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ABSTRACT: Using atomic layer deposition of Al,O; coating,
improved high-voltage cycling stability has been demonstrated
for the layered nickel—manganese—cobalt pseudoternary oxide,
LiNiy4,Mn,,Co0y,0,. To understand the effect of the Al,O;
coating, we have utilized electrochemical impedance spectros-
copy, operando synchrotron-based X-ray diffraction, and
operando X-ray absorption near edge fine structure spectros-
copy to characterize the structure and chemistry evolution of
the LiNiy,Mn,,Co,,0, cathode during cycling. Using this
combination of techniques, we show that the AlL,O; coating
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successfully mitigates the strong side reactions of the active material with the electrolyte at higher voltages (>4.4 V), without
restricting the uptake and release of Li ions. The impact of the Al,O; coating is also revealed at beginning of lithium
deintercalation, with an observed delay in the evolution of oxidation and coordination environment for the Co and Mn ions in
the coated electrode due to protection of the surface. This protection prevents the competing side reactions of the electrolyte
with the highly active Ni oxide sites, promoting charge compensation via the oxidation of Ni and enabling high-voltage cycling

stability.

B INTRODUCTION

The design of safe, high capacity electrochemical energy storage
systems, herein lithium-ion batteries, with long cycle lifetimes
requires a fundamental understanding of the chemical and
physical processes that occur at the complex interface of
electrodes with electrolytes. This understanding can then be
applied to ultimately stabilize the electrochemical properties of
these devices through surface and interface engineering.' ™
Surface coating has been recently explored as one of most
efficient strategies to functionalize or stabilize the surface,
thereby modifying the interphase phenomena toward better
facilitating charge transfer during lithium insertion/extrac-
tion.”” Based on sequential self-limiting surface reactions,
atomic layer deposition (ALD) has proven to be the best
method to deposit continuous, conformal, and pinhole free
films at low-temperature.8 In previous work, we have
demonstrated that AL,O; ALD coatings (<1 nm thick) greatly
improve cycling stability of electrodes including widely used
LiCo0,. "

The demand of low-cost, safe, and less-toxic cathode
materials has motivated the exploration of low-cobalt content
layered oxides with a general formula of LiNi,Mn,Co(;_,,O, (o
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< y < 1)."'7" Higher storage capacity and better thermal
stability have been observed with the increasing substitution
level of Ni and Mn,lé’17 but high substitution level of Ni and
Mn results in low rate capability and dissolution of transition
metals. Surface modification again shows its capability to
improve the cycling stability."*~*

Recently, to understand the mechanism underlying the
improved electrochemical performance, in situ X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and trans-
mission electron microscopy (TEM) have been used to study
the structure of LiCoQ,.*~*® However, little research has been
devoted to how the surface modification affects the structural
and surface chemistry evolution for LiNi,Mn,Co(;_,,)O, (0<y
< 1) electrodes. Despite having a similar layered structure to
LiCoO,, the mixed transition metal oxides (Li-
Ni,Mn,Co(;_,,)0, (0 < y < 1)) have the transition metal
involvement in the electrochemical reactions. The Ni and Mn
substituted oxides have significantly more complicated surface
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chemistry and also show different structural changes during
lithium extraction.”” This can result in a different electro-
chemical behavior, such as a one-phase intercalation process
instead of the two-phase process in the LiCoO,, at ~3.9 V.*
Therefore, with the aim of understanding the changes in
mechanism as a result of surface coating the mixed transition
metal oxides, we selected a highly substituted compound,
LiNiy4,Mn,,Co(,0,, and utilized the binder-free technique
developed in our lab to exclude the influence from any possible
coating by the polymer binder additive, as well as mitigate the
low conductivity in the highly substituted oxide electrode.’”*!
Single-walled carbon nanotubes have been used to fabricate the
flexible conductive matrix accommodating the active material,
LiNiy4Mn,,Co,,0,, without adding any polymer binder
additive. Operando XRD, operando X-ray absorption near-
edge structure (XANES) spectroscopy, and in situ electro-
chemical impedance spectroscopy (EIS) were performed to
systematically investigate how the coating affects the evolution
of the structure and chemistry during lithium extraction and
insertion.

