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ABSTRACT: In this study, the long-term cycle behavior of nano-LiCoO, cathodes
over 500 cycles at high rates is investigated. Furthermore, the postmortem analysis of
the cycled nano-LiCoO, cathodes using a combination of X-ray absorption
spectroscopy and X-ray diffraction is also conducted to shed light on the capacity
decay mechanisms. It is found that crystalline nano-LiCoO, after 500 charge/discharge
cycles at 10C becomes amorphous, exhibits Co*" species rather than the expected Co®*
at the fully lithiated condition, has longer Co—O bond length than that of pristine nano-
LiCoO, and micro-LiCoO,, and exhibits 53% specific capacity loss over 500 cycles at
10C. In addition, slow Li-ion intercalation and deintercalation at the electrode/
electrolyte interface are found to be the rate-limiting step for nano-LiCoO, during
discharge and charge, respectively. Thus, to achieve the high-rate capability of LiCoO,,
not only LiCoO, particle sizes should be reduced to nanoscales but also the Li-ion
intercalation and deintercalation rates at the electrode/electrolyte interface need to be
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enhanced. Since the capacity decay induced by the structural damage and the formation of CoO-like phases starts at the surface
of nano-LiCoO,, proper surface coatings have the potential to solve the capacity decay problem faced by nano-LiCoO,,

enabling it for high-rate applications.

Bl INTRODUCTION

Li-ion batteries have revolutionized portable electronic devices
in the past two decades because of their high output voltage,
high specific energy, long cycle life, and absence of memory
effect.’ Further improvements in their properties, such as
reducing charge time from hours to minutes or extending
battery usage time before recharge from 1 day to multiple days,
can open up new applications and expand the market for
present ones. A case in point for the enormous benefit of short
charge time is the continuous effort of electric vehicle
manufacturers such as Tesla, Inc. to develop superchargers
that can shorten charge time from several hours to about 1 h.”
A short charge time can enable long-distance travel and
remove a significant barrier to consumer acceptance of electric
vehicles.

For high specific power and thus short charge time, one
needs to address the kinetic problem due to the slow diffusion
of Li ions in the electrodes. One approach to increasing the
rate capability is to reduce the particle size of the electrode
material to nanoscales.”” Nanoparticles can shorten the
diffusion distance of Li ions during lithiation/delithiation
while increasing the surface area per unit volume for Li-ion
intercalation/deintercalation. LiCoO, being one of the most
widely used cathode materials has been investigated for
nanosize effects on the rate capability.” Through a hydro-
thermal reaction Okubo et al.* have synthesized a series of
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LiCoO, nanoplatelets with thickness ranging from 6 to 27 nm
and demonstrated the high-rate capability in 20 cycles of
charging at 1C and then discharging at 10C. It is shown that
the specific capacity drops to about 82 and 30 mA h g™" after
20 cycles for LiCoO, nanoplatelets of thickness 17 and 8 nm,
respectively.” Nano-LiCoO, has also been synthesized through
sol—gel method,”” spray-drying method,® co-precipitation
method,” molten salt method,'”"" and post-templating
method."” In spite of so many different methods to synthesize
nano-LiCoO,, nearly all of the studies®®™"' only measure
charge/discharge behavior with fewer than 20 cycles, with only
one exception that shows charge/discharge behavior over 50
cycles."”

In this study, the long-term cycle behavior of nano-LiCoO,
cathodes over 500 cycles is investigated for the first time. In
addition, the postmortem analysis of the cycled nano-LiCoO,
cathodes using a combination of X-ray absorption spectrosco-
py (XAS) and X-ray diffraction (XRD) techniques is also
conducted, for the first time, to shed light on the capacity
decay mechanisms of nano-LiCoO, cathodes subjected to fast
charge/discharge rates (10C) over 500 charge/discharge
cycles. Furthermore, the Li-ion diffusion kinetics with respect
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to LiCoO, particle sizes and high charge/discharge rates has
been analyzed to identify the rate-limiting step in lithiation and
delithiation processes. The findings from this study are
described below.

B METHODS

Nano-LiCoO, powder was synthesized using the hydrothermal
reaction established in ref 4. Briefly, the typical procedure to
synthesize a batch of nano-LiCoO, powder started with the
synthesis of CoOOH nanoplates by adding a dilute aqueous
solution of SO0 mL containing 0.02 mol Co(NOj3), into SO mL
of an aqueous S M NaOH solution. The resulting Co(OH),
suspension was then poured into 900 mL of deionized water
and stirred in air overnight (~12 h) to produce CoOOH
nanoplates. After centrifuging and washing with deionized
water twice, the resulting CoOOH was dried in a vacuum oven
at 80 °C for 12 h and then 120 °C for 4 h. The dried CoOOH
powder of 184 mg was then dispersed in 30 mL of an aqueous
S M LiOH solution and sealed in a stainless steel autoclave to
induce a hydrothermal reaction at 170 °C for 12 h. After the
reaction, the resulting precipitate was centrifuged, washed with
deionized water twice, and then dried at 100 °C in a vacuum
oven for 12 h to give nano-LiCoO,.

