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Abstract Layered lithium metal oxide cathodes typically
exhibit irreversibility during the first cycle in lithium cells
when cycled in conventional voltage ranges (e.g., 3-4.3 V
vs. Li*/Li). In this work, we have studied the first-cycle
irreversibility of lithium cells containing various layered
cathode materials using galvanostatic cycling and in situ
synchrotron X-ray diffraction. When cycled between 3.0
and 4.3V vs. Li*/Li, the cells containing LiCoO,,
LiNip gCog.15Alp.0502, and Lij g4g(Ni1/3C01,3Mn113)0.95202
as cathodes showed initial coulombic efficiencies of 98.0,
87.0, and 88.6%, respectively, at relatively slow current
(8 mA/g). However, the “lost capacity” could be com-
pletely recovered by discharging the cells to low voltages
(<2 V vs. Li*/Li). During this deep discharge, the same
cells exhibited voltage plateaus at 1.17, 1.81, and 1.47 V,
respectively, which is believed to be associated with for-
mation of a Li,MO,-like phase (M = Ni, Co, Mn) on the
oxide particle surface due to very sluggish lithium diffu-
sion in Li,MO, with ¢ — 1 (i.e., near the end of discharge).
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The voltage relaxation curve and in situ X-ray diffraction
pattems, obtained from a Li/Li1_048(Ni1/3C01/3Mn1/3)0_95202
cell, showed that the oxide cathode reversibly returned to
its Original state [i.e., Li1,048(Ni1,3C01/3Mn1,3)0,95202] dur-
ing relaxation following the deep discharge to achieve
100% cycle efficiency.

Introduction

Lithium metal oxides with either layered (e.g., LiCoO,) or
spinel structure (e.g., LiMn,O,4) are the most commonly
used cathode materials in commercial lithium batteries.
When cycled in cells with a lithium counter electrode, the
lithium metal oxide cathodes typically exhibit irreversible
capacity loss during the first cycle; lithium ions extracted
from the oxide during initial charge are not fully re-inserted
into the cathode, leading to loss of available capacity.
There have been several studies to identify the origin of
the first-cycle irreversibility of layered cathode materials [1—
6]. Arai et al. [1] attributed the irreversibility of LiNiO, to
formation of inactive (electrically isolated) domains in the
cathode structure at high degrees of delithiation (y > 0.8) of
Li;_,NiO,. Zhang et al. [2] reported that formation of a
solid-electrolyte interphase on the cathode surface was
responsible for the irreversible capacity loss of lithium nickel
mixed oxide. Choi and Manthiram [6] correlated the irre-
versible capacity loss of Li(Nij;3Co;3Mn;;3)O, to the
surface area of the oxide powder and attributed the capacity
loss to a parasitic electrochemical reaction occurring on the
oxide particle surface. Delmas et al. [3, 4] attributed the lack
of reversibility of Li/Li; _,Ni;_,O, cells to alocal collapse of
the interslab space due to the oxidation of nickel ions in the
lithium layers (i.e., Nilzj{ - Nii’{) during the first charge.
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They explained that the vacant lithium sites around such
extra, trivalent nickel ions were unlikely to be re-lithiated
unless the re-lithiation process was performed at a very low
rate and potential with concurrent structural damages to the
cathode structure [3, 4]. On the other hand, Mueller-Neuhaus
et al. [5] claimed that the term “irreversible capacity”
of LiNi;_,Fe,O, is simply a misnomer; they showed
that the sudden potential drop during discharge of a
Li/Li,Ni, _,Fe, O, cell is due to a sudden decrease in lithium-
ion mobility in the intercalation host, and therefore, the lost
capacity could be fully recovered by using extremely slow
discharge current or by discharging the cell to low voltages
(e.g., <2 V vs. Li*/Li) [5].

In this work, we have studied various layered lithium
metal oxide cathode materials—including LiCoO, (LCO),
LiNip gCog.15Al0,05s0, (LNCAO), and Lij g45(Ni3Co1/3
Mn3)0.0520, (LNCMO)—by galvanostatic cycling and in
situ synchrotron X-ray diffraction (XRD). The origin of the
first-cycle irreversibility of the cathode materials and
resulting capacity loss observed in lithium cells are
discussed based on the experimental observation.

Experimental

Cathode active materials studied in this work were LCO
(Seimi, Japan), LNCAO (Fuji, Japan), and LNCMO
(Seimi, Japan). The positive electrodes consisted of
84 wt% cathode active material, 8 wt% carbon, and 8 wt%
polyvinylidene difluoride (PVdF) on aluminum foil. The
LCO electrode was made in-house at Argonne National
Laboratory, whereas the LNCAO and LNCMO electrodes
were made by battery manufacturers Quallion LLC
(Sylmar, CA) and Enerland Co., Ltd. (Gyeonggi-Do, South
Korea), respectively. The anode was metallic lithium
(FMC, USA). The electrolyte was 1.2 M LiPFgs in a
3:7 mixture (by weight) of ethylene carbonate and eth-
ylmethyl carbonate (Tomiyama, Japan); the separator was a
polypropylene-polyethylene-polypropylene tri-layer mem-
brane (Celgard 2325). All electrochemical tests were
conducted with 2032-type coin cells at room temperature.