Here we show that the Al,O; coating prevents severe
reactions with the electrolyte that are seen in the bare
electrodes above 4.4 V, but does not restrict lithium
intercalation or deintercalation. Our measurements reveal that
the AL, O; coating has an impact at lower voltages (<4.4 V), as
evidenced by a delay in the involvement of Co and Mn ions in
delithiation reactions at the start of lithium deintercalation.
This delay is attributed to the protection of the surface
chemistry, in particular the highly active Ni oxide sites, which
promotes charge compensation via oxidation of Ni by
preventing the competing side reactions of the electrolyte
and enables the observed high voltage, high rate cycling
stability.

B EXPERIMENTAL SECTION

Material Synthesis and Cell Construction. The Li-
Niy4Mng4C0,0, (NMC) sample was synthesized by high-temper-
ature solid-state heating. The detailed synthesis has been published
elsewhere."* SWNTs produced by the laser vaporization method were
purified by an HNOj reflux/air oxidation procedure.*”

The binder-free electrode composed of LiNi,,Mn,,Co,,0, (95 wt
%, with a particle size of about 80 nm)*' and SWNTs (5 wt %)
(referred to hereafter as NMC—CNT) was made by using
LiNiy ,Mn, 4,Co0y,0,—SWNTs suspension in deionized water with
1% concentration of sodium dodecyl sulfate as the surfactant. The
NMC—CNT electrode was then fabricated by vacuum filtration, as
reported by our previous work.’**" The NMC—CNT electrode was
then baked in air at 300 °C prior to electrochemical testing.

Al O3 ALD coating was grown directly on the LiNi,,Mn,,Co,,0,
particles at 120 °C. For the AL,O; ALD, TMA (97%) and HPLC (high
performance liquid chromatography) grade H,O was obtained from
Sigma-Aldrich without further treatments. The typical growth rate for
the chemistry is 1.1—1.5 A per ALD cycle. Four ALD cycles were used
to coat the NMC—CNT particles for ~6 A thickness of coating. The
detailed ALD reaction sequences were described in a previous
report.'® The ALO, coated electrodes were prepared in the same
manner as the NMC—CNT electrodes and are referred to
subsequently as ALDNMC—CNT.

The NMC—CNT electrode was used as a working electrode
without adding any polymer binder additives. Aluminum foil (20 ym
thick) was used as the current collector. Lithium metal (0.75 mm
thick) was used as the counter electrode. The NMC—CNT electrodes
were prepared with thicknesses of about 20 ym and similar loadings of
active material (90—95%, average mass loading of 2—3 mg cm™2).
2032 coin cells were used to characterize the electrochemical
properties. For the operando X-ray measurements, two collinear §
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mm diameter windows were machined into the commercially available
2032 cells. These windows were sealed by affixing Kapton film (7 ym)
to both the inside and the outside of each of the outer cell casings
using epoxy (Loctite). All of the cells were assembled in an argon-filled
drybox with oxygen and water levels of less than 0.5 ppm. A Celgard
separator 2325 and 1 M LiPFq electrolyte solution in 1:1 w/w ethylene
carbonate: diethyl carbonate (LiPF; in 1:1 EC/DEC, purchased from
Novolyte) were used to complete the coin cells.

1% Tris(hexafluoro-iso-propyl) phosphate (HFiP) was used as an
electrolyte additive in order to further improve the high-voltage
electrochemical performance. To isolate the impact of the Al,O;
coating, HFiP was not added to the electrodes characterized by EIS,
XRD, or XANES.

Electrochemical Characterization. Computer-controlled VMP3
channels (Bio-Logic Science Instruments SAS) were used to carry out
electrochemical measurements. All of the cells were cycled at 0.1C (17
mA g™') for the first 10 cycles before cycling at higher rates.

The AC impedance was performed through a computer controlled
Bio-Logic VMP3 analyzer. All of the EIS data were collected at
designed charged/discharged states with a S mV AC signal ranging
from 100 kHz to 10 mHz. In addition to using a very slow charging/
discharge rate (0.02C), a 10 h rest is also applied before any EIS tests
to equilibrate the interfacial and bulk reactions.