Electrochemical testing of the nano-LiCoO, electrode was
performed in CR2032 coin cells through galvanostatic charge/
discharge protocols. The electrodes consisted of 75 wt %
LiCoO,, 15 wt % carbon black, and 10 wt % poly(vinylidene
difluoride) (PVDF). The materials were mixed and hand-
ground in a mortar and pestle. N-Methyl-2-pyrrolidone was
added to form a uniform slurry. The slurry was applied to an Al
foil with the loading of ~1.2 mg of LiCoO, per cm®. The
painted foil was dried in a vacuum oven for 6 h at 60 °C and
then 6 h at 120 °C. After drying, the foil was punched to make
the working electrode, which was paired with a Li foil serving
as both the counter and reference electrode to make CR2032
coin cells. The electrolyte was 1 M lithium hexafluorophos-
phate (LiPF) salt dissolved in ethylene carbonate—diethylene
carbonate with 1:1 volume ratio. Celgard 23285 film was used as
the separator. The entire process of coin cell fabrication was
conducted within an argon-filled glovebox with H,O <0.1 ppm
and O, <1 ppm. Cycling and capacity retention were measured
using Neware battery test system between 3.0 and 4.3 V versus
Li/Li* in different current densities at room temperature.
Specific capacities and current densities were calculated on the
basis of the weight of LiCoO,.

For the purpose of comparison, CR2032 coin cells made of
commercial LiCoO, powder (acquired from MTI Corp.) were
also fabricated and tested. This powder will be termed as
micro-LiCoO, hereafter because its particle sizes are in the
micrometer range. The electrode made of micro-LiCoO,
contained 80 wt % LiCoO,, 10 wt % carbon black, and 10
wt % PVDEF. Other conditions in fabricating CR2032, such as
the active material loading per unit area, Li anode, LiPFq
electrolyte, Celgard 2325 separator, etc.,, were identical to
those in fabricating CR2032 coin cells with the nano-LiCoO,
electrodes. Note that the electrode made of nano-LiCoO,
contained more carbon black (15 wt %) than the counterpart
made of micro-LiCoO, (10 wt %) because nano-LiCoQ, has a
much larger surface area per unit volume than that of micro-
LiCoO, and thus requires more carbon black to ensure all or
most nano-LiCoO, particles are connected to the conductive
carbon black network."

The particle size and morphology of nano- and micro-
LiCoO, powders were examined using a JEOL JSM-5900LV
(JEOL Ltd., Tokyo, Japan) scanning electron microscope with
an accelerating voltage of 20 kV. The JEOL JEM-2100F (JEOL
Ltd., Tokyo, Japan) transmission electron microscope in the
Center for Nanoscale Materials at Argonne National
Laboratory was also employed to determine the particle size
and morphology of nano-LiCoO, powder. The XRD patterns
were recorded using Bruker D2 Phaser with a Bragg—Brentano
geometry in the 26 range of 10—100° with Cu Ka radiation
(1.54056 A). To provide good measurement of the lattice
parameters (a and ¢) of LiCoO, whose space group is R3m, 5
wt % micrometer-sized Si powder was mixed uniformly with
the LiCoO, powder before the XRD experiment to serve as an
internal reference. Rietveld refinement using GSAS software'”
was used to determine the lattice parameters and phase
composition of the XRD patterns from various samples,
whereas the crystallite sizes of nano- and micro-LiCoO, before
battery testing were estimated using the Scherrer formula."

For postmortem analysis, the half-cells cycled with different
conditions were opened using a crimping machine in an Ar-
filled glovebox. The cycled cathode was then washed with
dimethyl carbonate (DMC) three times, followed by heating in
a vacuum oven for 6 h to remove residue organics. After
drying, the cathode along with the Al-foil disk was completely
sealed with large Kapton tapes and kept inside the glovebox
until XAS and XRD experiments. X-ray absorption spectra
were collected at the Materials Research Collaborative Access
Team (MRCAT) Sector 10 bending magnet beam line at the
Advanced Photon Source using a Si(111) water-cooled double
crystal monochromator detuned to 50% for harmonic
rejection.'® Data was collected both in transmission and
fluorescence using standard ionization chambers and con-
tinuous scanning of the energy. Data reduction and fitting was
performed using the IFEFFIT-based Horae suite.”'® All data
were fitted in R-space using Hanning window functions, a k-
space range of 2—12 A~ with dk = 4 A™" and an R-space range
of 1-3 A with dR = 0.2 A.

B RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of nano- and micro-LiCoO,
powders before electrochemical testing. It is obvious that nano-
LiCoO, has the same XRD pattern as that of micro-LiCoO,.
However, nano-LiCoO, peaks are much broader than micro-
LiCoO, peaks, indicating nanosizes of the LiCoO, particles
synthesized through the hydrothermal reaction. The average
size of nano-LiCoO, perpendicular to a given crystallographic
plane (hkl), Dy, was estimated using the Scherrer formula'

0.91

Dy=——"—
ﬂreal cos 6 (1)

where f, is the broadening of the diffraction line (ki)
measured at half-maximum intensity, 1 is the wavelength of the
X-ray radiation, and @ is the Bragg angle. Correction for
instrumental broadenin% was taken into account with the aid of
the following equation’

2 _ a2 2
ﬁreal - ﬁnano - ﬁmicron (2)

where B, and S on are the half-maximum breadths from
nano-LiCoO, and micro-LiCoO,, respectively. The estimated
dimensions of LiCoO, nanoplates are listed in Table 1 along
with the measured lattice parameters. The as-synthesized
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Figure 1. XRD patterns of nano-LiCoO, and micro-LiCoO, powders,
as indicated. Micrometer-sized Si powder (S wt %) was mixed with
these powders uniformly as an internal reference.