In situ XRD spectra were collected on beam line X18A
at the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory, using a wide-angle
position-sensitive detector (PSD). The in situ XRD cell
with Mylar windows has been described in detail elsewhere
[7]. The wavelength used was 0.9999 A. The PSD can
collect one XRD scan up to 90° of two theta angles within
a few minutes with a good signal-to-noise ratio. It signifi-
cantly reduces the data collection time for each scan, which
allows us to study phase transitions in real time. The two
theta angles of all XRD spectra presented in this paper have
been converted to corresponding angles for A = 1.54 A,
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which is the wavelength of a conventional X-ray tube
source with Cu-Ka radiation, for easy comparison with
other published results.

Results and discussion

Figure 1 shows the first charge/discharge profiles of lith-
ium cells containing the LCO, LNCAO, and LNCMO
cathodes between 2.8 and 4.3 V vs. Li*/Li at a current
density of 8 mA/g. A very high first-cycle coulombic
efficiency (CE1) is observed for the LCO cell (98.0%),
whereas the LNCAO and LNCMO cells exhibit lower
efficiencies (87.0 and 88.6%, respectively).

As discussed earlier, previous studies by Arai et al. [1]
and Choi and Manthiram [6] on LiNiO, and LiNi;;Coq/3
Mn, 50,, respectively, have indicated that initial irrevers-
ible capacity loss of lithium cells containing those oxide
cathodes occurs mostly at high voltages. To examine
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Fig. 1 Initial charge/discharge voltage profiles of lithium cells
containing various cathodes between 2.8 and 4.3 V vs. Li*/Li at
8 mA/g: (a) LiCoO, (LCO), (b) LiNig §Cog 15Alp 050, (LNCAO), and
(c) Lil_048(Ni1/3C01/3MH1/3)0_95202 (LNCMO) CEl denotes the first-
cycle coulombic efficiency
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voltage was fixed at 3.0 V; the voltage profile of the
LNCAO cell obtained from this experiment is shown in
Fig. 2. Similar experiments were performed for LCO and
LNCMO cells; the resulting capacity variations and cycling
efficiencies as a function of upper cutoff voltage of the
three cells are given in Fig. 3.

As highlighted by circles in Fig. 3, and as shown in the
insets of Fig. 3, all the cells exhibited irreversibility only at
low-voltage ranges. For example, the LNCMO cell showed
only 38.4% cycling efficiency (or capacity loss of
19.8 mAh/g) when initially cycled between 3 and 3.72 V.
During the subsequent cycling between 3.0 and 3.75 V, the
cycling efficiency increased to 88.5% (or capacity loss of
3.9 mAh/g); the cell then exhibited almost 100% cycling
efficiency throughout the rest of cycling as can be seen in
the inset of Fig. 3c. The results in Fig. 3 indicate that the
irreversibility of these three cells is not related to structural
changes of the oxides induced by delithiation nor to side
reactions on the cathode surface, both of which would
occur more predominantly at higher voltages.

Figure 4 shows charge/discharge profiles during the first
cycle of the three cells using a “capacity-limit” (not a
conventional voltage-limit) cycling condition. For exam-
ple, a LNCMO cell was charged to 180 mAh/g capacity

Upper cut-off voltage (V)

Fig. 3 Capacity variations of lithium cells as a function of upper
cutoff voltage. The insets are cycling efficiency versus upper cutoff
voltage plots

and then discharged to 180 mAh/g (i.e., 100% cycling
efficiency), both at 8 mA/g. The three cells exhibited low-
voltage plateaus at 1.17 (LCO, see the inset of Fig. 4a),
1.81 (LNCAO), and 1.47 V (LNCMO) during discharge
beyond the efficiencies shown in Fig. 1. The lost capacity
during the initial cycle, observed when the cells were
cycled between 3.0 and 4.3 V (Fig. 1), could be fully
recovered by this deep discharge. These results are similar
to those reported for Li/LiNig osFeq 95O, cells by Mueller-
Neuhaus et al. [5]; those cells also showed low-voltage
plateaus at ~1.9 V vs. Li*/Li during deep discharge to
achieve the 100% cycling efficiency.

