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Here we demonstrate a theory-driven, novel dual-shell coating system of Li,SrSiO4 and Al,0s, achieved
via a facile and scalable sol-gel technique on LiCoO, electrode particles. The optimal thickness of each
coating can lead to increased specific capacity (~185 mAh/g at 0.5C-rate) at a cut-off potential of 4.5
V, and greater cycling stability at very high C rates (up to 10C) in half-cells with lithium metal. The mech-
anism of this superior performance was investigated using a combination of X-ray and electron charac-
terization methods. It shows that the results of this investigation can inform future studies to identify still
better dual-shell coating schemes, achieved by such industrially feasible techniques, for application on
similar, nickel-rich cathode materials.
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1. Introduction

Lithium-ion batteries (LIBs) containing layered lithium transi-
tion metal oxide cathodes, generally denoted as LiMO, (M refers
to transition metals), have seen wide scale application in portable
electronics and electric vehicles due to their excellent cycling sta-
bility and comparatively high energy density [1-3]. However, elec-
tric vehicles at a comparable cost and travel range to their
petroleum burning counterparts, and grid-scale energy storage
outside fringe-cases, require secondary (i.e., rechargeable) batter-
ies with higher energy density, longer lifespans, and lower cost
[4-6]. While solid-state electrolytes and more experimental cath-
ode compositions are being explored at lab-scale, the imminence
of the deployment of electric vehicles and stationary storage still
heavily rely on the improvement of the existing LIB technology,
particularly on cathodes such as LiCoO, [7]. The current LIBs are
operated at the voltage window of 3.0-4.2 V with ~140 mAh/g,
which is barely sufficient to allow affordable electric vehicles
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(e.g., Nissan Leaf) to drive distances ~80 miles [5,8]. Several impor-
tant barriers such as energy density, capacity fading, and charging
rates must still be further improved.

The reversible capacity of LiCoO, (LCO) results from the de-
intercalation of roughly half of the lithium ions, Li;_xCoO, (0 < x
< 0.5), from the lattice at a cut-off voltage of 4.2 V [9-11]. To draw
more capacity from these cells, a higher cutoff voltage must be
employed. If the cutoff voltage is raised, the capacity can be
increased to closer to the theoretical value for LCO of 272 mAh/g.
The trade-off to the increased energy density when operating
above 4.2 V, is the quick degradation of the battery. Above this crit-
ical threshold, the initial capacity achieved is around 180 mAh/g,
but rapidly declines within a few cycles [12]. It has been shown
via theoretical calculations and post cycling analysis that the rapid
performance degradation is due to structural changes, predomi-
nantly layered to spinel and rock salt, upon more complete
removal of lithium from the host structure. Also, spectroscopic
analysis has revealed increased dissolution rate of cobalt out of
the cathode and into the electrolyte during high voltage cycling
(i.e., charging to >4.3 V) [13-16]. This dissolution of transition met-
als from the cathode has been found to correspond to a greater rate
of hydrofluoric acid (HF) formation from decomposition of the
LiPFs electrolyte and corrosion at the surface of cathode particles
[17]. As such, charging to high voltages (i.e., >4.3 V) is not practical
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unless the cells can be stabilized (i.e., crystal structure, surface
chemistry) during deep cycling.

Cathode stability plays such a crucial role in the lifetime of a
battery. Much research has been focused on identifying functional
coatings to prevent degradation of the battery cells. The addition of
metal oxides to the surface of LCO has been shown countless times
to provide an improvement in the stability through repeated
cycling to 4.5 V [18-20]. In particular, Al,03 is well documented
as an effective cathode coating on both LCO and LiNi,Mn,Coq_x_,-
0, chemistries [21]. The effectiveness of this coating, and similar
metal oxides is thought to be owed to its sacrificial reaction with
corrosive HF, repulsion, and separation of cathode surface from
byproducts of organic electrolyte solvents, prevention of Co leach-
ing and sufficient lithium-ion diffusivity [20,22]. Binary oxides
such as Al,03 are unlikely to be the best choice of coating material,
as Al,03 is not a good ion conductor with limited Li diffusivity only
after the lithium doping that occurs upon cycling [23], and it does
not have good mechanical flexibility to comply with large volume
change of the cathode during Li insertion/extraction. Through a
reaction model based on density functional theory, Aykol et al.
[24] have screened more than 130000 oxide materials which can
act as physical barriers to electrolytes, HF, and coatings which
can scavenge HF. Guided by this high-throughput screening coat-
ing materials based on high HF reactivity, low reaction potential
with cathode materials, electrochemical stability, and low mineral
cost, Aykol et al. [24] identified Li,SrSiO,4 (LSSO) as one of the ther-
modynamically and optimized coating material for LCO.