Table 1. Powder Characteristics of Nano- and Micro-
LiC002

sample a (A) ¢ (A) c/a Dy (nm)  Dgyyy (nm)
nano-LiCoO, 2.8162 14.0011 4.9716 38.7 23.9
micro-LiCoO, 2.8200 14.0157 4.9701 NA NA

LiCoO, nanoplates are estimated to have an average width of
~39 nm and an average height of ~24 nm. Note that the
measured lattice parameters, a and ¢, are similar to those
reported in ref 4. Furthermore, the ¢/a ratio for both nano-
LiCoO, and micro-LiCoO, is close to 5.00, indicating that the
as-synthesized nano-LiCoO, has the layered structure with
space group of R3m rather than a spinel-type structure (cubic,
Fd3m).»*

Figure 2a,b shows transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) images of nano- and
micro-LiCoO, particles, respectively. It can be seen that micro-
LiCoO, has very large particle sizes ranging from 3 to 15 pm
and most of its particles have an equiaxed shape with flat facets
in many cases. In contrast, nano-LiCoO, takes on a platelet
morphology with a clear hexagonal, trapezoidal, or rhombus
shape, reflecting the hexagonal crystal structure of LiCoO,.

The platelet width ranges from ~20 to 100 nm, confirming the
estimation of the average width of ~39 nm from the XRD
analysis. Although the height of the platelet cannot be judged
from the TEM image of Figure 2a, it is reasonable to infer that
the average height of the platelets is smaller than the average
width of the platelets because most particles are lying with
their basal planes in contact with the TEM carbon grid.
Additional TEM images are provided in the Supporting
Information where one or two nanoplates are standing up
(Figure S1) and the thickness of the platelets determined from
these images is ~23 nm, a number very close to the XRD
analysis of ~24 nm. Thus, XRD analysis has provided good
estimations for both the average width and height of the nano-
LiCoO, platelets.

Galvanostatic charge/discharge curves of nano- and micro-
LiCoO, half-cells are shown in Figure 3. These curves display
three salient trends. First, at the charge/discharge rate of 1C
(1C = 145 mA g™'), nano-LiCoO, and micro-LiCoO, exhibit
similar specific capacity (~130 mA h g™' for the first
discharge) and the length of the voltage plateau at ~3.85 V
during discharge is similar for both nano- and micro-LiCoO,,
indicating that Li-ion intercalation and deintercalation can be
accomplished for most of nano- and micro-LiCoQ, particles in
the electrodes at 1C (~90% utilization of 145 mA h g~' for
delithiation from LiCoO, to Lij4;,CoO, with the upper cutoff
voltage at 4.3 V vs Li*/Li). Interestingly, these phenomena also
hold for 3C experiments but not 10C experiments. Second, as
the charge/discharge rate increases from 1C to 3C and finally
to 10C, the length of the voltage plateau of nano-LiCoO,
keeps becoming shorter. The shorter voltage plateau may be
induced by slow intercalation of Li ions at the electrode/
electrolyte interface or slow diffusion of Li ions inside LiCoO,
particles leading to incomplete utilization of the entire LiCoO,
particles (to be discussed further later). Third, at the charge/
discharge rate of 10C, nano-LiCoO, electrodes still display a
discharge voltage plateau whereas micro-LiCoO, electrodes
display a very short plateau with a slope-type profile. Note that
many pseudocapacitors with intercalation of charge carriers on
the electrode surface exhibit no voltage plateau behavior with a
constant dQ/dV value for their discharge curves.”' 7 Thus, it
may be concluded that at the 10C rate, the behavior of micro-
LiCoO, is approaching that of a pseudocapacitor. However,
the behavior of micro-LiCoO, is caused by slow intercalation
of Li ions at the electrode/electrolyte interface, as will be
discussed below. The three salient trends discussed above can

Figure 2. (a) TEM image of nano-LiCoO, and (b) SEM image of micro-LiCoO,.
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Figure 3. Charge/discharge curves: Both (a) nano-LiCoO, and (b) micro-LiCoO, were charged/discharged at 1C for S cycles and then 3C for 45
cycles; both (c) nano-LiCoO, and (d) micro-LiCoO, were charged/discharged at 10C for S00 cycles after 1C for S cycles, 3C for 45 cycles, and
then 1C for 2 cycles. For the ease of observation, only selected charge/discharge curves are plotted.

be rationalized by analyzing the diffusion kinetics within
LiCoO, particles, as described below.

First, the shorter voltage plateau is caused by slow Li-ion
intercalation at the nano-LiCoO, surface rather than slow Li-
ion diffusion inside LiCoO, nanoparticles. Assuming that
diffusion constants, Dy;, of Li ions in micro- and nano-LiCoO,
particles are the same, D;; = ~10™° cm® s™" reported in ref 24
can be used to estimate the diffusion time for a Li ion to diffuse
from the surface to the center of a nano-LiCoO, particle (with
an average diffusion distance of ~39 nm). This estimation
reveals that it only takes ~2.5 X 107 s for a Li ion to diffuse
from the surface to the center. Since the discharge time for
10C experiments (Figure 3c) is about 3 min, which is $ orders
of magnitude larger than the required diffusion time (~107> s)
inside a nanoparticle, it can be concluded that the Li-ion
intercalation rate at the electrode/electrolyte interface is very
slow and thus is the rate-limiting step for Li-ion transport
during discharge. As the discharge time increases from ~3 min
for 10C experiments to ~12 min for 3C experiments and then
to ~54 min for 1C experiments, more and more Li ions can be
intercalated into Li,CoO, (x < 1) particles and thus the voltage
plateau becomes longer and longer. As a result, 1C experiments
of nano-LiCoO, have the longest voltage plateau and the
largest specific capacity among three charge/discharge rates. It
should be noted that the length of the plateau is the
manifestation of the collective behavior of all nano-LiCoO,