The voltage and length of the plateaus observed during
the deep discharge are current-density dependent. Figure 5
shows voltage profiles of a LNCMO cell (cell A) charged at
a fixed charge current density (i;) of 8 mA/g and dis-
charged to 100% efficiency at different discharge currents
(ig=2, 4, 8, 16, and 32 mA/g). Note that no rest (or
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Fig. 4 Charge/discharge profiles during the first cycle of (a) Li/LCO,
(b) Li/LNCAQO, and (¢) Li/LNCMO cells cycled with 100% efficiency
using a “capacity-limit” cycling condition

relaxation) time was given to the cell after each discharge
process. As the discharge current rate increased, the cell
showed longer low-voltage plateaus at lower voltages as
highlighted with a circle in Fig. 5.

The low-voltage plateaus during deep discharge have
been reported for lithium cells containing various layered
lithium metal oxide cathodes [2, 5, 8, 9]. Neuhaus et al. [5]
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Fig. 5 Charge/discharge profiles of a Li/LNCMO cell (cell A) cycled
with 100% efficiency using different discharge current (iy = 2, 4, 8,
16, 32 mA/g). The charge current (i.) was fixed at 8 mA/g. No rest
time was given to the cell between discharge and subsequent charge
processes

@ Springer

have reported that a Li/LiNi; _,Fe,O, cell showed voltage
plateaus at ~ 1.9 V during deep discharge to achieve 100%
cycling efficiency. Kang et al. [8] have reported that sim-
ilar low-voltage plateaus were observed at ~1.65 V in
Li/Li;;(NigsMngs);_,O, (0.05 < x < 0.15) cells during
deep discharge. They related the low-voltage plateaus
during deep discharge with very slow lithium diffusion in
the lithium layers of the oxide structure [5, 8]. According to
Van der Ven and Ceder’s calculation and model [10],
lithium-ion diffusion via “monovacancy hopping”
becomes very slow due to a high activation energy barrier
as the lithium content (¢) approaches 1 in the layered
Li;MO, (i.e., near the end of discharge). Due to the slow
rate of lithium-ion diffusion in the layered structure com-
pared to the lithium insertion rate during discharge, the
lithium concentration increases significantly near the par-
ticle surface, which eventually induces formation of an
overlithiated “Li,MO,” (Li,MO, or Li,MO,-like) phase
on the oxide particle surface [5, 8]. The Li,MO, phase has
been observed for M = Ni [11] and M = NigsMng 5 [12]
from heavily overlithiated LiNiO, and LiNigsMngs0,,
respectively, in lithium cells and for M = Mn [13] by
chemical lithiation of LiMn,O, with n-butyl lithium.
Therefore, the sudden voltage drop near the end of dis-
charge (starting at ~3.6 V in Fig. 5) and the low-voltage
plateaus (at 1.25-1.5 V in Fig. 5) could be attributed to
high lithium-ion concentration (i.e., high lithium chemical
potential) and two-phase coexistence (Li;MO,/“Li,MO,”),
respectively, at the oxide particle surface.

The low-voltage plateaus are also observed during
charge. However, as shown in the inset of Fig. 5, the low-
voltage plateaus are much shorter during charge than the
corresponding ones during previous discharge. Note that
the charge current rate (i.) was fixed at 8 mA/g for all
charging processes.

As discussed above, the formation of an overlithiated
“Li,MO,” phase on the oxide particle surface is the result
of kinetic limitations to lithium diffusion in the layered
phase, not due to reasons associated with thermodynamic
phase equilibrium. Therefore, lithium ions in the
“Li,MO,” phase also tend to diffuse into the layered phase
of the oxide particle bulk to reach thermodynamic equi-
librium. This re-equilibration process takes place together
with the formation of the “Li,MO,” phases along the low-
voltage plateau during discharge. Because the voltage
plateaus at ~2 V during charge are associated with lithium
extraction from the surface “Li,MO,” phase, the short
low-voltage plateaus during charge may indicate that a
significant portion of “Li,MO,” phase disappears at the
particle surface by the time the re-charge process starts. In
this respect, one would expect that the lithium cell would
not exhibit the low-voltage plateau during re-charge if
enough (relaxation) time is given to the cell after the deep
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Fig. 6 Charge/discharge profiles of a Li/LNCMO cell (cell B) cycled
with 100% efficiency using different discharge current (iy = 2, 4, 8,
16, 32 mA/g). The charge current (i) was fixed at 8§ mA/g and a 6-h
rest time was given after each discharge

discharge. To confirm this, we constructed another
LNCMO cell (cell B) and cycled it using the same protocol
as in Fig. 5 except that a 6-h rest time (with zero current)
was given to the cell after each discharge process. The
results obtained from this experiment are shown in Fig. 6.
Overall, the cycling profiles obtained from cell B were very
similar to those from cell A. However, no low-voltage
plateaus at ~2 V are observed during charge (see inset of
Fig. 6). The data support our hypothesis that the overlith-
iated phase on the particle surface disappears during the 6-
h relaxation time by diffusion of lithium ions from the
overlithiated phase into the Li-deficient layered phase
(thermodynamic re-equilibration).
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Fig. 7 (a) Charge/discharge profiles of a Li/LNCMO cell cycled with
100% efficiency at a current density of 93 mA/g. (b) Voltage
relaxation curve of the cell after discharge to 100% efficiency