Many methods have been developed for coating electrode mate-
rials, one of which includes atomic layer deposition (ALD). This
technique has been utilized for depositing conformal, thin layers
(~1 nm) of materials onto electrodes [25]. Unfortunately, ALD is a
process that has proven slow, small-scale, and expensive due to
the specialized equipment and precursors required, making it
impractical for application in wide-scale production of cathode
material [26]. Previously, we have demonstrated the ease of the
sol-gel method for coating Al,03 to the surface of LCO. The sol-gel
coating methods produce less uniform surface coatings, however
the simplicity of the method makes it more industrially feasible.
The thickness of the coating layers can range from 10 to 100 nm
rather than ~1 nm for ALD, but non uniformities such as areas of
thinner coating or bare regions may ease ionic resistance enough
that this disadvantage is outweighed by the challenges of ALD. Fur-
thermore, there is nearly no restriction on materials composition
when using sol-gel, which thus makes it feasible for coating various
promising candidate materials other than Al,O3 on LCO cathode.

In this article, we have successfully synthesized and coated the
theoretically predicted LSSO on LCO cathode using the sol-gel
method and identified the shortcomings of LSSO in battery applica-
tions. We further applied dual shell coating of LSSO and Al,Os,
resulting in LCO cathode capable of cycling from 3.0 to 4.5 V with
higher initial capacity of ~185 mAh/g, and greater stability over
500 cycles and very high C-rate (10C) cycling than Al,O5 alone.
The mechanism by which this dual coating out-performs similarly
produced single coatings was investigated using a combination of
electron and X-ray microscopy, as well as X-ray spectroscopy. It
is hoped that the elucidated failure mechanisms of these coatings
may help identify still better coating schemes achievable by easily
scalable coating methods.

2. Experimental

2.1. Synthesis and coating

The synthesis of LSSO was achieved using a sol-gel method
modified from a previous method, and its phase purity was con-
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firmed by X-ray diffraction (XRD) (see discussion later). Both pure
LSSO samples and coated material were produced from the same
sol-gel precursor. The precursor solution was made from stoichio-
metric mix of a 10% excess of LiNO3 along with stoichiometric Sr
(NOs), and tetraethyl orthosilicate (TEOS) in an equal part mixture
of deionized water and ethanol. Next, the solution’s pH was
adjusted to 0.7 to promote gel formation. This mixture was then
mixed and heated to 60 °C while covered for 24 h to form the uni-
versal precursor solution. Coatings of Al,05 were created via a sim-
ilar technique, using the same procedure as reported before, with
aluminum isopropoxide as the aluminum source and gelling agent.
Coatings of LisSiO4 (LSO) were made by replacing the stoichiomet-
ric quantity of Sr with more Li.

To produce LSSO samples, the gel was dried, pulverized and cal-
cined. To coat cathode particles, the appropriate volume of either
precursor solution to achieve a certain wt% of LSSO or Al,03; was
added to cathode powder (LCO purchased from Sigma-Aldrich
without further purification) and mixed by hand in a mortar and
pestle for 1 h with periodic additions of ethanol to facilitate mix-
ing. The cathode powder was allowed to dry while mixing such
that dry powder with gel deposited on it was obtained. This pow-
der was then calcined by the same procedure as LSSO samples for
both LSSO and Al,O3 coated cathode powder: 5 °C/min heating to
450 °C, a hold at 450 °C for 3 h, 10 °C/min heating to 600 °C, a hold
at 600 °C for 3 h, and finally cooling at 10 °C/min to room temper-
ature. The resulting coated cathode material was then pulverized
by hand for use in coin cells. If the cathode powder being produced
was to be dual-coated, the powder obtained after the first calcina-
tion was recovered and coated by the same technique with the
other material just as bare cathode powders would be.