particles even though individual particles are likely to
contribute differently to the length of the plateau because of
the heterogeneous nature of the electrode structure. A similar
analysis can be applied to the delithiation process in charging
of nano-LiCoQ,; i.e., deintercalation at the electrode/electro-
lyte interface is also very slow because it takes about 3 min to
achieve the full charge at 10C, whereas the required Li
diffusion time inside a nanoparticle is only ~107> s. Therefore,
it can be concluded that Li-ion intercalation and deintercala-
tion at the electrode/electrolyte interface are the rate-limiting
steps for discharge and charge of nano-LiCoO,, respectively.
Second, by applying the same diffusion kinetic analysis to
micro-LiCoO,, it is found that it will take less than 1 min for a
Li ion to diffuse from the surface to the center of a LiCoO,
particle with a diameter of 10 ym. Note that a 1 min diffusion
time is close to the charge/discharge time of 3 min at 10C
experiments and thus it is difficult to identify the rate-limiting
step for 10C experiments. However, 3C and 1C experiments
take ~12 and ~54 min to complete, indicating that diffusion
from the surface to the center of micro-LiCoQ, particles can
be easily accomplished (<1 min) and cannot be the rate-
limiting step for lithiation and delithiation in discharge and
charge of micro-LiCoO,, respectively. Thus, the gradual
decrease in the length of the voltage plateau and the specific
capacity of micro-LiCoO, as the discharge rate increases from
1C to 3C and then to 10C can then be attributed to the
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gradually decreased time available for Li-ion intercalation at
the electrode/electrolyte interface. Furthermore, as the Li-ion
intercalation at the electrode/electrolyte interface is so slow
that Li ions can only be lithiated to the particle surface region
at 10C experiments, leading to the slope-type voltage profile.
Thus, it can be concluded that the rate-limiting step for
lithiation and delithiation of micro-LiCoO, is also Li-ion
intercalation and deintercalation at the electrode/electrolyte
interface. However, nano-LiCoO, particles have larger surface
area per unit volume than that of micro-LiCoO, and thus can
allow more Li" ions to intercalate and deintercalate at the
electrode/electrolyte interface for a given discharge or charge
voltage. As a result, nano-LiCoO, exhibits a longer voltage
plateau and larger specific capacity than that of micro-LiCoO,
when charge/discharge rates are high.

The precise mechanism for slow Li-ion intercalation and
deintercalation at the electrode/electrolyte interface for both
nano- and micro-LiCoO, is not known at this stage, but one of
the possible mechanisms is the presence of a surface
deterioration region (to be discussed later), which either has
a very high resistance for Li-ion diffusion or requires high
activation energies for Li ion to insert into and leave the
surface of LiCoO,. Regardless of the precise mechanism(s),
the present study reveals unambiguously that to achieve the
high-rate capability of LiCoO,, not only do LiCoO, particle
sizes need to be reduced to nanoscales but also the Li-ion
intercalation and deintercalation rates at the electrode/
electrolyte interface need to be enhanced.

The specific capacities of nano-LiCoO, and micro-LiCoO,
as a function of charge/discharge cycle numbers are shown in
Figure 4. As shown, nano- and micro-LiCoO, have similar
specific capacities at 1C and 3C rates. However, micro-LiCoO,
exhibits a sharper capacity drop than nano-LiCoO, when the
charge/discharge rates are changed from 1C to 10C at the
53rd cycle, indicating that nano-LiCoO, is more suitable for
high-rate applications because nano-LiCoO, has larger
electrode/electrolyte interface area than that of micro-
LiCoO, and this allows more Li* ions to deintercalate and
intercalate at the electrode/electrolyte interface during charge
and discharge, respectively. However, both nano- and micro-
LiCoO, exhibit capacity decay as the cycle number increases.
Although nano- and micro-LiCoO, have similar capacity decay
rates, i.e., losing 53% specific capacity for nano-LiCoO, versus
losing 49% specific capacity for micro-LiCoO, over 500 cycles
at 10C, their capacity decay mechanisms are different. As will
be shown later, the surface region of LiCoO, degrades
gradually to become a CoO-dominated cobalt oxide layer,
which leads to a loss of the charge storage capacity for nano-
LiCo0O, because the thickness of this CoO-dominated layer is
similar to the size of nano-LiCoO, particles. Although such a
CoO-dominated layer is also present at micro-LiCoO,, this
layer only accounts for less than 0.3% of the entire amount of
micro-LiCoO, particles. Thus, the formation of this CoO-
dominated surface layer causes very little change in the charge
storage capacity of micro-LiCoO,. However, the presence of
this CoO-dominated surface layer and its growth have slowed
down Li-ion intercalation and deintercalation at the electrode/
electrolyte interface and thus resulted in its gradual capacity
decay as the cycle number increases.

