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ABSTRACT: The lithium-excess LixNi2−4x/3Sbx/3O2 (LNSO) materials were previously
shown to demonstrate higher capacities and improved cyclability with increasing lithium
content. While the performance trend is promising, observed capacities are much lower
than theoretical capacities, pointing to a need for further understanding of active redox
processes in these materials. In this work, we study the electrochemical behavior of
the LNSO materials as a function of lithium content and at slow and fast rates. Sur-
prisingly, Li1.15Ni0.47Sb0.38O2 (LNSO-15) exhibits higher discharge capacities at faster rates
and traverses distinct voltage curves at slow and fast rates. To understand these two
peculiarities, we characterize the redox activity of nickel, antimony, and oxygen at different
rates. While experiments confirm some nickel redox activity and oxygen loss, these two
mechanisms cannot account for all observed capacity. We propose that the balance of the observed capacity may be due to
reversible oxygen redox and that the rate-dependent voltage curve features may derive from irreversible nickel migration
occurring on slow charge. As future high energy density cathodes are likely to contain both lithium excess and high nickel
content, both of these findings have important implications for the development of novel high capacity cathode materials.

■ INTRODUCTION

One of the major bottlenecks to higher energy density lithium-
ion batteries is developing higher capacity cathode materials.1

To date, the highest reversible capacities in lithium-ion chem-
istries have been achieved in lithium-excess transition metal
oxides.2−6 While these materials have long been of interest
given their high cycling capacities, they still require improve-
ment in rate capability,7−11 as well as elucidation of the first
charge activation processes and their consequences.5,12−14

Recently, lithium excess was proposed by Lee and
co-workers3,15 as a means of enhancing lithium diffusion
through percolation of low barrier lithium diffusion channels.
This design strategy was applied to the layered lithium-excess
LixNi2−4x/3Sbx/3O2 (LNSO) materials, recently reported as a
new family of cathode materials.16 The lithium-excess LNSO
materials show greatly improved discharge capacity and cycla-
bility over their stoichiometric counterpart. However, despite
being an exciting proof-of-concept, the experimental capacities
of the LNSO materials are far below their theoretical capacities
and require further understanding of which phenomena limit
capacity.

In this paper, we study the redox mechanisms of four
lithium-excess LNSO materials with 0−15% lithium excess as a
function of lithium content and rate. Hereafter, we refer to
these materials as LNSO-n, where n represents the amount of
excess lithium. We show that an oxygen loss plateau emerges
with increasing lithium content, similar to other lithium-excess
layered oxides. More interestingly, at the highest lithium-excess
level, Li1.15Ni0.47Sb0.38O2 (LNSO-15), the oxygen loss plateau
disappears with increased charge rate, and we observe higher
discharge capacities at faster rates. From careful characterization
of nickel, antimony, and oxygen redox activity, we determine
which redox processes are active at slow and fast rates and pro-
pose nickel migration may explain the anomalous rate behavior.

■ EXPERIMENTAL SECTION
The LNSO materials were synthesized by solid state reaction, details
of which are previously described.16 The weight percents of Li, Ni, and
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Sb in LNSO-5, LNSO-10, and LNSO-15 compositions were deter-
mined using ICP-AES with bomb digestion (25% RSD) by Micro-
Analysis, Inc. and converted to atomic percents in the Supporting
Information. After synthesis at 800−900 °C, the active material was
mixed with carbon black in a planetary ball mill to achieve a final
particle size of 500−100 nm. Self-standing electrode films were made
with LNSO, carbon, and polytetrafluoroethylene (PTFE) binder in a
ratio of 80:15:5 by weight. Swagelok cells for galvanostatic cycling and
galvanostatic intermittent titration technique (GITT) measurements
were assembled in an argon-filled glovebox using a 5/16 in. diameter
LNSO film as the cathode (active material loading of 2.6−4.4 mg/
cm2), Li metal as the anode, Celgard 2320 as separator, and 1 M LiPF6
in EC/DMC as electrolyte. Cells were cycled on a Maccor 2200 or
Maccor 4000 operating at room temperature. For the GITT mea-
surement, a C/20 current pulse was applied for 30 min followed by an
OCV step of 10 h.
Charged and cycled cells for ex situ measurements were diassembled

in a glovebox to minimize air exposure. Samples for electron energy
loss spectroscopy (EELS) and high resolution transmission electron
microscopy (HRTEM) were lightly sonicated in DMC in a glovebox
to disperse the cathode film into small particles; EELS spectra and
HRTEM images were then collected on a JEOL 2010F. Cathode films
for ex situ X-ray absorption near edge structure (XANES) were taped
between two pieces of Kapton tape in a glovebox. XANES spectra
were collected in transmission mode at the Argonne National Labora-
tory Advanced Photon Source, beamline 20-BM-B.
In situ X-ray diffraction (XRD) patterns were obtained in 40 min

intervals from a laboratory Bruker D8 Advance Da Vinci Mo-source
diffractometer scanned between 8 and 30° 2θ and then converted to a
2θ range corresponding to a Cu source. The in situ cell contains a
beryllium window for X-ray penetration and was configured similar to
Swagelok cells but with glass fiber as separator. The cell was cycled in
galvanostatic mode on a Solatron SI12287 in the voltage window of
2.5−4.6 V at a current rate of C/20. Rietveld refinement on the XRD
patterns was completed using PANalytical High Score Plus for every
other scan. In general, electrodes with higher active material loading
were required for the ex situ and in situ measurements. Unfortunately,
higher active material loading corresponds to thicker self-standing
films, which tends to compromise cycling performance and results in
lower capacities at high rates.
In situ gas analysis by online electrochemical mass spectroscopy