To examine whether (1) any irreversible structural change
occurs during the low-voltage plateau and (2) the whole
layered structure returns to its original state during the
relaxation process as discussed above, we carried out an in
situ synchrotron XRD experiment for a LNCMO cell. The
cell was charged to 93 mAh/g, corresponding to Li,sM'O,
(Ml = Li0,048(Ni1/3C0],3Mn1/3)0,952) and discharged to
100% efficiency at a current rate of 93 mA/g (i.e., 1-h charge
and discharge). Figure 7a shows the voltage profile of the in
situ cell. Since all the irreversibility in the LNCMO cell
occurs only at the early state of charge (i.e., <93 mAh/g) as
shown in Fig. 3c, the irreversible structural changes, if any,
should be observed from the in situ XRD in this cycling
range. After the cell was discharged to 100% efficiency,
current was set to zero and the cell voltage change was
monitored for ~20 h; the voltage curve during this
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Fig. 8 In situ XRD patterns in the (003) Bragg reflection region of
the Lij g4 (Nij3C01,3Mny/3)0.9520, cathode during cycling (a) and
relaxation (b) shown in Fig. 7. The 260 angles have been converted to
those corresponding to the Cu Ko radiation (1 = 1.54 A). Scan
numbers next to the diffraction patterns correspond to those along the
charge/discharge profiles and relaxation curve in Fig. 7
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relaxation process is given in Fig. 7b. Changes in the oxide
(003) Bragg reflection (indexed based on a hexagonal cell)
during cycling and relaxation are shown in Fig. 8. Scan
numbers next to the diffraction patterns in Fig. 8 correspond
to those along the charge/discharge profiles and relaxation
curve in Fig. 7.

During charge, the (003) peak moved continuously to a
lower angle, indicating c-axis expansion upon delithiation.
When the current was reversed (i.e., the cell was dis-
charged), the (003) peak moved back to higher angle.
Interestingly, the peak barely moved further during the
low-voltage plateau and very early stage of the relaxation
(scans 12-14 in Fig. 8a and b), which may be an indicator
of two-phase coexistence along the low-voltage plateau.
However, the overlithiated “Li,MO,” phase, which has a
space group of P-3ml and shows a (001) peak at
~17°20cuk, [11-13], was not detected in the diffraction
patterns obtained in the low-voltage region (not shown),
probably because the volumetric fraction of the “Li,MO,”
phase on the particle surface was below the XRD detection
limit.

During relaxation, the open circuit voltage increased
very slowly to ~3 V vs. Li*/Li (Fig. 7b). At the same
time, the (003) peak slowly moved to higher angle and
eventually returned to its original position (see scans 1 and
24 in Fig. 8). It is noted that the whole relaxation process
can be largely divided into two regimes with different time
constants. We speculate that the early stage of the relaxa-
tion process (regime I) is associated with lithium diffusion
across the “Li,MO,”/Li,MO, phase boundaries (i.e., phase
transition), and the later stage (regime II) is associated with
sluggish lithium diffusion in the Li,MO, phase.

Summary

In this work, we studied the first-cycle irreversibility of lith-
ium cells containing LiCoO,, LiNijgCoq15Alg050,, and
Li 1 _048(Ni 1/3CO 1/3Mn1,3)0_95202 cathodes. When Cycled
between 3 and 4.3 V at 8mA/g, those three cells exhibited
first-cycle efficiencies of 98.0, 87.0, and 88.6 %, respectively.
The lost capacity, however, could be fully recovered in a
reversible way by deep-discharging the cells to low voltages
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(<2 V). During the deep discharge, the cells showed low-
voltage plateaus, whose voltage and length depended on the
discharge current density. For example, voltage plateaus were
observed at 1.17 (LiCo0,), 1.81 (LiNig gCog ;5Alg 050-), and
147V (Lil_048(Ni1,3C01/3Mn1/3)0_95202) at a discharge cur-
rent density of 8 mA/g. The low-voltage plateaus have been
attributed to the existence of a “Li,MO,” phase on the oxide
particle surface that forms because of kinetic limitations to
lithium-ion diffusion in the Li,MO, structure (¢ ~ 1). Anin
situ synchrotron X-ray diffraction study for Li/Lijg4g
(Ni;5C01/3Mn;3)0.05205 cell showed an indication of a two-
phase coexistence at the low-voltage plateau and complete
recovery of the layered structure during relaxation after deep
discharge to 100% efficiency.
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