, on the particles sur-
face.B% After 10 potentiostatic cycles under the aforemen-
tioned test conditions, the XPS core level peaks of Ti display
a degree of asymmetry, and can be deconvoluted into two
2p3;; peaks at 458.9 eV and 457.9 eV, and two 2p;,, peaks at
464.3 eV and 463.5 eV. The lower energy Ti 2p;;, peak indi-
cates the presence of Ti***®#] which could be attributed to
Li, TiO, generated in the electrochemical process following
the reaction: xLi + TiO; + xe~ <> Li, Ti0,.** The maximum
insertion value x should be less than 0.5 in this voltage
window, 8 which dictates the coexistence of Ti*" and Ti*" at
the Li; ,Nig13Mng54C00.130; surface. This result clearly shows
that the TiO, coating is participating in the redox reactions,
which may cause degradation of the surface film after exten-
sive cycling.3%

1302  wileyonlinelibrary.com
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2.3. Electrochemistry of the ALD Coated Materials

The uncoated and coated Li;,Nij;3Mng5,Coq 130, powders
were tested in 2032 coin cells with Li-metal foil anodes. The
overall shapes of the voltage profiles of the cells were identical
for the initial activation cycle, which was performed at the C/10
rate (1C =200 mAg™) between 2.0 and 4.8 V at 55 °C, as seen in
Figure 5a. The voltage plateau observed at 4.5 V originates from
the electrochemical activation of the Li,MnO; component in
the Li; ;Nig13Mng54C0g130,.>°% The pristine and TiO, coated
samples have identical voltage profiles with a discharge capacity
of 300 and 310 mAhg™!, respectively. A shoulder at the end-of-
discharge of the TiO, coated material evolves between 2.0 and
2.5 V (Figure 5), which is a contribution from Li,TiO, surface
film.*#8%1 As a consequence, the TiO, coated sample has a
slightly higher discharge capacities and coulombic efficiency
(87.6%) in the first cycle, compared to those of the uncoated
sample (81.7%) and the Al,Os-coated sample (84.1%), as seen
in Table 1. The Al,O; coated sample, however, shows a higher
over potential during the discharge (Figure 5) because of a
higher charge transfer resistance across the conformal Al,0;

Adv. Energy Mater. 2013, 3, 1299-1307
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Figure 4. XPS core level spectra of Al 2p, and Ti 2p in uncoated, Al,O; and TiO, coated Li; ;Nig13Mng54C00 130, powders by ALD before and after

electrochemical cycling.
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Figure 5. Voltage profiles of the Li/Li; ;Nig13Mngs4Cog 130, cells with

Al,O3 and TiO, ALD coatings, which were tested at the C/10 rate between
2.0 and 4.8 V for the initial cycle. Testing temperature was 55 °C.
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film (Figure 2S), which leads to a lower discharge capacity
(266 mAhg™). Table 1 also indicates that the first cycle effi-
ciencies of the ALD coated samples are only slightly affected
by temperature, unlike the uncoated sample which shows a
noticeable efficiency drop at 55 °C. This efficiency drop is most
probably caused by an accelerated reactivity of the uncoated
cathode material with the electrolyte at 55 °C.PU These results
allow us to safely conclude that the ALD surface coating can
protect the cathode surface, making it more resilient to the HF
attack and in general to parasitic reactions with electrolytes at
high temperatures.

Cyclic voltammetry of Li; ,Nij13Mng54Cog 130, and the ALD
coated samples were conducted at a scan rate of 0.04 mV/s
between open-circuit-voltage (OCV) and 4.8 V for the first
cycle, followed by a 10 cycles conducted at the same scan rate
between 2.0 and 4.6 V (Figure 6a, b and c). In general, the
voltammograms of the uncoated sample and the ALD coated
samples have shown similar curves in the first CV cycle, indi-
cating the typical redox reactions of the transition metal cations
occurring in Li; ,Nig13Mng54Cog130,. The first anodic peak at
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Table 1. Initial-cycle capacities and coulombic efficiencies of the
Li/Liy 3Nig13Mng 54C00 130, cells with Al,O; and TiO, ALD coatings.