(OEMS) was performed for LNSO-15/Li metal and LNSO-0/Li metal
half-cells. Working electrodes for OEMS testing were punched to a
diameter of 15 mm, with active material loadings of 3.9 mg/cm2 for
LNSO-15 and 5.0 mg/cm2 for LNSO-0. The OEMS test cells were
assembled in custom cell hardware17,18 using a metallic lithium counter
electrode, two glass fiber separators, and 1 M LiPF6 in EC/DMC as
electrolyte. The OEMS setup can detect ppm level gas constituents19

and is previously described in detail.17 The gas evolution during charge
was measured at 25 °C, with cells first held at OCV for 2 h and then
galvanostatically charged at a rate of C/20 to a cutoff potential of
4.6 V. Conversion of the mass spectrometer currents to concentrations
was done for oxygen, carbon dioxide, and carbon monoxide using a
calibration gas (H2, O2, CO, and CO2 at 2000 ppm each in argon).

■ RESULTS

Electrochemical Performance. The voltage versus specific
capacity plots for the four LNSO compounds cycled at C/20
are shown in Figure 1a, in order of increasing lithium content
from top to bottom. Although the LNSO compounds have
different theoretical capacities (Table 1), the plots are stacked
vertically on the same x-axis to visually highlight trends in first
charge, capacity retention, and discharge voltage profiles with
lithium excess. For LNSO-0 and LNSO-5, the theoretical
capacity is calculated on the basis of complete Li removal, while
for LNSO-10 and LNSO-15, the theoretical capacity is set by
the Ni2+/4+ redox couple.

The first charge of LNSO-0 shows a single plateau at 4 V,
while the first charge of the lithium-excess LNSO compounds
shows a plateau at 4 V and one at 4.45 V. The 4 V plateau
accounts for approximately half the theoretical Ni2+/4+ redox
capacity of each compound, and the length of the 4.45 V
plateau increases with increasing lithium content. Charge capac-
ity obtained along the 4.45 V plateau is absent in discharge.
Figure 1b shows the C/20 discharge capacities plotted as a

function of cycle number. Because each LNSO compound has a
different theoretical capacity, the discharge capacity is nor-
malized by dividing the experimental discharge capacity by the
theoretical capacity. Compared to LNSO-0, the lithium-excess
LNSO compounds show two noticeable improvements. First,
the fraction of theoretical capacity accessed on discharge by all
the lithium-excess LNSO compounds is much higher. Second,
increasing lithium content reduces capacity fade.
One final feature in Figure 1a to note is the small voltage step

at 2.6 V on discharge. The LNSO-0, LNSO-5, and LNSO-10
compounds show this 2.6 V step to evolve over ten cycles,
becoming most pronounced in the tenth cycle. The 2.6 V

Figure 1. (a) From top: Galvanostatic cycling of LNSO-0, LNSO-5,
LNSO-10, and LNSO-15 at C/20 between 2.5 and 4.6 V. (b) Fraction
of theoretical capacity achieved on discharge over ten cycles at C/20
between 2.5 and 4.6 V. Capacity retention improves with increasing
lithium content, and all lithium-excess samples access a higher fraction
of their theoretical capacities than LNSO-0.

Table 1. Theoretical Capacities of LixNi2−4x/3Sbx/3O2
Compounds Calculated from the Ni2+/4+ Redox Couple

sample formula theoretical capacity (mAh/g)

LNSO-0 Li1.00Ni0.67Sb0.33O2 226
LNSO-5 Li1.05Ni0.60Sb0.35O2 240
LNSO-10 Li1.10Ni0.53Sb0.37O2 247
LNSO-15 Li1.15Ni0.47Sb0.38O2 219
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feature is less pronounced with increasing lithium content and
is not observed at all in the LNSO-15 voltage curves. At pre-
sent, we do not know what phenomena are responsible for this
voltage step.
We find that, at faster rates, the LNSO compounds contain-

ing 0−10% lithium excess exhibit typical rate behavior: higher
C-rates lead to lower capacities and increased polarization. In
contrast, LNSO-15 shows the opposite, highly unexpected behav-
ior between C/20 and 1C and is demonstrated in Figure 2.