Operando X-ray Diffraction. XRD measurements were recorded
during the charge and discharge of NMC—CNT and ALDNMC—
CNT electrodes using a 2D Mar34S image plate detector (Rayonix) at
beamline 11-3 at Stanford Synchrotron Radiation Lightsource
(SSRL), SLAC National Accelerator Laboratory, with an X-ray energy
of 12.74 keV. The measurements were recorded in transmission
geometry with a beam size of SO gm X S0 um, a detector pixel size of
150 pm X 150 pm, and a sample-to-detector distance of 145 mm. The
cells were cycled using a current density of 40 mA g~', charging to 4.7
V and discharging to 2.5 V vs Li/Li". XRD data were collected at 3.5
min intervals with an exposure time of 120 s. Data were calibrated
using the peaks from the aluminum current collector as an internal
reference, with the data reduction carried out using Area Diffraction
Machine.*® Data are plotted as a function of the scattering vector Q,
where Q = (4zsin 0)/4, where 4 is the X-ray wavelength and 0 is the
Bragg angle.

Operando X-ray Absorption Spectroscopy. Operando XAS
measurements were performed in transmission geometry at the Mn,
Co and Ni K edges at beamline 4—1, SSRL. Beamline 4—1 is equipped
with a Si(220) double-crystal monochromator and harmonic rejection
was achieved by detuning the monochromator by 40—50%. Spectra
were collected during a charge/discharge cycle for fresh coated and
bare electrode cells at each absorption edge (six cells). XAS data were
collected at OCV for each cell prior to starting the charge/discharge
cycle at a rate of C/8 then collected continuously over the charge/
discharge cycle (collection time for a single spectrum was
approximately 20 min). The cells were charged to 4.5 V, held at 4.5
V for 30 min, and then discharged to 2.5 V vs Li/Li".

The data were processed and analyzed using ATHENA, part of the
IFEFFIT software suite.’* Incident X-ray energy calibration was
carried out using the spectrum of the appropriate Mn, Co or Ni
reference foil recorded simultaneously with the sample data. All
spectra were calibrated, normalized, and background-subtracted.
Quantitative assessment of each spectrum to determine the relative
conversion to x = 0.5, where Li(;_,)Nig,Mng 4Co,,0,, was carried out
by linear combination fitting (LCF). The spectra recorded at OCV
and at x = 0.5 of the bare samples were used as the reference spectra
for both the bare and coated samples at each edge.

B RESULTS AND DISCUSSION

Electrochemical Performance. The NMC—CNT binder-
free electrodes comprised only LiNi,4Mn;,Coy,0, and
SWNTs have been reported to have great rate-performance
with an operating voltage range from 3.0 to 4.2 V.*' Although
the Ni and Mn highly substituted structure has lower electronic
conductivity than LiCoO,,'® the SWNTs-enabled matrix

DOI: 10.1021/acs.chemmater.5b02952
Chem. Mater. 2015, 27, 6146—6154


http://dx.doi.org/10.1021/acs.chemmater.5b02952

Chemistry of Materials

ensures great electronic wiring in the composite electrode.
Therefore, the binder-free SWNTs-enabled electrodes have
significantly improved electrochemical kinetics, much higher
capacity retention at high cycling rates, and lower impedance
compared to electrodes without the chemically bound SWNT
matrices.”””" Following this research, we compare the rate
performance between NMC—CNT electrodes and Al,O; ALD
coated electrodes (denoted as ALDNMC—CNT).

Figure 1 compares the cycling performance of the bare
NMC-CNT and 6 A ALD ALO,; coated NMC—CNT

o~ 110 ® NMC-CNT
O 100 ® ALDNMC-CNT
< Charge/discharge at 5C
E
§ 80 .........|.........|.....‘...|....1....1....1....-
§ 120 —
o~ 100 3
O g .
60 ® NMC-CNT 3
40 ® ALDNMC-CNT
Charge/discharge at 10C
20 Cycling3.0V-42V =

0 100

200 300
Cycle number

400 500

Figure 1. High-rate capability of both the bare and ALD Al,O; coated
NMC—-CNT electrodes at SC (top) and 10C (bottom) over SO0
cycles, cycled between 3.0—4.2 V vs Li/Li*. Hollow symbols represent
the charging capacity, whereas solid symbols represent the discharging

capacity.