2.2. Electrochemical measurement

Cathodes for use in coin cells were created with 80 wt% cathode
powders, 10 wt% carbon C45, and 10 wt% polyvinylidene fluoride
(PVDF) by manual pulverization and slurry casting in N-methyl-
2-pyrrolidone (NMP) onto aluminum foil, followed by drying under
vacuum at 70 °C for 12 h. Resulting cathodes with an active mass of
approximately 3-4 mg and active mass loading of ~4.45 mg/cm?
were assembled in an argon-filled glove-box with lithium metal
foil reference electrodes in CR2032 coin cells with glass fiber sep-
arators and 1 M LiPFs in EC:DEC (1:1) electrolyte. The cells (half-
cell configuration) were operated over a voltage window of 3.0-
4.5V at C rates of 0.2-10C on a LANHE test rack. C is rate defined
relative to charging or discharging cells with a capacity of 180
mAh/gin 1 h, 1C: 180 mA/g. Full cell measurements used the same
electrolyte and cathodes mentioned previously and were paired
with graphite anodes with a composition of 92% Superior SLC gra-
phite, 6% PVDF and 2% carbon C45. The N/P ratio for the full cell
coin cells ranged from 1.1 to 1.2 and operated in a voltage window
of 2.5-4.45 V. Cyclic voltammetry (CV) scans were collected at a
rate of 10~ V/s for three full charge and discharge cycles.

2.3. SEM, XPS, XRD

Scanning electron microscopy (SEM) images of electrode mate-
rials were taken at the OSU Electron Microscopy Facility using a
field emission SEM (FEI Quanta600) at 5 kV and a working distance
of 10.5 mm. X-ray photoelectron spectroscopy (XPS) data were col-
lected at the Oregon State University (OSU) Northwest Nanotech-
nology Infrastructure using a PHI 5600 equipped with a
Monochromatic Al K X-ray source (1486.6 eV). X-ray diffraction
was performed on Rigaku Ultima instrument using Cu K, source
(1 =1.5406 A)
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2.4. XAS and ptychography

Hard X-ray absorption spectroscopy (hXAS) at the Co K-edge
was performed at beamline 9BM of the Advanced Photon Source
(APS) of Argonne National Laboratory (ANL). A Co metal reference
was used as a standard to properly calibrate the energy. Both Co K-
edge X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) were measured under flu-
orescence mode by a Vortex ME4 detector. Soft XAS (sXAS) at Co L-
edge was performed at Co L-edge and O K-edge using both fluores-
cence and electron yield modes at beamline 6.3.1 of Advanced
Light Source (ALS) of Lawrence Berkeley National Laboratory
(LBNL) and beamline 7-ID-1 (SST-1) of National Synchrotron Light
Source (NSLS) II of Brookhaven National Laboratory (BNL). All XAS
data analysis was performed with Athena software package to
extract XANES and EXAFS. The EXAFS data were modelled using
Artemis software package in k and R space in the ranges of [3-13
A~1] and [1-4.5 A], respectively. An integral method was used to
determine the Co oxidization state with Co K-edge XANES.

Simultaneous X-ray fluorescence and ptychography [27,28]
were collected at the Advanced Photon Source at beamline 2-ID-
D in Argonne National Laboratory. A monochromatic X-ray beam
at 8.8 keV was focused by a Fresnel zone plate with an outer zone
width of 70 nm, producing a focus spot of around 150 nm on sam-
ples. A Vortex silicon drift detector was placed on the right side of
the sample at 75 degrees with respect to the beam propagation
direction to record the fluorescence signals, while a Dectris Eiger
X 500K pixel array detector locating 1.32 m downstream of the
sample was used to collect coherent diffraction patterns. The step
size of 2D fly-raster scans on the sample was 80 nm for both X and
Y directions, yielding a pixel size of 80 nm on elemental maps. In
addition, ptychographic images were reconstructed from coherent
diffraction patterns with a pixel size of about 10 nm.