Upon charge, all cells between C/20 and 1C reach approxi-
mately the same final charge capacity but with increasing rate
leading to a deferral of the 4.45 V plateau. Upon discharge, as
the rate increases from C/20 to 1C, the discharge capacity
increases. This increase in discharge capacity increases the first-
cycle Coulombic efficiency between C/20 and 1C. Only when
the rate is increased to 2C and 5C do both charge and
discharge capacity decrease, which is likely due to traditional
polarization effects. For the cells tested at 2C and 5C, we
observe that the charge voltage is increased and the discharge
voltage is depressed. The first cycle voltage curves for LNSO-15
obtained at C/20, C/10, C/5, 1C, 2C, and 5C are overlaid in
Figure 2a. The C-rate dependence of the discharge capacity is
summarized in Figure 2b. Pristine cells are used for each rate
test.
The anomalous rate behavior of LNSO-15 motivates the

remainder of this work. First, we conducted additional elec-
trochemical tests to characterize the 4.45 V plateau and under-
stand its relationship to reversible capacity. Second, using a
range of characterization techniques, we determine which redox
processes are active at fast and slow rates.
Characterization of the 4.45 V Plateau. Rate tests on

LNSO-15 suggest that the processes occurring along the 4.45 V
plateau are slow, as this plateau disappears upon higher C-rates.
This observation is further supported by galvanostatic inter-
mittent titration technique (GITT) measurements, shown in
Figure 3. Small overpotentials are observed along the first 4 V
plateau, indicating a faster process, and larger overpotentials are

observed along the second plateau, indicating a slower process.
The overpotentials from the GITT voltage curve agree with the
C/20 galvanostatic voltage curve.
The last few steps of the GITT charge yield very little

capacity. Ultimately, the charge capacity does not exceed the
theoretical capacity calculated from the Ni2+/4+ redox couple
although there is plenty of lithium remaining in LNSO-15 to
extract. This is in contrast to other lithium-excess materials
which continue to charge along a 4.5 V plateau beyond their
theoretical capacities until all lithium is removed.2,20

The rate tests and GITT measurement suggest that the
4.45 V plateau is due to a kinetically limited process and that
higher capacities can be obtained if we bypass this process.
Indeed, we show that the 4.45 V plateau can be bypassed until
the f irst slow charge of the cell. Figure 4a shows the voltage

curves of a cell where the first 20 cycles are at 1C, but the 21st
charge has been slowed to C/20. While the first 20 cycles
bypass the slow process, the characteristic 4.45 V plateau
appears on the 21st charge, although its voltage is slightly
pushed up. Thus, prior time spent at high voltage does not
affect the appearance of the 4.45 V plateau. A cell charged at
C/20 in its first cycle spends equivalent time at high voltages as
a cell cycled 20 times at 1C. The plateau still appears on the

Figure 2. (a) First cycle voltage curves of LNSO-15 obtained from
galvanostatic cycling between C/20 and 5C. At faster C-rates, the
4.45 V charge plateau disappears, and higher discharge capacities are
achieved. (b) Discharge capacity over ten cycles for LNSO-15 at rates

Figure 3. GITT measurements on LNSO-15 show a low overpotential
along the first charge plateau and a larger overpotential along the
second charge plateau. The 4.45 V overpotential of the second plateau
agrees well with voltage curves obained by galvanostatic cycling. The

Figure 4. (a) Galvanostatic cycling of LNSO-15 at 1C for the first
20 cycles. On the 21st cycle, the charge current is reduced to C/20, and
a second plateau is observed at 4.6 V. The second plateau is observed
only on the first slow charge, regardless of previous time spent at high
voltages during cycling. (b) Charge capacity of cycles 1−20 at 1C and
cycle 21 at C/20 and discharge capacity of cycles 1−20 at 1C.
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first slow charge of the cell. This phenomena can be seen
more clearly in Figure 4b, where the specific charge and dis-
charge capacities are plotted as a function of cycle number, and
we observe a spike in charge capacity on the slow, 21st charge.
Due to cell variability in high rate testing, the discharge
capacities in Figure 4 are lower than in Figure 2.
Characterization of Active Redox Processes. The rate-

dependent voltage curves of LNSO-15 motivate further char-
acterization on the redox processes active at fast and slow rates.
We first investigate the redox activity of nickel with X-ray
absorption near edge structure (XANES) and look at the nickel
K-edge position to determine its oxidation state. Ex situ XANES
measurements were made for three LNSO-15 samples: pristine,
charged to 4.6 V at 1C, and charged to 4.6 V at C/20. Ref-
erence measurements for the edge positions of Ni2+ and Ni3+

are marked by LNSO-0 and NaNiO2, respectively. XANES ref-
erence measurements were also taken on NiO (not shown) to
confirm the Ni2+ valence state of LNSO-0. Figure 5a shows the

voltage curves of the ex situ charged LNSO-15 samples, and
Figure 5b shows the nickel K-edge positions from XANES of
the reference samples and LNSO-15 samples.
Ex situ XANES confirms that pristine LNSO-15 contains

Ni2+; the edge position aligns well with the LNSO-0 reference.
Upon charging, we expect nickel to oxidize. The 1C sample
reaches 117 mAh/g at the end of charge, and the C/20 sample
reaches 185 mAh/g. Both charge capacities fall between
the one-electron and two-electron theoretical capacities of
109.5 and 219 mAh/g, calculated from Ni2+/3+ and Ni2+/4+,
respectively. Surprisingly, despite a difference of 70 mAh/g and
both experimental capacities exceeding the one-electron theo-
retical capacity, the nickel K-edge positions are nearly identical
and lie between the Ni2+ and Ni3+ standards. We cannot say
what the exact valence of Ni is, but it clearly does not exceed
Ni3+.
To support the XANES measurements, we also characterize

the nickel valence state using electron energy loss spectroscopy
(EELS). In EELS measurements, the L3/L2 ratio of the transi-
tion metal edges is used as a measure of the oxidation state

of the metal.21 Ex situ EELS measurements on the nickel
K-edge were made for pristine LNSO-15, LNSO-15 charged to
69 mAh/g at 1C and C/20 through the end of the first plateau,
and LNSO-15 fully charged to 4.6 V at 1C (138 mAh/g) and
C/20 (158 mAh/g). The voltage curves for the half-charged
and fully charged LNSO-15 samples are shown in Figure 6a.