electrodes at high cycling rates of SC and 10C (full capacity
reached following 12 and 6 min, respectively) within a voltage
window of 3.0—4.2 V. Remarkable highly stable cycling
performance is seen for both electrodes which is in agreement
with our previous results,””*" and is attributed to the highly
conductive CNT matrix chemically bound to the surface of the
NMC. The NMC—CNT exhibits an initial discharge capacity of
130 mAh g™ at SC and high capacity retention (92%) after S00
cycles. In the Al,0j-coated NMC—CNT electrode
(ALDNMC—CNT), the electronically insulating AL,O; coating
can delay the electron transfer so as to negatively affect the rate
capability. With the ultrathin insulating coating (~6 A), the
ALDNMC-CNT offers a slightly lower capacity of 125
mAhg ™" and similar capacity retention (93%) after 500 cycles.
These results are consistent with our previous results in which
the AL,O; coated LiCoO, electrode shows lower capacity at
higher cycling rate.” In our previous studies, it was also found
that the electronic conductivity decreases as the coating
thickness increases.” Therefore, a thin coating is preferred to
maintain the high-rate capability.

Because of displaying better structural and thermal stability
than LiCoO,, LiNiy,Mn,,Co,,0, has the potential to be
cycled at higher cutoff voltages than 4.3 V.** Figure 2 shows
data on representative rate capability (discharge capacity vs
cycle number at different C rates as indicated) of bare and
coated electrodes, when cycling between 2.5 and 4.5 V. With a
low cutoff voltage (Figure 1), the bare electrodes behave
similarly to the coated electrodes in terms of stability, whereas
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Figure 2. High-voltage cycling performance of the bare and Al,O,
ALD coated NMC—CNT electrodes cycled between 2.5 and 4.5 V vs
Li/Li*. Hollow symbols represent the charging capacity, whereas solid
symbols represent the discharging capacity.

the coated electrodes demonstrate slightly lower capacities due
to the coating’s insulating property. In contrast, a fast decay in
capacity was observed in the bare NMC—CNT electrode when
cycling the electrodes with the higher cutoff voltage (4.5 V).
Stable electrochemical performance in terms of rate capability
and cyclability has been demonstrated at various cycling rates
(e.g, 0.5—-5C) on the coated electrodes. However, slightly
lower capacities were achieved in ALDNMC—CNT electrodes
than that in NMC—CNT. It is believed that the strong
interaction between the surface of the cathode and the
electrolyte causes additional irreversible capacity for bare
LiNiy ,Mn4Co,0,.” The protective ALO; coating blocks the
direct contact between surface of the cathode and the
electrolyte, ultimately preventing the additional irreversible
capacity. If the products from the irreversible reactions fail to
passivate the surface, the parasitic reactions will continue to
corrode the surface of cathode and result in fast degradation.
Not surprisingly, capacity fading was observed in NMC—CNT
electrodes at various cycling rates, and worsens at higher cycling
rates.

Further enhancement in the rate performance at higher
voltage has been achieved when using HFiP as an electrolyte
additive. The HFiP has been proven to minimize impedance at
the cathode surface.’ As shown in Figure S1, the stable superior
capacity of the Al,O5-coated electrode has confirmed the dual-
protection by both the Al,O; ALD and the HFiP additive in
minimizing undesirable side reactions and/or dissolution of the
positive electrode, leading to capacities of 180 mAh g™ and 160
mAh g™ at cycling rates of 2C and 5C, respectively. To better
understand the coating’s effect on the structural and chemical
changes, we have use the typical carbonate electrolyte (LiPF, in
1:1 EC/DEC) to perform the in situ and operando analyses of
NMC—CNT and ALDNMC—CNT electrodes without adding
HFiP additive.

Electrochemical Impedance Spectroscopy. To under-
stand the mechanism of the capacity fading at voltages above
4.2 V, we measured the electrochemical resistance of the bare
and coated NMC—CNT cathodes using EIS. EIS measure-
ments were performed at different states of charge/discharge,
under the 0.02C rate (3.4 mA g'). During the first charge and
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discharge, 20 EIS measurements were collected at the
potentials indicated in Figure 3. The Nyquist plots of these
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Figure 3. Quasi-open circuit voltage curve of the first charge and
discharge of NMC—CNT and ALDNMC—CNT vs Li cells obtained
by the galvanostatic intermittent technique (GITT). The cell was
charged/discharged at a 3.4 mA g’1 rate (C/50) for the preset voltages
(labeled by numbers) and then allowed to rest for 10 h before taking
EIS.