3. Results
3.1. Electrochemical performance

The predicted properties of the LSSO coating were tested in LCO
cells with several different LSSO coating thicknesses at a rate of
0.5C with an upper and lower cutoff voltage of 4.5 and 3.0 V,
respectively. Coatings of 0.25, 0.5, and 1 wt% LSSO by weight on
LCO all yielded cycling performance similar to that of uncoated
material (see Fig. S1). Despite an initial discharge capacity of
~196 mAh/g, the capacity degraded rapidly, approaching values
of non-coated LCO at the same cycling number. The LSSO coating
did not improve the capacity retention of LCO but did result in
an initial increase in capacity prompting further investigation into
its application as a coating material for LCO. We then experi-
mented with dual-shell coatings using both LSSO and Al,O3 to
achieve the higher capacities obtained from the 0.5 wt% LSSO or
(0.5 LSSO) coating and the capacity retention obtained from coat-
ings of Al,0s3. Since the dual coatings require a two-step procedure,
we tested the order in which the coatings were added to the cath-
ode particles. In the 0.5 wt% Al,05 0.5 wt% LSSO coating, with Al,03
as the inner and LSSO as the outer coating, the capacity retention,
and discharge capacity was identical to the 0.5 wt% Al,03 or (0.5
Al,03) coating, while the 0.5 wt% Al,03 0.5 wt% LSSO had similar
capacity retention but lower capacities (see Fig. S1). This revealed
that having an inner layer of Al,O3; negated any benefits from the
LSSO coating. Reversing the coating scheme and having an inner
coating of LSSO and an outer coating of Al,03, the benefits of the
LSSO appear in the electrochemical data. In LCO with a coating of
0.25 wt% LSSO 0.25 wt% Al,03 (dual), hereafter referred to as the
dual coating, the discharge capacity is increased, and the capacity
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retention is superior to the other coating schemes investigated in
this work, including single coatings and uncoated LCO (Fig. 1a).
Comparing the performance of this coating orientation with differ-
ent coating thicknesses demonstrated that the dual coating (0.5 wt
% in total) provided the greatest capacity and cycle life in coin cells.
The initial discharge capacity of ~187 mAh/g was lost at an aver-
age rate of 0.07% per cycle at 0.5C for 500 cycles, or 64% retention
(Fig. 1c). Unlike material coated with Al,03, the dual coating
allowed for tolerance of several charges in a row at 10C, with
capacity utilization of ~93% when returned to 0.5C (Fig. 1b). Cyclic
voltammetry (CV) measurements during the first three cycles
reveal greater stability for the dual coated over 0.5 Al,03 and bare
LCO showing (Fig. S2). Our full-cell tests using graphite anode also
show the similar trend as half-cell tests (Fig. S10), namely the per-
formance of cathode with dual coating surpassing that of uncoated
LCO or LCO coated with LSO. These results show that the dual coat-
ing with both an inner layer of LSSO, and an outer layer of Al,Os,
cathode material with superior capacity, rate capability, and cycle
life, can be produced. This suggests that there is indeed a comple-
mentary effect between the two coating materials, in which each is
performing functions that the other is less capable of.

3.2. In-house characterization

Powder XRD was performed on an electrode powder with an
excess coating of LSSO (50 wt% LSSO) on the cathode powder. This
experiment was conducted to determine the crystallinity of the
coating material once applied to the surface of LCO. In Fig. 2(a),
the measured diffraction data match the peaks from both crys-
talline LCO and LSSO, revealing that the coating is in the expected
crystalline phase and that the sol-gel coating procedure is viable
[14]. XRD is also measured for uncycled bare, 0.5 Al,03, 0.5 LSSO,
and dual coated material. As seen in Fig. 2(b), the material with
surface coatings with a total of 0.5 wt% coatings can be indexed
to the R3m space group of LCO [29,30]. Synchrotron XRD further
confirms the crystalline phase of LCO for the coated sample and
reveals no impurity (Fig. S3). The features from LSSO or Al,03 can-
not be observed in the diffractogram, indicating a sub-micron coat-
ing layer. Due to the thin surface coating, we turned to XPS to
measure the change in the Co 2p spectra before and after cycling.
The Co 2p region of 770-810 eV remains primarily unchanged
for the uncycled coated samples, with the Co 2ps3;; and Co 2py);
retaining their position at ~780.7 and ~796.0 eV. After cycling,
the data quality decreases dramatically, possibly due to the forma-
tion of an interphase, which would reduce photoelectrons escaping
the sample and Co leeching [31]. Broadening of the 2ps;; and the
increasing satellite peak area left of Co 2ps; is seen in the bare
and 0.5 LSSO, suggesting a reduction of Co from +3 to an oxidation
state of +2 (Fig. S4) [32]. Since it was difficult to determine this
from XPS due to an incomplete data set, we turned to another sur-
face sensitive technique discussed later. The morphology of the
powders is observed through SEM, and the bare and coated LCO
powders consist of particles on the order of 10-20 pm (Fig. S5).

3.3. Synchrotron characterization

To further elucidate the surface morphology and elemental
composition of the coating, we turned to simultaneous X-ray fluo-
rescence microscopy and ptychography [27,28]. The sub-micron X-
ray beam in this combined measurement can detect elemental
information from samples at a spatial resolution limited by the
focused beam size (150-200 nm). The phase information provided
by ptychography is sensitive to the density variation of materials at
hard X-rays, which is a powerful tool to probe the interior and sur-
face structures of the particles at a spatial resolution not limited by
the focused spot. These measurements were performed for pristine
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Fig. 1. (a) Short term cycling performance of uncoated LCO (bare) and coated 0.5 wt% LSSO (0.5 LSSO), 0.25 wt% LSS0, 0.25 wt% Al,05 (Dual) LCO; (b) rate capability up to 10C

and (c) long-term cycling for dual coated LCO.