It is noted that the coulombic efficiencies of both nano- and
micro-LiCoO, (defined as the discharge capacity divided by
the charge capacity) are lower than 100% initially (Figure 4),
owing to the formation of solid electrolyte interphase layer
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Figure 4. Specific capacity and coulombic efficiency vs cycle number
for (a) nano-LiCoO, and (b) micro-LiCoO, with 1C for S cycles, 3C
for 45 cycles, 1C for 2 cycles, and finally 10C for 500 cycles.

formation at the Li anode and the possible formation of a
protection layer at the cathode side. However, nano-LiCoO,
quickly exhibits nearly 100% coulombic efficiency after five
cycles at 1C (Figure 4a), indicating the ability to attain stable
charge/discharge cycling conditions quickly. In contrast,
micro-LiCoO, displays a coulombic efficiency of lower than
100% for S cycles at 1C and then 4S cycles at 3C (Figure 4b),
indicating that it requires more cycles than nano-LiCoO, to
establish stable charge/discharge conditions, possibly due to
different rates for Li-ion intercalation and deintercalation at the
electrode/electrolyte interface at 3C for micro-LiCoO,.

To identify the capacity decay mechanism(s), the cycled
cathodes were analyzed using XRD and XAS. Figure 5 depicts
the typical XRD patterns of nano- and micro-LiCoO, cathodes
after some charge/discharge cycles. In these XRD patterns, Al
peaks from the Al-foil current collector and the peaks from
Kapton tapes are used to seal the sample and prevent the
reaction of the cathode with air during XRD data collection.
Although the XRD patterns of a Kapton tape and the Al foil
with a Kapton tape can be found in the Supporting
Information (Figures S2 and S3), these peaks are also marked
in Figure S to facilitate the observation of cycled LiCoO,
peaks. The Rietveld method has been applied to analyze these
XRD patterns, and the major parameters obtained from these
analyses are summarized in Table 2. Note that all samples in
Table 2 are in the fully lithiated condition (i.e., after the
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Figure 5. XRD patterns of the electrodes after charge/discharge
cycling: (a) nano-LiCoO, electrode after S cycles at 1C and then 45
cycles at 3C, at fully lithiated condition, (b) micro-LiCoO, electrode
after 5 cycles at 1C and then 45 cycles at 3C, at fully lithiated
condition, and (c) the nano-LiCoO, cathode after 5 cycles at 1C and
then 500 cycles at 10C, at fully lithiated condition. Note that the
electrodes with Al foils are sealed by Kapton tapes and thus both
Kapton and Al peaks are present in (a) and (b). However, the

Figure S. continued

electrode in (c) has delaminated from the Al foil and thus Al peaks are
absent. Further, no crystalline peaks of nano-LiCoO, are present in
(c), indicating that nano-LiCoO, has become amorphous after 500
cycles at 10C.

desired cycles and finally being discharged to 3.0 V). Further,
the phase composition of the electrode reported in the table is
the relative concentration of crystalline compounds without
the inclusion of amorphous phase(s). A comparison between
Tables 1 and 2 reveals two salient trends. First, the lattice
parameter ¢ of both nano- and micro-LiCoO, has exhibited a
discernible increase by 0.3—0.7% after cycling whereas the
lattice parameter a has displayed little change (ie. either
increase by 0.1% or decrease by 0.1%). As a result, the c/a ratio
has increased from 4.9716 for nano-LiCoO, to ~5.0020 and
from 4.9701 for micro-LiCoO, to 4.9924. The increased c/a
ratio indicates the formation of Li-deficient LiCoQ, for both
nano- and microparticles after cycling. An earlier study” using
density functional theory calculations has revealed that the
lattice parameter ¢ increases as a part of Li is removed from
LiCoO,. Such an increase in ¢ is due to the weakened
coulombic interaction between positively charged Li layers and
negatively charged CoOg layers when part of the Li is removed
from the lattice.”> The formation of Li-deficient LiCoOQ, after
cycling at the full lithiation condition shows that charge/
discharge cycles have resulted in a loss of Li intercalation
capability for both nano- and micro-LiCoO, when compared
to that of their counterparts at the as-synthesized conditions.

The second important trend obtained by comparing Tables
1 and 2 is that after a large number of cycles (such as 10C for
500 cycles), crystalline nano-LiCoO, has become amorphous.
Thus, by combining the XRD results of the electrodes with
short cycles (such as nano-1, nano-2, and micro-1) and with
long cycles (i.e., nano-3), one can conclude that charge/
discharge cycles have led to gradual structural damage to
LiCoO, crystals and eventually the structural damage is so
large after a large number of cycles at fast charge/discharge
rates that crystalline LiCoO, has become amorphous.
However, more detailed structural analysis cannot be
performed for the XRD patterns of cycled electrodes because
LiCoO, peaks from these cycled electrodes are quite weak
compared to the background. Consequently, the XRD data has
unambiguously indicated the structural damage to cycled
LiCoO, crystals but the specific damage mechanism(s) cannot
be deduced from this analysis.

To gain additional insights into the degradation mecha-
nisms, XAS analysis has been conducted. The X-ray absorption
near edge structure (XANES) spectra of selected samples and
standards are shown in Figure 6. The near-edge spectra of the
micro-LiCoO, and the nano-LiCoO, samples are virtually
identical and similar to those of nano-1, nano-2, and micro-1
samples, which are not shown. The edge of nano-3 sample
(with 10C for S00 cycles) is shifted to lower energies and
appears intermediate between the CoO and Co;0, standards.
The derivatives of the XANES spectra, shown in Figure S4
(Supporting Information), clearly indicate that nano-3 sample
exhibits peak characteristics of Co;0,4 and a shoulder at the
peak position of CoO. Figure 7 presents the Fourier transform
of the extended X-ray absorption fine structure (EXAFS)
spectra for all samples, showing the similarity for all samples
except nano-3. A comparison of the nano-3 Fourier transform
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Table 2. Powder Characteristics of Nano- and Micro-LiCoO, after Charge/Discharge Cycles”

sample nano-1 nano-2

cycling condition 1C for 5 cycles and then 3C for 45
cycles, at the fully lithiated
condition