EIS measurements depicting the imaginary part of the
impedance versus the real part of the impedance, with high
frequency data corresponding to low values of the real part, are
plotted in Figure 4. The interpretation of the impedance signals
is based on the equivalent circuit comprised of resistance (R),
constant phase element (CPE, replacing the ideal capacitor)
and Warburg term (W) related to the solid-state Li* diffusion
into the bulk, shown in Figure 4> The fitting curves, also
plotted in Figure 4, indicate the obtained impedances can be fit
well to the equivalent circuit. On the basis of the Voigt-type
model, R; is the resistance associated with the cell components
including the electrolyte, separator and the electrodes. R, is
the interface resistance relevant to the SEI film, which is related
to the high-frequency (HF) semicircle. R is the charge-transfer
resistance for the electrode reaction, which determines the
midfrequency (MF) semicircle.

During the charging, the R;, in both bare and coated
electrodes decreases initially, then increases at the end of
charge. Recently, the HF semicircle has been interpreted as an
interphase contact resistance in the electrode bulk.*® During
charging, the lithiated SWNTs enhance the contact between
active materials and SWNTs, resulting in smaller HF semicircle
at lower voltages. But the decomposition of the electrolyte and
the interaction between the electrolyte and the surface of the
layered oxide, present at higher voltages (>4.4 V), lead to the
formation of insulating interfacial layers on the surface of the
cathode.” Thus, a dramatic increase of R, is observed in the
uncoated NMC—CNT electrode. Note that the surface reaction
between electrolyte and cathode contributes a large capacity
gain between 4.7 and 5V, as confirmed in Figure 3. It is known
that highly delithiated layered oxides are not stable, but very
reactive, which can trigger the interaction between the unstable
electrolyte (above 4.4 V) and the surface of cathode.” In the
case of LiNiy,Mn,,Co,,0,, the nucleophilic oxygen bound to
the high content of Ni can cause pronounced interaction
between the layered oxides and the carbonate electrolyte.””
This leads to massive surface film precipitation, which causes
the slow solid-state diffusion through the “newly” formed layer.
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Figure 4. Nyquist plots (open circles) and fitting curves (red lines)
from the NMC—CNT and ALDNMC—CNT half cells. Left and right
columns display the plots from NMC—CNT and ALD-coated
cathodes, respectively. The symbols represent the EIS measurement
data, and the lines are fitting curves using the equivalent circuit. All of
the axes have the same scale. The equivalent circuit used for the EIS
fitting is shown below the Nyquist plots.

As a consequence, the bare NMC—CNT shows large
impedance above 4.5 V even during the discharge. In addition,
a MF circle can be seen in the EIS spectra of the bare NMC—
CNT electrode recorded between 4.0 and 4.5 V, symptomatic
of an increase in the charge transfer resistance prior to the large
increase in R,

In contrast, the total impedance in the coated ALDNMC—
CNT cathode only increases slightly, even when charged to S
V. With the protective layer, the interaction between the
electrolyte and the reactive cathode was largely mitigated. No
obvious increase in Ry, indicates that the Al,O; coating is
chemically stable against the reactive electrolyte, even when
cycling at the high voltages (beyond the oxidation potential of
the carbonate electrolyte). The results further confirm that
uniform and conformal coverage has been achieved by using
the ALD technique. Finally, it is because of the atomic level
coating of the insulating material that the total impedance of
the coated electrode is barely affected. Therefore, the seamless
coating with a thickness about 6 A prevents the direct contact
between electrolyte and surface of the cathode, and significantly
suppresses the decomposition of the electrolyte on the surface
of cathodes. Thus, a stabilized surface with only slight changes
in impedance was obtained in the coated electrode. Moreover,
there is no extra capacity observed in the ALD-coated cathode.
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The impedance of the bare electrode starts decreasing during
discharging, but the impedance at the end of discharge for the
bare electrode is still much larger than the fresh electrode. The
decreased impedance indicates the partial dissolution of the
interfacial layer resulting in relatively low impedance.'’
However, the impedance data of the coated cathode show
much smaller HF and MF semicircles than those in the bare
electrode, and indicate a stable and clean surface for the coated
electrode during the cycling.