and 50 cycled coated LCO. Ptychography measurements for pris-
tine LCO show the same particle morphology as SEM (Fig. S5)
and cycled samples reveal no noticeable change in the bulk particle
morphology but display alterations at the surface of the particles.
Fig. 3 shows elemental maps and ptychographic images for pristine
and cycled electrodes coated with dual, 0.5 Al,0s3, and 0.5 LSSO. Si
and Sr elements were excluded because the particles were placed
on SizN4 membranes for measurements, and Sr L fluorescence sig-
nals were highly overlapped with Si (see Si and Sr L elemental
maps in Fig. S6). The Al fluorescence map of the pristine LCO par-
ticle with dual coating in Fig. 3(a) shows a uniform distribution of
coating on the boundary. A decrease in Al intensity at the left side
is because the fluorescence detector was placed on the right side of
the sample, and the Al fluorescence photons from the left edge
were self-absorbed. This can also be observed in Si maps in
Fig. S6, in which the particles blocked the Si signals from the sub-
strate and created a shadow on the left side. The zoomed-in image
at an edge area of the particle from the ptychographic image
clearly shows a uniform layer of a coating with a thickness of about
100 nm. After cycling, the Al of the dual coating at particle bound-
ary diffused slightly but still distributed mostly homogeneously
across the whole particle. Ptychographic image also shows that
the boundary between the coating and cathode particle is not as
distinguishable as the pristine case after cycling, and the thickness
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of the coating layer in the example shown area varies from 100 to
200 nm. When the LCO particles were coated with 0.5 wt% Al,03
the formation of a layer was evidenced by the Al maps in Fig. 3
(b). Ptychography of the pristine particle with Al,O3 coating gives
a coating thickness of about 50 nm. The Al,03 coating was still evi-
dent in the cycled particle in both the Al fluorescence map and pty-
chographic image. Fig. 3(c) shows that the particle with LSSO
coating formed a uniform layer on the pristine particle surface with
a thickness of about 50 nm. In addition, the ptychographic image of
the cycled particle in Fig. 3(c) displays additional structures which
do not have Co signals, which are presumably byproducts of the
electrolyte. The fluorescence and ptychographic results imply that
the coating scheme can effectively cover the surface of the cathode
particles and prevent direct contact of the electrolyte with the
cathode, which would decrease the battery performance. While
the Al,05; seems more stable, adding a layer of Al,O3 on LSSO can
improve the performance of the coating.

Hard XAS (hXAS) at the Co K-edge was used to investigate the
oxidation state and local structure of Co in the pristine LCO and
cycled electrodes including bare, 0.5 Al,03, 0.5 LSSO, and dual
coated LCO [7,16,33,34]. Ex-situ measurements were performed
on pristine material, and electrodes tested at 50 cycles. The 50
cycled cathodes show notable changes in the XANES depending
on the surface coating or lack thereof. For example, compared to
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Fig. 2. X-ray diffraction of (a) excess LSSO coating (50 wt% LSSO) and (b) uncycled 0.5 wt% in total surface coatings on LCO.

the pristine LCO, the cycled bare LCO exhibits an edge shift of ~1
eV to higher energies, and the XANES spectrum aligns with the
Co30,4 reference (Fig. 4a). Similarly, the underperforming coating
of 0.5 LSSO also shifts by the same amount to higher energies, indi-
cating the oxidation of Co from +3 to +4 [35-37]|. Comparatively,
such a shift is not observed for the high-performance coatings of
0.5 Al,O3 or the optimal dual coating, and the XANES edges of
the two samples are well aligned with the uncycled pristine LCO.
This finding indicates that Co ions’ average oxidation state in these
cathodes has remained in the normal state after 50 cycles [35-37].
This suggests that even thin coatings produced by sol-gel method,
with some irregularities, can play a protective role and prevent
degradation and eventual decline in performance and failure of
cells. Further analysis of the EXAFS shows a similar local structure
in the cycled samples to the pristine samples, consistent with
XANES results in Fig. 4(b) and Fig. S7. Through hXAS we demon-
strate that the bulk structure is not drastically changed.