Samples Test Temperature 1t Charge 15t Discharge Efficiency
Capacity Capacity [%]
[mAhg] [mAhg™]
Uncoated RT 335 283 845
55°C 366 299 81.7
Al,O3 coated RT 295 248 84.1
55°C 317 266 83.9
TiO, coated RT 328 287 87.5
55°C 355 3M 87.6

4.0 V is attributed to the Ni** and Co>' cations being oxidized
to the tetravalent states. The second anodic peak at 4.6 V is very
pronounced, which arises from the electrochemical activation
of Li;MnO;, as discussed earlier. The cathodic region is com-
posed of a very broad peak including the Co*"/Co®", Ni*/Ni%*
and Mn**/Mn?" redox couples.’?l At the subsequent 5% and
10t CV cycles, the cathodic peak near 3.0 V evolved towards to
a lower voltage and attenuated as cycle number increased. This
feather indicates a rapid capacity fading and voltage decay of
the uncoated Li; ;Nij 13Mng 54C0y 130,.

The CV of the TiO, and Al,0O; coated samples are almost
identical to that of the bare sample for the 15* CV cycle, as
seen in Figure 6b and 6c, respectively. A small cathodic peak
can be observed between 2.0 and 2.4 V for TiO, coated sample
(inset in Figure 6b), which is due to the slow lithiation of
TiO, to form Li,TiO, at the surface, as discussed earlier.
Interestingly, the electrochemical activation of the Li,MnO;-
like phase in Li;,Nip;3Mng5,C00130, was not noticeably
affected by ALD surface coating, as the position of the anodic
peaks observed beyond 4.5 V for both coated samples did
not change, which is indicative of no change in the oxygen
activity after coating (Figure 5). Additionally, no obvious decay
of voltage and capacity can be observed after the 1% activa-
tion cycle for these coated samples (Figure 6b and 6¢). There-
fore, it is anticipated that the ALD surface coating may reduce
voltage decay and capacity fading at a low scan rate and room
temperature.

The cycling performances of lithium cells comprising the
pristine and ALD coated samples are shown in Figure 7a (RT)
and in Figure 7b (55 °C), respectively. The first three cycles are
formation cycles performed at the C/10 rate to fully activate
Li; ,Nig 13Mng 54C0q 130, and also to form a stable passivation
layer. Thereafter, the current density was elevated to C/3 rate
for 50 cycles. At room temperature, Li;,Nij;3Mng54,Cog130;
exhibited a 32% capacity fade from 220 at the 4 cycle to
150 mAhg™! after 50 cycles. The ALD coated samples showed
lower capacity fade with cycling, i.e. 18% and 22% for the
Al,O3 and TiO, coatings, respectively. However, when the
testing temperature was increased to 55 °C, the TiO, coated
sample exhibited a poor capacity retention (70%), which was
translated by a capacity decline from 240 to 170 mAhg™!
(Figure 7b). Under these conditions, the cycling behavior
of the TiO, coated sample was quite similar to that of the
bare sample. Thus, the nonconformal TiO, surface film

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Cyclic voltammetry of the Li/Li; ;Nig13Mng 54Cog 130, cells with
Al,O3 and TiO, ALD coatings, which is tested at a scan rate of 0.04 mV/s
between 2.0 and 4.8 or 4.6 V, conducted at the room temperature.

which undergoes redox reactions during charge and dis-
charge had no positive impact on the cycling stability of
Li; 5Nig13Mng54Co( 130, at 55 °C. The conformal Al,O4
coating, however, provided superior cycling stability com-
pared to non-coated sample at both room temperature and
55 °C in the lithium cells. The differences between these coat-
ings can be attributed mainly to the conformity and reactivity
behaviors of the surface films upon charge and discharge,
if we keep in mind that the thicknesses of these films were
quite similar. Unlike the ALD-Al,O3 coating, the TiO, one was
not uniform enough to protect the particles against electrolyte
reactions, and it also contributed to the redox reactions which
probably led to additional catalytic reactions that accelerated
the loss of the surface protection.>?l