Operando X-ray Diffraction. Synchrotron-based oper-
ando XRD was performed to investigate the structural
evolution of the bare and coated cathodes during the first
cycle. A total of 224 XRD scans were collected during the
galvanostatic cycling with a potential limit of 4.7 V. This upper
limit of 4.7 V was chosen rather than 5 V to avoid the
significant increase in impedance seen above 4.7 V. Figures S2
and S3 show the voltage profiles of the NMC—CNT/Li and
ALDNMC—CNT/Li cells as a function of time. Figure 5 shows
representative XRD patterns with Bragg reflections from the
(003) through the (102) peaks. The full diffraction patterns
recorded are reported in Figures S4 and SS. The peak around
1.55 A7 is attributed to crystallization of the well-bundled
SWNTSs. The peaks at around 2.55 A™" and 3.69 A™" belong to
the lithium metal, used as the counter electrode. The peaks
from the aluminum current collector were also observed at
around 2.65 and 3.05 A™". All other peaks can be indexed to a
single phase with the layered a-NaFeO, structure.'”*° The
structure consists of a cubic close-packed arrangement of the
oxide ions. The transition metal ions in the structure occupy
alternating layers in the octahedral sites.

Figure S shows a smooth and gradual shift of the reflections,
without the appearance of new peaks for both bare and coated
cathodes. It indicates a single-phase, solid solution mechanism
that preserves the stacking sequence. Close inspection of the
(003) reflection (the Q space region between 1.2 and 1.5 A™"),
which is directly related to the distance between transition
metal layers, reveals an expansion of the c lattice parameter
(shift to lower Q) during the charge, with a subsequent lattice
contraction. At the end of charge at 4.7 V, the cells were held at
a voltage of 4.7 V for 1 h. During the voltage hold, the (003)
peak moves to even higher Q values, indicating a further
decrease in the interlayer spacing. Inspection of the (101) peak
(Q space region between 2.55—2.65 A™') reveals a shift to
higher Q, corresponding to a decrease in the d-spacing, during
the charge with a subsequent shift to lower Q upon discharging.
The (101) contains a major contribution from the a-axis (1/3
weight is from the ¢ parameter),38 and thus a contraction and
expansion of the a lattice parameter can be inferred. These
results are consistent with previous findings.”””” The strong
peak at 2.55 A™! from the crystalline structure of lithium metal
shields the changes in the (101) peak and prevented further
interpretation.

During the complete cycle there are no new peaks observed,
and all of the shifts appear reversible when plotted as shown in
Figure S and Figures S4 and SS5. The reversible solid solution
phase transition is in contrast with that of LiCoO, at the higher
state of charge, where a two-phase transformation is observed.”’
The results further confirm the impact of Ni and Mn
substituents on the structural transitions during lithium
removal.*’

To investigate the effect of ALD coating on the structural
evolution of the NMC—CNT cathode, the change in the d-
spacing for the (003) peak was plotted in Figure 6 as a function
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Figure S. Operando XRD data of the bare (top) and ALO; ALD-
coated (bottom) NMC—CNT electrodes within a selected Q space
showing the (003), (101), and (102) peaks. XRD data were collected
during the delithiation/lithiation cycle between 2.5—-4.7 V vs Li/Li"
using a current density of 40 mA g~'. The two strong peaks at 2.55 A™"
(M) and 2.68 A~ (A) are from the lithium metal and the aluminum
current collector, respectively. The peak (102) overlaps with the peak
from the Al current collector.

of lithium content in the Li(,_,)Nij4Mn,4Co0y,0, (0 < x < 1)
cathodes (x was derived from the current using a theoretical
capacity of 278.7 mAh g~', corresponding to complete Li
extraction). The d-spacing can be seen to increase with
charging, with a slight delay in the onset of the increase for the
coated electrode compared to the bare. A maximum in the
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Figure 6. Percent shift (indicated by circles) in the (003) peak
position as a function of x (Li(;—.Nig4Mng4C0,,0,) determined from
operando XRD data for both bare and coated NMC—CNT cathodes.
Voltage profiles are also shown (indicated by lines) for each electrode
as a function of «.

interlayer distance is reached at ~ Liy;, followed by a
contraction. The d-spacing continues to decrease during the
voltage hold (at x = 0.92 for the coated electrode and x = 0.97
for the bare electrode), indicating a further change in structure.
Both bare and coated NMC—CNT electrodes share a similar
transition in d-spacing during the early stages of deintercalation
up until 70% of the lithium is removed (~4.3 V). Upon
charging to voltages higher than 4.3 V, the capacity increase for
the bare electrode is significantly greater than that for the
coated electrode; however, the shift in the d-spacing is
comparable. This suggests that a portion of the capacity gained
above x = 0.7 is independent of changes to the crystal structure
for the bare electrode. The extra capacity gain observed in the
bare electrode is consistent with the conclusions from our EIS
analysis described in an earlier section. Most likely, the capacity
is attributed to the interaction between the electrolyte and the
surface of the cathode, which also causes the precipitation of
the interfacial layer.