Soft XAS (sXAS) in the electron yield mode is sensitive to the
surface of the cathode particles with similar probing depths to
XPS due to the short inelastic mean free path of the collected elec-
trons [18,38,39]. Given that our coatings are on the nanometer
scale, we measured XANES at the Co L, 3-edges and the O K-edge
to understand what is occurring at the surface of the cathode par-
ticles. The Co L-edge spectra consist of a lower energy Ls-edge at
~782 eV and a higher energy L,-edge at ~796 eV (L,-edge) which
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are the result of electronic dipole transition from Co 2p to Co 3d
states [38-40]. These transitions reflect the oxidation state of Co
in the spectra by exhibiting shifts in the features or changes in
the line shape. As shown in Fig. 5(a), the uncycled cathodes (coated
and non-coated) exhibit an L3-edge at ~782 eV and an L,-edge at
~796 eV and have the consistent line shape of pristine LCO [39].
This rules out the possibility of thermally induced phase transi-
tions in LCO during the coating process in agreement with XRD
and XPS. Additionally, 50 cycled samples display a shift in the L-
edges with the L3-edge at ~780 eV and L,-edge at ~795 eV. Fur-
thermore, drastic changes in the spectral line shape of the Co Ls-
edge were observed. In Fig. 5(a), the change in spectra and the shift
to lower energy indicate a reduction of Co from +3 to +2 [40]. This
is because Co from the layered electrode leaches into the elec-
trolyte during high voltage cycling, and it is well known that this
occurs more readily in the +2 valence state. In our case, both the
bare LCO and 0.5 Al,Os display a higher degree of Co reduction,
as indicated by the decreased overlap with the pristine LCO and
the increase in the lower energy feature at ~779 eV. On the other
hand, the 0.5 LSSO and dual samples display a greater degree of +3
cobalt; however, all cathodes show some degree of mixed oxida-
tion +3/+2 on the surface [40].

Similar to the previous measurements, the O K-edge reveal that
the uncycled materials retain the layered structure as they all have
a strong feature at ~529 eV which corresponds to the electronic
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Fig. 3. X-ray fluorescence and ptychographic images for pristine and cycled electrodes coatings of (a) dual coating (0.25% LSSO & 0.25% Al,0s), (b) 0.5% Al,03, and (c) 0.5%
LSSO. The close-up images were taken from the areas marked by green boxes on ptychographic images to show the coating morphology. The scale bar (white) for the entire

images is 5 um, and the scale bar (green) of magnified images is 250 nm.

transitions from O 1s to O 2p-Co 3d orbital mixing found in LCO
[38,39]. As expected, low intensity features from the surface coat-
ings (Al,03 & LSSO) do appear in the spectra at ~531 eV for the
uncycled cathodes 0.5 Al,03, 0.5 LSSO and dual samples. After
cycling, the O K-edge spectra change dramatically due to the for-
mation of a cathode-electrolyte interphase (CEI). After cycling,
0.5 Al,03, and dual coatings reveal the formation of a Li,CO3 rich
CEI as revealed by the similarity of the spectra to the LiCO5 refer-
ence. The 0.5 LSSO and bare samples have spectra that differ from
the other samples with a small intensity peak at ~531 eV and a
broad feature near 537 eV. This suggests a different CEI that is
unstable compared to the one formed 0.5 Al,05 and dual samples
which show better performance.

319

4. Discussions

The synchrotron measurements provide great insight into the
protective role of the coatings on the LCO. The ptychographic
images with a spatial resolution of about 20 nm reveal a clear
boundary around the perimeter of the as-coated cathode particles
with a coating thickness ranging from 20-100 nm. Sufficient cover-
age of the cathode particles with a coating layer is needed to pre-
vent direct contact of the electrolyte with the bare LCO since the
uncoated LCO shows degrading performance when cycled to volt-
ages greater than 4.2 V (Fig. 1a). After cycling, the thickness
becomes non-uniform, and the distinction between the surface
coating and cathode particle becomes blurred, indicating surface
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Fig. 4. Co K-edge XAS measurements including (a) XANES and (b) EXAFS of pristine bare (grey) and cycled (C) bare (red), 0.5 LSSO (green), 0.5 Al,O5 (cyan), and dual (blue)

coated LCO.