The ALD coatings, however, have less significance with
respect to the behavior of the materials when cycled in cells
containing graphite anodes, such as MCMB in our case
(Figure 8a and 8b). Though slight improvements are seen in

Adv. Energy Mater. 2013, 3, 1299-1307
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Figure 7. Cycling performance of the Li/Li;;Nig13Mngs4C0g130; cells
with Al,O; and TiO, ALD coatings, conducted at (a) room temperature
and (b) 55 °C. Test procedure: cycle 1 at C/10 rate between 2.0 and 4.8 V
for activation; cycle 2-3 is formation cycle at C/10 between 2.0 and 4.6 V;
cycle 4-50 at C/3 between 2.0 and 4.6 V. The inset figures are normalized
capacity retention at C/3 rate.

the cycling of the graphite-cell at room temperature for both
coatings compared to the pristine sample (inset in Figure 8a),
the three samples, including the best performing one (ALD-
Al,O; sample), exhibited quite similar cycling behavior at 55 °C
(inset in Figure 8b). This result clearly shows that the effective-
ness of the ALD coating at room temperature can be jeopard-
ized at 55 °C in practical cells. In this case, the capacity fade
is mainly due the continuous growth of the solid electrolyte
interface (SEI) on the anode, which increases the cell imped-
ance and consequently worsens the kinetics and capacity with
cycling.P*>3] A similar observation has been found in the case
of AlF; coating when Li; ;(Nig15C001Mns5)O1.95 Was cycled
against graphite.l'’] Therefore, we suggest that when results
are reported on the effectiveness of coatings in lithium cells, it
would always be helpful to identify the impact of these coating
in practical Li-ion battery configurations, especially at elevated
temperatures.
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Figure 8. Cycling performance of the MCMB/Li; ;Nig13Mng54C0g130;
with TiO, and Al,O; ALD coatings, conducted at (a) room temperature
and (b) 55 °C. Test procedure: cycle 1 at C/10 rate between 2.0 and 4.8 V
for activation; cycle 2-3 is formation cycle at C/10 between 2.0 and 4.5 V;
cycle 4-50 at C/3 between 2.0 and 4.5 V. The inset figures are normalized
capacity retention at C/3 rate.

3. Conclusion

The ALD technique was applied to coat Li; ,Nig13Mng 54Cog 130,
porous powder with ultrathin Al,O; and TiO, films. These
ALD coatings have two distinguished surface morphologies, of
which the Al,O; surface film showed great uniformity and con-
formity, while the coated TiO, film appeared as nanoparticles at
the surface, as seen by HR-TEM. The cycling behaviors of cells
comprising the pristine and ALD coated powders as cathodes,
and Li or MCMB as anodes, were evaluated at the room tem-
perature and 55 °C at the C/3 rate. In the lithium cells tested at
room temperature, higher first cycle coulombic efficiencies and
improved cycling were attained for the ALD coated samples,
which can be directly attributed to the protective role of the
surface films against electrode-electrolyte reactions at the high
voltage. XPS measurements demonstrated that these coatings
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remain at the cathode interface after extensive charge and dis-
charge. The TiO, coating, however, suffered from a transfor-
mation to Li, TiO, upon lithiation leading to the emergence of
Ti3* surface cations, which are likely responsible for catalysis
reactions that exacerbate the capacity fading, especially at 55 °C.
Overall, the ALD-ALO; coating demonstrated better surface
protection for the cathode powder and thus better cycling sta-
bility compared to TiO,. However, the cells comprising the ALD
coated samples and MCMB anode did not show a noticeable
improved cycling stability, possibly due to the instability of the
anode. In our opinion, it is important to improve the electro-
chemical stability of graphite as well, e.g., by a surface modifica-
tion method, so that the overall performance improvement of
the LIB cells can be preserved.