During the discharge, the d-spacing for both bare and coated
electrodes increases and then decreases after reaching x = 0.6.
Although the shifts in d-spacing are not fully reversible for
either electrode, the coated electrode shows a higher level of
reversibility in terms of capacity and much higher Coulombic
efficiency (CE, 86% in the coated electrode vs 76% in the bare
electrode). Overall, the shifts in d-spacing are comparable for
both the bare and coated electrodes. These results confirm that
the coating does not constrain the structural evolution during
the extraction and insertion of lithium ions, but does help to
preserve the electrochemical behavior during cycling. It is worth
noting that the operando XRD experiments used a much higher
cutoff voltage (upper limit of 4.7 V, holding at 4.7 V for 1 h)
than the normal charge limit (4.2 V). Cycling at high voltages
caused the severe side reactions and decomposition of the
electrolyte; resulting in the low CE, as well as high impedance
during charge the transfer reactions.

Operando X-ray Absorption. XANES measurements
were carried out to further investigate the effect of the Al,O;
coating, in particular at lower voltages. Both the EIS and XRD
data show that the AL, O; coating prevents the irreversible
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capacity caused by severe interaction of the electrode with the
electrolyte at potentials above 4.4 V, but little variation between
the bare and the coated electrodes below this voltage was
detected. XANES is sensitive to both the oxidation state and
coordination environment of an element, which are related to
the energy of the X-ray absorption edge and the shape of the
spectrum, respectively. The chemistry of the transition metal
ions during cycling was therefore investigated by continuously
recording XANES data over a charge/discharge cycle. An upper
voltage cutoff of 4.5 V was used to avoid the severe side-
reactions seen in the impedance and XRD data at higher
voltages. Representative charge/discharge cycles for the NMC—
CNT and ALDNMC—CNT electrodes recorded during the
operando XANES measurements are shown in Figure S6.

Selected XANES spectra recorded at particular points (OCV
of pristine cell, x = 0.5, charged to 4.5 V and discharged to 2.5
V) during the charge/discharge cycle of the bare and ALD
coated cells at each absorption edge are shown in Figure 7a, ¢,
e. The greatest change in oxidation state upon charging to 4.5V
is observed for the Ni (Figure 7a). This can be attributed to the
oxidation of Ni from Ni** to Ni** then Ni** in accordance with
previous studies.*"”** Upon charging to a capacity where half of
the Li has been removed (x = 0.5), it can be seen that Ni K
edge XANES of both the coated and bare electrodes overlay,
however, with further charging to the voltage limit of 4.5 V, no
additional shift is seen in the bare electrode, whereas the ALD
electrode shifts to a slightly higher oxidation state. Following
discharge to 2.5 V, the Ni in the ALD electrode is reduced to its
initial state, showing reversible cycling behavior; however, the
Ni in the bare electrode does not completely return to the
original state. It is also interesting to note that the XANES
spectra recorded at OCV differ for the coated and bare
electrodes, with the shoulder at ~8347 eV more prominent in
the bare electrode. This difference could be due to modification
of the Ni environment at the surface as a result of contact with
the electrolyte in the bare electrode or from an interaction with
the Al,O; layer in the coated electrode. For a surface effect to
be apparent in this K edge XANES data, a bulk average
measurement, there would need to be a reasonable proportion
of the Ni at the surface of the particles, thus suggesting some
preferential segregation of the Ni at the surface may be
occurring as has been seen in studies of Li-, Mn-rich NMC.*

The Co and Mn XANES spectra (Figure 7c, e) recorded at
OCV reveal no differences in the fresh electrodes as a result of
ALD coating. A shift in the XANES is seen at both edges
following charging to 4.5 V. In the case of the Co, this
corresponds to the oxidation of Co®" to Co**, whereas for the
Mn the shift in the XANES data is attributed to changes in the
coordination environment rather than oxidation, with Mn
remaining in the 4+ oxidation state.*” The XANES spectra for
the coated and bare electrodes following charging to 4.5 V
overlay for both the Co and the Mn; however, when the spectra
are considered at a capacity where 50% of the Li" ions have
been removed, it can be seen that the XANES of the ALD
coating is not shifted as high in energy compared to the bare
electrode. This shows that the ALD coating is reducing the
transformation of the Co and Mn environments by preserving
the original layered structure, with charge compensation
coming predominantly from the Ni.