There is some variability in the charge capacity between ex situ
samples used for XANES and ex situ samples used for EELS
measurements, but the shape of the voltage curves are con-
sistent between the 1C samples and C/20 samples.
Figure 6b plots the L3/L2 ratio of the Ni K-edge for the

LNSO-15 samples versus reference samples. From XANES, we
know that pristine LNSO-15 contains Ni2+; hence, a thin hori-
zontal bar is drawn next to pristine LNSO-15 to represent the
Ni2+ reference. The wider horizontal bar represents the Ni3+ refer-
ence, obtained from EELS measurements on NaNiO2. The L3/
L2 ratios obtained for the charged LNSO-15 samples are given
with error bars. The EELS measurements agree with the findings
from XANES: Ni oxidizes to similar states at half charge and full
charge regardless of C-rate but does not oxidize past Ni3+.
Plateaus at 4.5 V in many lithium-excess materials have

been extensively characterized and attributed to a range of phe-
nomena including spinel formation and oxygen loss.13,22−27 On
the basis of these prior studies, we hypothesized that the 4.45 V
plateau in lithium-excess LNSO materials may be due to oxygen
loss, although the plateau length is much shorter than in other
materials. Lu and Dahn28 were one of the first to correlate
changes in structure with oxygen loss phenomena, studying
lithium-excess Ni−Mn oxides with in situ X-ray diffraction
(XRD). From diffraction patterns taken along an electro-
chemical curve, changes in lattice parameters can be correlated
to voltage curve features. Some evidence for transition metal
undercoordination was also seen in prior extended X-ray
absorption fine structure (EXAFS) studies.29

Figure 5. (a) Voltage curves and (b) ex situ XANES spectra of the
nickel K-edge for pristine and fully charged LNSO-15 samples charged
at 1C and C/20. Reference edge positions for Ni2+ and Ni3+ are given
by LNSO-0 and NaNiO2. The edge positions of the charged LNSO-15
samples show that, for both rates, nickel is oxidized to a similar valence
state between Ni2+ and Ni3+.

Figure 6. (a) Voltage curves and (b) L3/L2 ratio of the nickel K-edge
obtained from ex situ EELS measurements for pristine, half-charged,
and fully charged LNSO-15 samples charged at 1C and C/20.
Reference L3/L2 ratios for Ni2+ and Ni3+ are represented by horizontal
bars. At the end of charge for both rates, nickel is oxidized to a similar
valence state between Ni2+ and Ni3+.
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The top graph in Figure 7a shows the first charge voltage
curve of LNSO-15 obtained during in situ XRD at C/20. Black

dots along the voltage curve mark the points where XRD
patterns were obtained. The middle and bottom graphs in
Figure 7a show a-lattice and c-lattice parameter evolution.
Figure 7b shows the evolution of the (003) and (104) peaks
during first charge.
The shifting (003) and (104) peaks, characteristic peaks of

the layered structure, show that LNSO-15 evolves as a single
phase in the layered structure and does not fully convert to a
disordered rocksalt upon charge. Indeed, after ten cycles at
C/20 (not shown), LNSO-15 remains predominantly layered
although increased mixing between the lithium and transition
metal layers does occur. There is no peak splitting observed, in
contrast to observations by Koga et al.30,31 made on lithium-
excess Li1.20Mn0.54Co0.13Ni0.13O2. The c-lattice parameter of
LNSO-15 initially expands due to increased repulsion between
oxygen atoms surrounding the vacated lithium layer and
then contracts at higher levels of delithiation. The a-lattice
parameter decreases linearly in the first part of the charge as a
result of the oxidation of the transition metal, which reduces its
radius.28,32 At the end of the charge along the 4.45 V plateau,
the a-lattice parameter is constant. The changes in the c- and
a-lattice parameters result in a 4% volume decrease over the
first charge.
Online electrochemical mass spectroscopy (OEMS) mea-

surements are conducted for two LNSO materials: LNSO-0,
which does not contain lithium excess and does not show a
4.45 V plateau, and LNSO-15, the 15% lithium-excess material
that shows the 4.45 V plateau. Working under the hypothesis that
the 4.45 V plateau is correlated to oxygen loss, the LNSO-0
sample acts as a control sample that should not show oxygen loss.
Figure 8 shows the first charge voltage curves of LNSO-0 and

LNSO-15, obtained with in situ OEMS, and the corresponding

concentration of gas species in the cell in thousands of ppm.
The ppm quantity can be converted to moles using the volume
of the OEMS cell. In both LNSO-0 and LNSO-15, CO2
evolution begins at 4.2 V but only in LNSO-15 do we also

Figure 7. In situ XRD of LNSO-15 at C/20. (a) First charge voltage
curve, a-lattice parameter evolution, and c-lattice parameter evolution.
(b) (003) and (104) peak evolution over the first charge.