4. Experimental Section

Materials Synthesis and ALD Coating: The composite material
Liy 2Nig13Mng 54Cog.130, was synthesized using a spray pyrolysis process,
as described earlier.’* The reagents for the composite material synthesis
are lithium nitrate anhydrous (LiNOs), nickel nitrate hexahydrate
(Ni(NO3),-6H,0), cobalt nitrate hexahydrate (Co(NO3),-6H,0) and
manganese nitrate tetrahydrate (Mn(NO;),-4H,0) from Sigma Aldrich.
The Liy ;Nig13Mng54C00130, powder from the spray pyrolysis reactor was
post-annealed at 850 °C for 2 hours. Ultrathin Al,O; and TiO, films were
prepared respectively over Li; ;Nig13Mng54C00130, powder surface in a
continuous-flow ALD reactor operated under a base pressure of ~1 Torr.*¢l
Typically, 500 mg of substrate powders were well-spread in a flat stainless
steel tray and loaded into the ALD reaction chamber. An Al,O; thin films
were deposited using 10 ALD cycles of trimethylaluminum (TMA) and
H,0O at 150 °C. TiO, was prepared using 20 ALD cycles of titanium
isopropoxide (TTIP) and H,O at 150 °C. The precursor dose and purge
time were 30 seconds and 60 seconds, respectively.

Material Characterization: X-ray powder diffraction (XRD) results of the
composite powders before and after ALD coating were obtained using
a synchrotron high-energy X-ray beam (115 keV) with a wavelength of
0.108 A at the beamline 11-ID-C at the Advanced Photon Source (APS) at
Argonne National Laboratory. The TEM characterization was conducted
on an aberration-corrected JEOL JEM-ARM200CF scanning transmission
electron microscope (STEM) equipped with a 200 keV Schottky cold-
field emission gun, a high-angle annular dark field (HAADF) detector,
and an annular bright field (ABF) detector. The elemental analysis was
performed using point energy dispersive spectrometer (EDS) spectrum
under STEM mode for a better resolution. Here, a 22-mrad-probe
convergence angle was used for all the images and spectra acquisition.

The surface chemistry of the uncoated and ALD coated powders and
cycled electrodes were analyzed using X-ray photoelectron spectroscopy
(XPS, Thermo Scientific ESCALAB 250Xi) with Al Ko radiation
(1486.7 eV). The XPS spectra were collected in constant analyzer energy
(CAE) mode at a 50.0 eV pass energy and 500 um spot size. The binding
energies (BE) of the samples were calibrated using the adventitious C 1s
peak (BE = 284.8 eV). Prior to the XPS analysis, all the powder samples
were dried under vacuum overnight to reduce the amount of the surface-
absorbed contaminant species. The electrodes for ex-situ XPS analysis
were rinsed by dimethyl carbonate (DMC) to wash off the residual
electrolyte in the electrodes, which were further subjected to drying
under vacuum at 60 °C for 6 hours. The XPS spectra were deconvoluted
using a public software XPSPeak4.1 using Lorentzian-Gaussian fitting
with a Shirley-type background.

Electrochemical Analysis: The electrochemistry of the composite
materials was studied using 2032 coin cells. The ratio of active material
Liy 2Nig13Mng 54C00.130,, SFG-6 graphite, Super-P conductive carbon and
polyvinylidene (PVdF 1120, Kureha Corp.) was 80:5:5:10 by weight in the
positive electrodes. The electrode disc was 1.6 cm in diameter and had
an active material loading of c.a. 2.9 mg/cm?. The negative electrodes
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were Li foil or meso-carbon-micro-bead (MCMB). A 1.2 M solution of
LiPFg in ethylene carbonate/ethyl methyl carbonate (EC:EMC = 3:7
by volume, Tomiyama) was used as the electrolyte. The positive and
negative electrodes were separated by a micro-porous trilayer membrane
separator (PP/PE/PP, Celgard 2325). The cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) data were obtained using
a Solartron 1470E multichannel potentiostat/cell test system coupled
with Solartron 1400 FRA Impedance analyzer.
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Supporting Information is available from the Wiley Online Library or
from the author.
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