Linear combination fitting of the XANES spectra was used to
further understand the effect of the ALD coating on the
behavior of the transition metal ions. As the bare electrodes
showed a greater shift in the XANES spectra at Liy5, the OCV
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Figure 7. Operando XANES spectra (left) of the bare and ALD-coated samples at different states of charge (where x corresponds to
Li(;—Nig 4Mn,4C0y,0,), and the % conversion to x = 0.5 obtained from LCF (right) using the data collected at each absorption edge for the bare
electrodes at OCV and x = 0.5 as fitting standards for both bare and coated samples. Data are shown for the Ni (top), Mn (middle), and Co
(bottom) K absorption edge measurements. A fresh electrode was used for data collection at each absorption edge.

and Liy 5 spectra for the bare data at each absorption edge were
used as standards for the LCF of both bare and coated
electrodes. The percent conversion of the electrodes from OCV
to a capacity where x = 0.5 determined from the LCF is shown
in Figure 7b, d, f. The rate of conversion for the Ni electrodes is
equivalent for the bare and coated electrodes, with the
oxidation of Ni beginning immediately with charging. A
significant difference between the NMC—-CNT and
ALDNMC-CNT is seen in the behavior at the Mn and Co
edges, with a clear delay in the onset of Co and Mn
transformation in the coated samples. The behavior of the
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Mn appears to be correlated to the oxidation of Co which
might indicate close proximity of the ions as a result of Ni
segregation as suggested by the evidence of surface effects in
the XANES data recorded at OCV. The delay of the onset of
Co oxidation supports the findings from the impedance and
XRD data that the ALD coating protects the electrode, in
particular, the highly reactive, nucleophilic oxygen associated
with the Ni, from side reactions with the electrolyte. This
protection of the Ni means that charge compensation can be
achieved via the oxidation of Ni at lower potentials, thus
reducing the oxidation of Co*" to Co*', which results in the
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release of reactive oxygen. These data show that the
preservation of the surface chemistry by the Al,O; coating
allows the Li deintercalation to proceed primarily with charge
compensation from the oxidation of Ni, enabling reversible
cycling behavior.

B SUMMARY AND CONCLUSIONS

The combination of electrochemical impedance spectroscopy,
operando X-ray diffraction and operando X-ray absorption
spectroscopy has been used to investigate the origin of the
stability of LiNig,Mng,Co0y,0,—CNT cathodes at high
operating voltages afforded by an ultrathin Al,O; coating.
The large increase in impedance seen for the bare NMC—CNT
when charged above 4.5 V due to the precipitation of a surface
film was mitigated for the ALDNMC—CNT, demonstrating
that the AlL,O; coating prevents the severe interaction of the
surface of the layered oxide with the electrolyte at high voltages.
The operando XRD data revealed some irreversibility in the
shift in d-spacing following charge to 4.7 V, with the coated
electrode displaying a higher level of reversibility. The lattice
changes associated with lithium deintercalation and intercala-
tion were not restricted by the coating. Additional capacity
observed for the bare electrode at higher voltages was attributed
to the interaction of the cathode with the electrolyte, in
agreement with the EIS data. The role of the coating was
further explored at lower voltages by operando XANES
measurements. It was observed that the coating suppressed
the transformation of Co and Mn at low capacities, which can
be attributed to the protection of the Ni by preventing side
reactions of the highly reactive oxygen at the Ni sites with the
electrolyte and enabling reversible cycling of Ni, the oxidation
of which is the major pathway for charge compensation during
delithiation.

To conclude, the multimodal approach of in situ EIS,
operando XRD, and operando XANES measurements used in
this study has enabled the protection of the surface chemistry
by the ALD AlL,O; coating to be identified as the critical
mechanism resulting in the enhanced high rate and high voltage
cycling stability of LiNij,Mn,,Coy,0,—CNT cathodes. This
combination of in situ and operando techniques has proven to
be a powerful tool which can be applied to further the
understanding of other factors influencing the performance of
these electrochemical energy storage systems, such as the effect
of additives in the electrolyte.
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