12.2% CaCO;,

19.0% LiCoO,

phase composition of
the electrode (wt %)

21.2% CaCO,
13.0% LiCoO,

68.7% Al 65.7% Al
a of LiCoO, (A) 2.8195 2.8143
¢ of LiCoO, (A) 14.1056 14.0742
¢/a ratio 5.0029 5.0009

0.2C for 20 cycles, at the
fully lithiated condition

nano-3” micro-1

1C for 5 cycles and then 10C for 500
cycles, at the fully lithiated condition

1C for 5 cycles and then 3C for 50
cycles, at the fully lithiated
condition

6.8% CaCO;

15.9% LiCoO,

100% CaCO; amorphous LiCoO,

77.2% Al
amorphous 2.8169
amorphous 14.0630

4.9924

“CaCO, is from Kapton tape, whereas Al is from the Al current collector. “The electrode is delaminated from the Al current collector during

sample preparation after cycling.
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Figure 6. XANES spectra of pristine nano-LiCoO,, pristine micro-
LiCoO,, and cycled nano-3 electrode along with selected standards.
Other cycled electrode materials appear identical to the pristine
materials. The spectra are color coded and matched with marks.

Micro-LiCoO,

X(R) [A®]
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Figure 7. EXAFS Fourier transforms of pristine materials and cycled
electrodes.

with the standards is shown in Figure S5 (Supporting
Information). The LiCoO, peak at ~1.4 A corresponding to
Co—O distances is less intense and broader in nano-3 sample,
and the peak at ~2.4 A corresponding to Co—Co distances is
split into two in nano-3 sample. In addition, nano-3 sample
does not show the intense peaks at distances larger than 4 A
seen in all other samples. These long-distance peaks are typical
of a well-ordered structure and imply that nano-3 has a
severely damaged structure with only a short-range order,
consistent with the conclusion of the presence of the
amorphous phase in nano-3 derived from the XRD analysis.
The EXAFS for all samples except for nano-3 were modeled
using a near-neighbor Co—O1 path, a Co—Co path, and a long
Co—02 path which has significant overlap with the Co—Co
path and whose coordination was held fixed at 6. For nano-3,
the Co—Co path was split into two and fitted separately with a
common o> All samples were modeled with an amplitude
reduction factor of 0.68 extracted from the fit of the nano-
LiCoO, sample. Table 3 presents a compilation of the fit
results for the Co—O and Co—Co paths for each sample and
Figures S6—S11 (Supporting Information) present the EXAFS
data and fits.

All samples except nano-3 have a Co—O1 bond distance of
~1.913 A, a ¢® of ~0.002 A%, and a coordination number of ~6
within their estimated standard deviations. Nano-3 sample,
however, shows a significantly longer Co—O1 distance of 2.036
A with a coordination number ~6 and ¢ of ~0.015 A2 The
results for the Co—Co paths present similar trends with all
samples except for nano-3 having nearly identical parameters
(R ~2.823 A, N ~ 6, 6 ~ 0.003). Nano-3 has two Co—Co
paths (R = 2.480 and 3.159 A), with a total coordination
number of 3.5.

Two important trends can be summarized from the XAS
data discussed above. First, when the charge/discharge cycle
number is small (e.g,, nano-1 and nano-2 samples), their local
and electronic structures are nearly identical to those of the
pristine nanoparticles, indicating that charge/discharge cycles

Table 3. Fit Results of EXAFS Analysis

sample Reo-o1 Oco-o01” Nco-o1
nano-LiCoO, 1.194(6) 0.002(1) 6.0
nano-1 1.911(6) 0.003(1) 6.6 £ 0.6
nano-2 1.910(6) 0.003(1) 65 + 0.6
nano-3 2.036(31) 0.015(6) 58+ 18
micro-LiCoO, 1.914(6) 0.002(1) 53+ 04
micro-1 1.915(7) 0.002(1) 6.5 + 0.7

Reo—co O'Co—CO?' Neo-co Reo-02 O.CO—OZZ
2.818(5) 0.003(1) 6.2+0.9 3.409(66) 0.015(10)
2.824(6) 0.003(1) 6.7 + 1.0 3.374(59) 0.012(8)
2.825(6) 0.003(1) 64+ 10 3.366(57) 0.012(8)
2.480(14) 0.002(2) 1.5 + 0.6 3.535(164) 0.035(42)
3.159(16) 2.0 +£09
2.820(S) 0.002(1) 59 07 3.416(59) 0.015(10)
2.821(5) 0.003(1) 8.0 + 1.1 3.401(52) 0.008(8)
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are largely reversible with very limited structural damage.
Second, when the charge/discharge cycle number is large (e.g,
nano-3 with 10C for 500 cycles), both the Co K edge shift to
lower energy and the longer Co—O1 bond length indicate that
Co is in a lower oxidation state rather than the expected Co®*
after full lithiation, as exhibited by other nanosamples (e.g.,
nano-1 and nano-2). It is well known that delithiation during
charging of micro-LiCoO, leads to oxidation of Co** to
become Co*" and the Co K edge displays a shift to higher
energy whereas lithiation during discharging results in the Co
K edge peak returning to its original position as Co*' is
reduced back to Co>*.”°~** Nano-1 and nano-2 samples follow
this normal trend exhibited by micro-LiCoQ,.”°~** However,
nano-3 with a large number of cycles at a high rate (10C)
displays anomalous behavior.