Figure 8. Voltage curves and gas evolution measurements from in situ
OEMS of (a) LNSO-0 and (b) LNSO-15, both charged at C/20. Only
LNSO-15 shows oxygen evolution starting at 4.4 V. The O2 signal is
multiplied by 10× to be plotted on the same scale as the CO2 and CO
signals.

Figure 9. HRTEM comparing bulk layered structures to transformed
surface structures of LNSO-15 after cycling at 1C and C/20.
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see an O2 signal at the start of the 4.45 V plateau. The O2 signal
is multiplied by 10× to be plotted on the same scale as the CO2
signal and, while small, the O2 signal is significant.
Finally, HRTEM images were taken to highlight differences

in surface evolution after cycling. Figure 9 shows HRTEM
images of LNSO-15 cycled at C/20 and 1C. The white dashed
lines mark the boundary where the surface regions have under-
gone structural modification from the layered structure to more
three-dimensional like structures. The modified surface phase
extends over a significantly larger area for the sample cycled at
lower rate.

■ DISCUSSION
The electrochemical performance of LNSO-15 inspires two
questions. First, how can a material show higher discharge
capacities at higher rates? Second, how can a sample cycled at
high rate, presumably deviating more from equilibrium, show
lower voltages at any point of charge than a sample cycled at
low rate? The different voltage curves accessed at slow and
fast rates can only be explained by the LNSO-15 material
traversing different pathways at different rates. In particular, the
electrochemical data suggests that the improved rate perform-
ance of LNSO-15 at higher rates is linked to the bypass of the
4.45 V plateau.
From electrochemical tests, we know that the 4.45 V plateau

appears with increasing lithium content in the LNSO chem-
istry. Similar analogies in the literature can be found in other
chemistries where a lithium-excess compound shows a plateau
at ∼4.5 V, but its stoichiometric equivalent does not.20,28 We
also know that LNSO-15’s 4.45 V plateau is a kinetically limited
process that leads to irreversible capacity loss on discharge.
Higher capacities can be obtained if we bypass this 4.45 V
process, and the process can indeed be bypassed until the first
slow charge of the cell. To determine what occurs along the
4.45 V plateau and what redox processes are active at different
rates, we step through evidence for all possible redox reactions
in LNSO-15: nickel redox, oxygen loss, and oxygen redox.
On the basis of nickel valence measurements, topotactic

lithium removal with nickel redox activity cannot explain the
rate-dependent voltage curves of LNSO-15. Ex situ XANES and
EELS measurements on nickel taken at half charge and full
charge at 1C and C/20 both indicate that, although the 1C and
C/20 samples achieve different capacities at the end of charge
and show different voltage curve features, nickel is oxidized to a
similar valence state between Ni2+ and Ni3+. The limited
oxidation of nickel implies that the Ni3+/4+ redox couple may
not be accessible, contrary to the assumption in our initial
material design. We also confirm that nickel is the only redox-
active metal in the LNSO system. XANES on the antimony
K-edge shows that no changes to antimony are observed in
either charged or cycled samples, confirming that Sb5+ is elec-
trochemically inactive.
Having determined there is no antimony activity and limited

nickel oxidation, we consider evidence for oxygen loss. Char-
acterization on the C/20 charge with in situ XRD indirectly
suggests oxygen loss to occur along the 4.45 V plateau. In situ
XRD shows the a-lattice parameter to decrease linearly at the
beginning of charge, corresponding to transition metal
oxidation and shrinking ionic radii. Along the 4.45 V plateau,
the a-lattice parameter is constant, implying there is no longer
transition metal oxidation and that capacity instead comes from
oxygen loss. To verify these preliminary results, higher quality
in situ XRD data should be collected at a beamline. Since the

initial study by Lu and Dahn correlating constant a-lattice
parameter along a 4.5 V plateau with oxygen loss on the first
charge,28 similar observations have been made in other lithium-
excess materials.33

Direct detection of oxygen gas by electrochemical mass
spectrometry is another proven method to characterize oxygen
loss.34−41 At C/20, OEMS shows oxygen evolution in LNSO-15
to correlate with the second plateau starting at 4.4 V. However,
unlike previous reports, the O2 levels are secondary to the
CO2 levels by an order of magnitude. While O2 evolution
cannot account for all the capacity observed along the 4.45 V
plateau, the amount is significant enough that it cannot be
ignored as an artifact. When considered in the context of first
charge oxygen loss in other lithium-excess materials, it is also
not surprising that oxygen loss occurs along the 4.45 V plateau
in LNSO-15.
The majority of the CO2 evolution likely results from direct

decomposition of the electrolyte, although some contributions
to CO2 and CO may be attributed to evolved oxygen reacting
with the electrolyte. This hypothesis is supported by our
observation of two distinct voltage thresholds for CO2 (4.2 V)
and O2 (4.4 V) evolution, as well as significant CO2 released in
LNSO-0, which does not show a 4.45 V plateau. The OEMS
measurements on LNSO-0 illustrates that, even in a sample that
does not release O2, high levels of CO2 are still released starting
at 4.2 V. While this voltage is lower than expected, different
chemistries are known to show a range of electrolyte decom-
position voltages.42 Notably, LiNiO2 has a very low decomposi-
tion voltage of 4.2 V.43