reactions at the coating/cathode and coating/electrolyte interfaces
(Fig. 3). These in-situ surface reactions can lead to different electro-
chemical performances and depend on the coating scheme on the
LCO particles. In Fig. 1, this is observed in the dual coating, which
leads to superior cycling performance compared to our other coat-
ings. Fluorescence mapping provides further insight into the ele-
mental distribution before and after cycling. In the as-coated
state, we find the elements are in their expected position with Al
on the perimeter of the LCO particles and Co in the center (Si
and Sr L measurements were excluded due to the presence of Si
in the sample holder and fluorescence signal overlap between Si
and Sr L). As the battery is cycled, the bulk elemental distribution
remains the same for the coated electrode materials. Although pty-
chography and X-ray fluorescence mapping can provide morpho-
logical and elemental distribution information, it lacks valence
state information of the elements throughout the particles. There-
fore, we turned to bulk and surface sensitive XAS to add another
dimension of understanding to our system. Co K-edge hXAS, which
probes hundreds of microns into the material, provides an ensem-
ble average of the bulk environment of the LCO particles. As dis-
cussed previously, the uncoated and 0.5 LSSO samples displayed
an edge shift while the 0.5 Al,03 and dual samples retained an
edge position similar to the pristine LCO. Shifts in the XANES are
attributed to changes in the oxidation state of the absorbing atoms.
We can conclude that uncoated and 0.5 LSSO samples undergo irre-
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versible changes because of high voltage cycling, while the 0.5
Al,03 and the dual coated samples have greater electrochemical
reversibility. This increased reversibility could be due to the sur-
face coating protecting the bulk by acting as a physical barrier
and providing other functionalities such as HF scavenging and
stable interphase formation, preventing major Co dissolution
[24]. The theoretically superior HF scavenging ability of LSSO rela-
tive to Al,05, due to numerous Si-O bonds, suggests that the failure
of LSSO as an outer coating layer is due mainly to a failure to pre-
vent the adsorption/degradation mechanisms of the electrolyte or
other undesirable physical properties [18]. Therefore, its contribu-
tion to protecting the cathode by the dual coating is unlikely to be
related to scavenging or preventing the production of HF in any
significant way. This is because the role of the LSSO scavenging
HF formed from the electrolyte must necessarily be reduced if it
is present below a layer of Al,0s. The theoretical screening calcula-
tion by Aykol et al. [24] which served as the basis of this work,
identified LSSO as a promising coating primarily of this HF scav-
enging ability and because of its likelihood of superior lithium-
ion conductivity. The role of LSSO in protecting active electrode
material seems to be either due to its likely superior lithium-ion
conduction or a chemical alteration to the Al,Os layer.
These potential chemical alterations to the Al,O3; layer may
improve the lithium-ion conductivity or protection ability of the
outer layer.
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Surface sensitive sXAS measurements further corroborate our
hypothesis above. EY measurements at the Co L-edges and O K-
edge provide elemental and compositional information for species
at the surface of the electrode particles. We observe a Li,CO3 rich
CEI formation for cycled 0.5 Al,O3 and dual coatings in the O K-
edge. The similarity of the CEI in these two samples is due to the
contact of Al03 with the electrolyte. In the uncoated, the CEI is
composed of both Li,O and LiCOs, while 0.5 LSSO contains a thin
CEI likely containing Li,O. Due to the presence of Li,O CEI, we sus-
pect this does not support a stable interphase leading to degrading
performance of the cells. The interphase is not the sole determin-
ing factor for improving the performance of the battery. The LSSO
coating did not improve the cycling stability, but it did increase the
cell’s capacity, which could be caused by increasing the conductiv-
ity or lack of resistance growth at the interface. LSSO does not seem
to form a thick interphase, which could be one contributing factor
to the high signal of Co in fluorescence yield (FY) Co L-edge mea-
surements (see Fig. S8). Similarly, in Fig. 5(a), the dual coating
and LSSO reveal the oxidation state of Co in a state more similar
to LCO. On the contrary, the Al,O3; and bare coating reveal
increased reduction of Co as indicated by the increased intensity
on the lower energy side of the spectra. The greater intensity of
Co in FY could also signify less Co leaching for LSSO and the dual
coating than the other coatings. Additionally, O K-edge for 0.5 LSSO
showed no apparent CEI in the FY measurement, suggesting a thin
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CEl layer (Fig. S8). This seems to suggest that the dual coating ben-
efits from Al,O3; being the outer layer due to the formation of a
stable CEI, while the inner layer of LSSO protects the cathode by
preventing unstable CEI and prevents Co leaching. Furthermore,
by simply applying the coating, all cells could appreciably prevent
Co dissolution compared to the uncoated cycled LCO cells (Fig. S8).

The apparent insignificance of Sr in the functioning of the LSSO
layer revealed by these characterization techniques, combined
with the fact that Sr appears to be coated less homogeneously than
Al, made us skeptical of the role of Sr in the function of the dual
coating. To determine whether strontium has a role in the coating,
we created dual coated LCO powder with LisSiO4 (LSO) instead of
Li;SrSiO4 using the same synthesis procedure but with more
lithium in place of strontium. Li4SiO4 has been explored as a cath-
ode coating before [21], as well as a solid-state electrolyte [18].
However, it appears to react with CO, [19], which is present as a
decomposition byproduct in the electrolyte, and therefore even
more readily with HF, meaning it may benefit from being partially
shielded by an over-laying layer of Al,O3 to allow it to maintain
itself and continue facilitating Li transport without electrode-
coating reactions. LSO - Al,O3 coating powder resulted in nearly
identical initial discharge capacity and long-term cyclability in
half-cells to LSSO - Al,05 (Fig. S9). This result further corroborates
that the function of the LSSO in the dual coating is due to the prop-
erties of its lithium content and orthosilicate groups, not stron-
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tium, although further exploration of the LSO - Al,053 dual coating
is required to say for sure.