There are two likely mechanisms leading to the anomalous
behavior exhibited by nano-3. First, a recent study using total-
reflection XAS* has unambiguously revealed that when micro-
LiCoO, electrode is in contact with the carbonate electrolyte
during soaking, surface Co®" ions are reduced to Co* ions by
the electrolyte with the formation of a Li,Co;_,O (x < 1) layer
of ~3 nm and other reaction products of Li,CO; and/or
lithium alkyl carbonate. The Li,Co,_,O (x < 1) compound,
which contains Co** ions through the replacement of a Li* ion
by a Co®* ion and another Co*" located at the regular Co®
site, is oxidized to become Co;0, or other oxides in the
subsequent charging process but with insufficient reduction in
the discharging process. It is proposed that such a surface
deterioration mechanism can continue in the subsequent
charge/discharge processes, thereby leading to capacity decay
over charge/discharge cycles.”

Another mechanism that leads to the formation of Co* ions
for nano-3 is the overcharging effect induced by high charge
rates (10C). Although the upper cutoff voltage in charging is
only 43 V (vs Li*/Li) in this study, the real potential
experienced by the nano-LiCoO, cathode is actually higher
than 4.3 V (vs Li*/Li) because the high surface impedance of
LiCoO, would require high overpotential to operate at 10C,
exposing the cathode to a higher effective potential. The higher
potential experienced by the cathode of a half-cell (with Li
metal as the counter electrode) than the upper cutoff voltage is
a well-known phenomenon. For instance, even at the 1C rate, a
Li(NigsMng3Co,,)O, cathode has experienced a potential of
4.38 V (vs Li*/Li) when the half-cell upper cutoff voltage is at
4.30 V. In our case, the cathode potential will be much
higher than 4.3 V because the 10C rate is used and the
overpotential increases with increasing current. A high
overpotential means overcharging of the LiCoO, cathode
(i.e., beyond 50% charge with the cathode potential much
higher than 4.3 V vs Li*/Li). A recent study31 using electron
energy-loss spectroscopy has revealed that overcharging of
micro-LiCoO, cathodes results in the formation of a thin
cobalt oxide layer (changing gradually from the surface CoO to
the sub-surface Co;04) on the surface region of LiCoO,
particles, which is followed by an oxygen-deficient layer with
composition of Li,CoO,_s (0 < x < 0.05, 0 < § < 0.67) before
reaching the center of stoichiometric LiCoO,.”" In fact, the
formation of CoO-like phases and the loss of lattice oxygen are
found to initiate at 40% charge (namely, at ~4.1 V vs Li*/Li)
and the surface layer of CoO-like phases reaches ~5 nm after
the first charge of 60%.”" Repeated charge/discharge cycling
will cause the progression of Co**/Co** reduction with loss of
lattice oxygen from the surface region to the center of

particles.”’ Accordingly, Co**/Co?* reduction is expected to be
much more prominent for nano-LiCoO, than micro-LiCoO,
because nanoparticles have much larger surface area per unit
volume. As discussed before, the nano-LiCoO, in this study is
composed of 20 nm thick nanoplates whereas the micro-
LiCo0, has particle sizes ranging from ~3 to 10 gm. Assuming
that nanoplates and microparticles achieve CoO-like phases at
the surface region at the same rate, when an entire LiCoO,
nanoplate achieves CoO-like phases, a micro-LiCoO, particle
only has a 10 nm surface layer of CoO-like phases, which only
accounts for 0.3—0.1% of the entire micro-LiCoO, material. As
a result, the XANES spectrum of micro-LiCoO, cannot reveal
the presence of Co’* species even though surface deterioration
on achieving CoO-like phases occurs. The XANES spectra of
nano-1 and nano-2 do not exhibit the presence of Co®" species
either because they have only been subjected to relatively low-
rate (0.2C, 1C, and/or 3C) charge/discharge cycles with
limited cycle numbers (<S50 cycles), thereby limited formation
of CoO-like phases at the surface and the absence of Co**
species in their XANES spectra.