Unfortunately, due to experimental restrictions, neither
in situ XRD nor in situ OEMS measurements could be con-
ducted at high C-rates for LNSO-15. XRD patterns require
40 min to collect and thus could not take an accurate snapshot
of any structure along a 1C voltage curve charging in 1 h. With
OEMS, the high loading of the cathode films required for the
OEMS experiment precluded high rate tests from being
meaningful in analysis, as significant polarization on the mate-
rials resulted in very low capacities. Further studies are needed
to investigate oxygen loss at high C-rates. Simply cycling to
higher potentials may reveal if the oxygen loss plateau is pushed
to a higher potential at higher rates due to diffusion limitations.
However, surface changes in cycled samples do suggest that a
limited amount of oxygen loss may be occurring at high C-rates,
even if the 4.45 V plateau is not observed. The HRTEM images
in Figure 9 show that the surface structure has transformed in
both the C/20 and 1C cycled samples from the original layered
features into more 3-dimensional like structures, possibly by
transition metal migration.25 Structure reorganization is known
to accompany oxygen loss, which we presume to occur only
from the surface.22,30,31,39,44

Having shown there is some nickel oxidation and some
oxygen loss in LNSO-15, we now quantify each component’s
contribution to observed capacity. In the LNSO system, only
nickel and oxygen evolve with delithiation. Nickel shows
limited oxidation to somewhere between Ni2+ and Ni3+. The
theoretical capacity of LNSO-15 calculated from the Ni2+/3+

redox couple is 109.5 mAh/g. Therefore, on the basis of the
observed oxidation state of nickel in LNSO-15, nickel can only
account for less than 109.5 mAh/g of reversible capacity.
From ex situ XANES, we conclude that antimony has no

contributions to observable capacity. It is an electrochemically
inactive spectator, remaining Sb5+ throughout cycling. Anti-
mony’s inactivity explains why we observe irreversible capacity
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loss after oxygen loss along the 4.45 V plateau. Because anti-
mony cannot be reduced, we cannot activate a second transi-
tion metal upon discharge after oxygen loss. This is in contrast
to lithium-excess manganese-containing materials, which show
manganese reduction on discharge after oxygen evolves on the
first charge.5,45

We now consider the contribution to capacity from oxygen
loss. By the end of charge, LNSO-15 releases 150 ppm of O2,
which is equivalent to 5.8 × 10−8 moles (in a 9.5 mL cell
volume). The detected amount of O2 is approximately fourty
times less than the expected amount of evolved O2, which is
estimated to be 2.5 × 10−6 moles. This estimate is calculated
using the active material loading (6.9 × 10−3g LNSO-15) and
molecular weight of LNSO-15 (113.8 g/mol). Since one mole
of LNSO-15 corresponds to one mole of O2, the total amount
of O2 in the electrode is 6.1 × 10−5 moles. However, not all O2
can evolve.
From the HRTEM (Figure 9), we observe that only the outer

regions of the LNSO-15 particles undergo structural modifica-
tion. Thus, our first assumption is that oxygen is released only at
the outer 10 nm of the 100 nm diameter particles,16 which
makes up a volume fraction of 0.27. Our second assumption is
that the material undergoes some densification, where the
amount of oxygen released from the outer shell is roughly
equal to the lithium-excess content of 15%.28 Multiplying 6.1 ×
10−5 moles O2 × 0.27 × 0.15 gives our estimation of 2.5 ×
10−6 moles of O2 evolved. Comparing this estimation to the
experimentally detected moles of O2, there is a factor of fourty
between theory and experiment. The lower quantity of evolved
O2 may be explained by the reaction of evolved lattice oxygen
with electrolyte. Previous studies have shown that cyclic car-
bonates are easily attacked by oxygen anions or oxygen radicals,
leading to CO2 formation.40,46 The corresponding oxygen
fraction would then be missing in the oxygen balance and
cannot be differentiated from the CO2 evolved from electrolyte
decomposition. Even accounting for both scenarios to lower
the detected amount of O2, oxygen loss can only account for a
small part of capacity.
Having quantified nickel, antimony, and oxygen loss capacity

contributions, significant capacity remains unaccounted for. To
summarize the known redox activities in LNSO-15: (1) Nickel
shows limited oxidation between Ni2+ and Ni3+ when charging
to 4.6 V at both slow and fast rates. (2) Antimony is inactive
and has no contributions to capacity. (3) Oxygen loss occurs on
the first slow charge starting at 4.4 V but cannot account for all
remaining capacity. We now consider the only remaining redox
process that could contribute to capacity: oxygen redox from
O2− to O−. Oxygen redox activity has been shown to be
facilitated by Li excess, as the occurrence of Li−O−Li config-
urations creates labile oxygen orbitals which are more easily
oxidized than the oxygen orbitals which are covalently bonded
to a transition metal.47