Looking back to the theoretical work [24] that sparked this
investigation, Li,SrSiO, may have been identified as an optimal
coating material for layered cathode materials for reasons relating
to its Sr content, which does not apply in the case of a dual coating.
S-block elements containing species like Li,SrSiO4 appear to have
been favored over species with similar structures and bonding
characteristics, such as LisSiO4 because they tend electrochemi-
cally inactive in the operating window of LIBs and form stable,
HF scavenging oxides, even after they have previously reacted with
HF [15]. Comparing LSO and LSSO, two things should be considered
in the context of a dual coating. First, LSO should also be electro-
chemically stable, given the strength of the Si—-O bonds and the
resulting stability of the oxidation state of Si. Even upon irre-
versible discharge of Li,SiO,4 itself, or reaction with electrolyte
components, Li;SiO3 should be formed, containing lithium chan-
nels that facilitate good ionic conductivity [20]. Indeed, there have
been publications on Li,SiO3 as a stand-alone cathode coating, [25]
including a decent ranking as a coating in the theoretical work by
Akyol et al. [24]. Secondly, the Sr-O theorized to continue scaveng-
ing HF after the decomposition of LSSO is less necessary when the
layer of HF scavenging Al,O3; present on the surface of the LSSO is
considered. Li4SiO4 also contains the same Si-O bonds for scaveng-
ing HF, so it seems that the additional HF scavenging and stability
benefits of the Sr in LSSO are negligible. This being the case, replac-
ing Sr with Li should continue to allow for potentially superior
lithium transport while Si-O bonds scavenge HF. As a result, we
suggest further research seek to refine the application of LSO -
Al>,03 coatings (where LSO is either Li,SiO3 or Li4SiO4) rather than
LSSO - Al,0s.

5. Conclusions

In this work, the coating of 0.25 wt% LSSO 0.25 wt% Al,03 (dual
coating) on LCO gives rise to improved electrochemical perfor-
mance at a greater upper cut-off voltage of 4.5 V, compared to bare
LCO, with an initial discharge capacity of 187 mAh/g, capacity
retention of 64% after 500 cycles, and capacity utilization of 93%
when returned to 0.5C after a 10C rate capability test. In addition,
our dual coating can compete with and, in some cases, outperform
LCO cells with higher cut-off voltages and more excellent coating
uniformity in terms of capacity and long-term cycling stability
(Table S2) [41-45]. We suspect the increased superior performance
of the dual coating is due to the different functionalities of each
single coating material (e.g., Al,03 and LSSO). With a more ionically
conductive and electrochemically stable inner layer, the LSSO will
not react with the cathode. At the same time, the outer layer can
protect the coated cathode by reacting with the electrolyte and
producing a favorable CEI that prevents continued reactions and
cathode degradation. The discrepancy between the theoretical
basis by Aykol et al. [24] and the observed results appears to be
mainly due to the different components of the CEI formed by LSSO
than by Al,O3 upon charging to a high cut-off voltage. It may be
possible that LSSO is a much better electronic conductor than
Al,05, which was also not considered in the screening study and
could allow for electrolyte oxidation by the cathode at over 4.2
V. Bulk sensitive methods (XRD, hXAS, and FY sXAS) confirm that
there are minimal changes in the bulk environment, and therefore,
the coatings act mainly at the surface. Surface sensitive EY sXAS
data corroborate our hypothesis of the function of the dual coating
on the surface of LCO, showing reduced detrimental cobalt reduc-
tion in LSSO coated material, but a Li,CO3 containing CEI that forms
primarily in Al,O3 and dual coated materials. The X-ray fluores-
cence, ptychographic imaging and XRD data collected, demonstrate
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the efficacy of sol-gel methods for the application of complex inor-
ganic coatings like LSSO. Future work should seek to identify single
coating species that can offer the different properties of LSSO and
Al,05 simultaneously so that only one coating must be applied to
the surface of cathode particles. Such coatings should be applied
via scalable wet chemistry techniques to demonstrate scalability
and explore more complex compositions. Ideal coatings should
scavenge HF, be ionically conductive but electronically insulating,
and have positive reaction energies with the cathode species.
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