It should be mentioned that the two mechanisms for the
formation of Co?" ions discussed above are likely operating in
all LiCoO, samples. The first mechanism of reducing the
surface Co®" ions to Co®" by the electrolyte occurs
predominantly during soaking, whereas the second mechanism
of forming the CoO-like surface region due to overcharging
operates in every charge cycle. Furthermore, the higher the
charge rate, the faster is the progression of the CoO-like
surface region into the center of LiCoO, particles. This is the
reason why nano-1 and nano-2 samples do not exhibit Co**
species in their XANES spectra because their charge rates
(<3C) are lower than that experienced by nano-3 (10C). This
phenomenon also suggests that reducing the surface Co*" ions
to Co®" by the electrolyte during soaking does not produce
enough Co®" ions that can be detected by the XAS experiment
used in this study. As for micro-1 sample, it does not display
Co®" species in its XANES spectrum because the CoO-like
surface region only accounts for <0.3% of its entire material.
With these understandings, it can now be concluded that the
capacity decay of nano-LiCoQ, over charge/discharge cycles at
10C (Figure 4a) is due to the gradual loss in the charge storage
capacity as the CoO-like surface region grows into the center
of nano-LiCoO,. In contrast, the capacity decay of micro-
LiCoO, over cycles at 10C (Figure 4b) is related to the gradual
growth of the CoO-like surface region that slows down Li-ion
intercalation and deintercalation at the electrode/electrolyte
interface. For practical applications, since the mechanism of
reducing Co®" ions to Co’" starts at the surface, proper
coatings have the potential to prevent the formation of Co**
and thus minimize the capacity decay of nano-LiCoO, over
charge/discharge cycles at high rates. Such a potential has been
demonstrated with thin and uniform Al,O; coatings deposited
on submicron LiCoO, particles (200—700 nm in size) using
atomic layer deposition (ALD), leading to stable cycle stability
with no loss of the specific capacity for 200 cycles at 2.8C.° In
addition to this prior study, our group is currently investigating
a new wet-chemical coating method that has lower costs than
ALD but still offers significant improvement in the charge/
discharge cycle stability of nano-LiCoO,.”> The coating
material, method, and conditions, as well as the electro-
chemical improvement of coated nano-LiCoO, over pristine
nano-LiCoO, will be communicated in a future publication.””
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Before closing, it should be pointed out that although the
nano-LiCoO, in this study is synthesized using the method
established in ref 4, direct comparisons in the electrochemical
performance between ref 4 and the present study cannot be
made. This is due to the difference in the charge/discharge
protocol. The experiments conducted in ref 4 entailed charging
at 1C and then discharging at different rates, including 1C,
30C, SOC, and 100C, whereas the experiments in this study
have the same fast charging and discharging rates (i.e., at 3C or
10C) and thus are more close to practical applications wherein
fast charging is desired. Furthermore, only 20 cycles of
charging at 1C and then discharging at 10C were performed in
ref 4 whereas 500 cycles of fast charging/discharging at 10C
are conducted in this study. In spite of the difference in the
charge/discharge protocol, two observations can be made.
First, the discharge capacity (130 mA h g') of the first
charge/discharge cycle of this study with both charging and
discharging at 1C is similar to that reported in ref 4 (~125 mA
h g7'). Second, the specific capacity decay in 20 cycles of
charging at 1C and then discharging at 10C reported in ref 4 is
~32%, which is larger than the specific capacity decay of ~20%
in 5 charge/discharge cycles at 1C and then 15 charge/
discharge cycles at 3C in this study. Clearly, in both cases, the
fast decay in the specific capacity is not acceptable for any
practical applications and therefore coating strategy should be
pursued if nano-LiCoO, is to be utilized for high-power
applications. As pointed out before, such a coating strategy
with a novel wet-chemical method is currently under
investigation in our group and the preliminary result indicates
very promising results that will be communicated in a future
publication.*”

B CONCLUSIONS

Detailed analysis of the charge/discharge behavior of nano-
LiCoO, over 500 cycles at the 1C, 3C, and 10C rates has been
performed for the first time. The postmortem analysis of the
cycled nano-LiCoO, cathodes using a combination of XAS and
XRD has also been conducted, for the first time, to develop the
mechanistic understanding of the charge/discharge behavior of
nano-LiCoO, over 500 cycles at high rates. The behavior of
nano-LiCoO, has been compared with that of micro-LiCoO,
to identify the potential advantages of nano-LiCoO, over
micro-LiCoO, and the challenges faced by nano-LiCoO, for
high-rate applications. The following conclusions can be drawn
from this investigation.

(i) Galvanostatic charge/discharge cycles at 10C have
resulted in gradual structural damage to crystalline
nano-LiCo0O,, and eventually the structural damage is so
large after S00 charge/discharge cycles that crystalline
nano-LiCoO, has become amorphous.

(ii) XAS analysis shows that nano-LiCoO, after 500 charge/
discharge cycles at 10C has a severely damaged structure
with only a short-range order, consistent with the XRD
analysis.

(iii) XAS analysis also reveals the presence of Co®" species in
nano-LiCoO, at the fully lithiated condition after 500
charge/discharge cycles at 10C. The longer Co—O bond
length exhibited by nano-LiCoO, after 500 cycles also
indicates that Co is in a lower oxidation state rather than
the expected Co*" after full lithiation.

(iv) The specific capacity decay displayed by nano-LiCoO,
over charge/discharge cycles at the 10C rate is mainly

due to the gradual loss of the charge storage capacity of
nano-LiCoQ,, induced by the structural damage,
formation of CoO-like phases in the surface region,
and gradual progression of the CoO-like surface region
into the center of nano-LiCoO, particles over charge/
discharge cycles at 10C.

(v) The capacity decay of micro-LiCoO, over charge/
discharge cycles at 10C is, however, related to the
gradual growth of the CoO-like surface region that
gradually slows down Li-ion intercalation and dein-
tercalation at the electrode/electrolyte interface as the
cycle number increases.

(vi) The voltage plateau at ~3.85 V during discharge
becomes shorter for both nano- and micro-LiCoO, as
the discharge rate increases from 1C to 3C and finally
10C. This phenomenon is caused by slow intercalation
of Li ions at the electrode/electrolyte interface.

(vii) The rate-limiting steps for lithiation and delithiation of
nano- and micro-LiCoQ, are Li-ion intercalation and
deintercalation at the electrode/electrolyte interface.
Thus, to achieve the high-rate capability of LiCoO,, not
only LiCoO, particle sizes need to be reduced to
nanoscales but also the Li-ion intercalation and
deintercalation rates at the electrode/electrolyte inter-
face need to be enhanced.

(viii) The slow Li-ion intercalation and deintercalation at the
electrode/electrolyte interface is likely related to the
structural damage and/or the formation of CoO-like
phases in the surface region. Since the both degradations
above start at the electrode/electrolyte interface, proper
coatings have the potential to solve this problem as well
as minimizing the capacity decay of nano-LiCoO, over
long-term cycles at high rates.
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