While experiments remain to be completed to confirm
oxygen redox and a reliable means of calculating the oxygen
redox voltage has yet to be established, we believe that oxida-
tion of O2− to O− can explain the remaining capacity observed
in LNSO-15. Given the observation of oxygen loss at 4.4 V, it is
likely that oxygen redox occurs within the electrochemical
cycling window at a similar voltage to oxygen loss or at a
lower voltage concurrently with nickel oxidation. Additionally,
reversible oxygen redox has been suggested in other lithium-
excess materials as a mechanism with good Coulombic effi-
ciency.31,37,41,47−50 Thus, we propose the following redox

sequence for charge: nickel is oxidized first from Ni2+ to Ni3+,
followed by oxygen oxidation, which occurs as both oxygen loss
on the surface and oxygen redox in the bulk. Given limitations
of in situ techniques, oxygen loss is only confirmed at slow rates
but likely occurs to a lesser extent at fast rates.
Having shed light on the active redox processes in LNSO-15,

we attempt to answer the questions posed at the beginning of
the discussion. Because similar oxidation processes are observed
at slow and fast rate, the rate-dependent voltage curves cannot
simply be explained by competition between different redox
processes. Redox processes cannot explain why LNSO-15’s
voltage curves diverge at fast and slow rates, resulting in the
bypass of the 4.45 V plateau and higher discharge capacities at
faster rates. Such divergent behavior can only be explained by a
change in the material that is rate dependent. Comparing the
fast and slow rate voltage curves indicates that, at slow rate, a
critical change in the material occurs by midcharge after the 4 V
plateau. It is important to note here that oxygen loss, while
observed at slow rates, occurs af ter this critical point and thus
cannot be the cause of the divergent rate behavior.
To reconcile the observed electrochemical behavior, we

propose that nickel migration is the rate-dependent critical
process and dictates the reversible capacity of LNSO-15 in the
following manner:

1. In the initial charge along the 4 V plateau, delithiation is
accompanied by oxidation of nickel ions in the transition
metal layer from Ni2+ to Ni3+.
(a) With slow charge, an increasing number of lithium

site vacancies and additional time for migration
allow some Ni2+ ions to migrate from the tran-
sition metal layer to stabilize the delithiated struc-
ture. Ni2+ migrates either to tetrahedral sites or to
octahedral sites in the lithium layer to lower its site
energy.

(b) With fast charge, few Ni2+ ions migrate from the
transition metal layer, and the material remains
well-layered.

2. In the second half of charge from ∼4.1 to 4.6 V, nickel
oxidation from Ni2+ to Ni3+ occurs concurrent with oxy-
gen oxidation in the form of oxygen loss at the surface
(O2− → O2(g)) and oxygen redox in the bulk (O2− →
O−).
(a) With slow charge, the 4.45 V plateau accompanies

oxidation of the migrated Ni2+. Once oxidized to
Ni3+, nickel will prefer octahedral sites in the
lithium layer, and further migration becomes ener-
getically unfavorable. It is well-known that size
effects make Ni3+ in the lithium layer much more
difficult to oxidize.51

(b) With fast charge, because little Ni2+ migration has
occurred, topotactic delithiation continues with
oxidation of nickel ions in the transition metal
layer, hence a longer 4 V plateau. An oxygen loss
plateau may not appear until higher potentials due
to diffusion limitations.

3. On discharge, lithiation is accompanied by reduction of
Ni3+ to Ni2+ and reduction of oxygen from O− to O2−.
(a) Following a slow charge, a significant number of

Ni3+ ions becomes “stuck” in the migrated sites.
Any migrated Ni3+ cannot move back to the transi-
tion metal layer until reduced to Ni2+. At the same
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time, not all migrated Ni3+ can be reduced, as the
migrated ions block all neighboring vacant lithium
sites for intercalation.

(b) Following a fast charge, because little nickel migra-
tion has occurred, more lithium can be reinterca-
lated as all sites are available, yielding higher dis-
charge capacities.

Although further experiments are needed to confirm nickel
migration in LNSO-15,52 Ni2+ migration has been suggested on
theoretical grounds,53 and nickel-containing cathode materials,
including LiNi2/3Sb1/3O2,

54 are known to be prone to nickel
migration and cation mixing.28,52,55−58 Having thoroughly
characterized redox activity at slow and fast rate, we believe
that nickel migration can explain the anomalous rate behavior
of LNSO-15 and is substantiated by the literature.
We first consider nickel’s migration tendencies and site

preferences. Ni2+ has low migration barriers due to its low
valence state and can occupy both tetrahedral and octahedral
sites in close-packed crystal structures.52−54,59 In contrast, Ni3+

and Ni4+ have much higher migration barriers60 and only prefer
to occupy octahedral sites.52,61

Pristine LNSO-15 contains only Ni2+. Until appreciable
delithiation occurs, few vacancies on the lithium sites may be
available to facilitate nickel migration. Thus, the critical
point where fast and slow voltage curves diverge occurs af ter
LNSO-15 has traversed the 4 V plateau and ∼0.3 Li has been
extracted. At this critical point, halfway through charge,
LNSO-15 contains both lithium vacancies and Ni2+ ions.
At high rate, nickel migration occurs at a slower rate than
delithiation; thus, Ni2+ largely remains in octahedral sites in the
transition metal layer and is oxidized to Ni3+ before it has a
chance to migrate. In contrast, gradual delithiation at slow rate
allows sufficient time for Ni2+ migration to either tetrahedral
sites or vacant octahedral sites in the lithium layer. If Ni2+ goes
to tetrahedral sites, it will later move to octahedral sites in the
lithium layer upon oxidation to Ni3+. If Ni2+ migrates directly to
octahedral sites in the lithium layer, it will stay in these sites
upon oxidation to Ni3+.
At the end of charge, Ni3+ ions are stable in octahedral sites

in the lithium layer. If these migrated Ni3+ do not move back
to their original positions in the transition metal layer, then the
irreversible capacity loss observed after first charge can be
explained as a combined effect of oxygen loss and site
availability.24,25,51,62,63 When LNSO-15 evolves oxygen upon
charge, lithium ions extracted with oxygen evolution cannot be
reinserted upon discharge, as Sb5+ is not redox active. Addi-
tionally, fewer sites for lithium are available for lithium
reinsertion on discharge if Ni3+ remains in the lithium layer,
as it blocks all neighboring vacant lithium sites.64 The detri-
mental effects of nickel migration are pronounced at slow rates,
especially in the first slow charge when the majority of the
nickel migration occurs. The reduction of site availability from
nickel migration also explains why cycling at slow rates (more
nickel migration) leads to larger capacity fade, while cycling at
fast rates (less nickel migration) has better capacity retention.

■ CONCLUSION

The lithium-excess LNSO materials containing 0−15% lithium
excess were studied as a function of lithium content and rate. At
slow C-rates, we observe improved cyclability with increasing
lithium content but also irreversible capacity loss after the
first cycle correlating with a plateau at 4.45 V. The length of the

4.45 V plateau scales with increasing lithium content. For the
LNSO-15 sample, faster C-rates lead to the disappearance of
the 4.45 V plateau, as well as unexpectedly higher discharge
capacities.
Through a number of characterization techniques, we set out

to understand what phenomena are responsible for different
voltage curve features at slow and fast rates and how higher
discharge capacities can be achieved at faster C-rates. Using
ex situ XANES and EELS, we confirm that nickel is oxidized to
a similar valence state at the end of the charge but only to
somewhere between Ni2+ and Ni3+. From in situ XRD and
OEMS, we determine that nickel oxidation occurs along the
first 4 V plateau, followed by oxygen loss along the second
4.45 V plateau. The case for oxygen loss is further supported by
surface structure evolution observed in HRTEM.
The experimental capacity cannot be fully explained by the

limited nickel oxidation and oxygen loss. Thus, we propose that
the final redox process that is active in the LNSO-15 system
may be reversible oxygen redox from O2− to O−. Additionally,
we suggest that the degree of nickel migration in LNSO-15
dictates the reversible capacity in the material. When significant
nickel migration occurs to the lithium layer during slow charge,
the surrounding vacant lithium sites become unavailable on dis-
charge, thus reducing the discharge capacity. In contrast,
because nickel migration is minimized in fast charge, higher
discharge capacities can be attained at higher C-rates.
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(30) Koga, H.; Croguennec, L.; Meńet́rier, M.; Mannessiez, P.; Weill,
F.; Delmas, C. Different oxygen redox participation for bulk and
surface: A possible global explanation for the cycling mechanism of
Li1.20Mn0.54Co0.13Ni0.13O2. J. Power Sources 2013, 236, 250−258.
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C.; Weill, F. Insight in the Atomic Structure of Cycled Lithium-Rich
Layered Oxide Li1.20Mn0.54Co0.13Ni0.13O2 using HAADF STEM and
Electron Nanodiffraction. J. Phys. Chem. C 2015, 119, 75−83.
(45) Yu, H.; Kim, H.; Wang, Y.; He, P.; Asakura, D.; Nakamura, Y.;
Zhou, H. High-energy ‘composite’ layered manganese-rich cathode
materials via controlling Li2MnO3 phase activation for lithium-ion
batteries. Phys. Chem. Chem. Phys. 2012, 14, 6584−6595.
(46) McCloskey, B. D.; Bethune, D. S.; Shelby, R. M.; Girishkumar,
G.; Luntz, A. C. Solvents’ Critical Role in Nonaqueous Lithium-
Oxygen Battery Electrochemistry. J. Phys. Chem. Lett. 2011, 2, 1161−
1166.
(47) Seo, D.-H.; Lee, J.; Urban, A.; Malik, R.; Kang, S.; Ceder, G. The
structural and chemical origin of the oxygen redox activity in layered
and cation-disordered Li-excess cathode materials. Nat. Chem. 2016, 8,
692−697.
(48) Sathiya, M.; Ramesha, K.; Rousse, G.; Foix, D.; Gonbeau, D.;
Prakash, A. S.; Doublet, M. L.; Hemalatha, K.; Tarascon, J.-M. High
Performance Li2Ru1−yMnO3 (0.2 < y < 0.8) Cathode Materials for
Rechargeable Lithium-Ion Batteries: Their Understanding. Chem.
Mater. 2013, 25, 1121−1131.
(49) McCalla, E.; Sougrati, M. T.; Rousse, G.; Jamstorp Berg, E.;
Abakumov, A. M.; Recham, N.; Ramesha, K.; Sathiya, M.; Dominko,
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