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Li DIFFUSION AND HIGH-VOLTAGE CYCLING BEHAVIOR
OF THIN-FILM LiCoO, CATHODES

Y oung-1l Jang and Nancy J. Dudney
Solid State Division, Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831-6030, USA

Mass transport and thermodynamic properties of LixCoO» were studied by
the potentiostatic intermittent titration technique (PITT) using solid-state
thin-film batteries that provide a well-defined diffusion geometry. Both
the chemica diffusion coefficient and the thermodynamic factor have
minima at the phase boundaries of the Li/vacancy ordered phase
“Lip.sC00y". The sdlf-diffusion coefficient of Li hasaminimum at x = 0.5
associated with the Li/vacancy ordering. As the degree of ordering
increases, the nonmonotonic variations become more pronounced when
approaching x = 0.5 in LixCoO,. We dso show that thin-film LiCoO,
cathodes having grains of sub-micrometer size combined with the Lipon
electrolyte exhibit excellent capacity retention when charged upto 4.5 V.

INTRODUCTION

High-power applications of rechargeable Li batteries require fast Li ion mobility
within intercalation compounds. The a-NaFeO, structure of LiCoO, ensures a high
chemical diffusion coefficient of Li (D¢c) and in turn, a high rate capability. The structure
is based on a nearly cubic-close-packed arrangement of oxygen ions with Li ions and Co
ions aternatively occupying the octahedral sites between adjacent oxygen ion layers
(space group R3m) (1). The values of D in the literature vary from 10" 13 to 10 7 cn/sec
(2-16). This large difference is attributed to different assumptions for the geometrical
factors (diffusion length and cross-sectional surface area) used in the calculation of D¢
(13,14). In terms of both geometry and feasibility, thin-film electrodes combined with
solid electrolytes are ideal for diffusion studies (17).

Extraction of Li from LiCoO, occurs via severa phase transitions. In LixCoO,, two
hexagonal phases coexist for 0.75 £ x £ 0.93 (18), which has been attributed to the
insulator-metal transition upon Li extraction (19,20). At compositions near Ligp5C0o0O;, Li
ions are ordered in rows separated by rows of vacancies within the Li layers (18). Thisis
accompanied by a lattice distortion to a monoclinic symmetry (space group P2/m)
(18,21,22). A recent first-principles caculation has predicted that Dc and the self
diffusion coefficient of Li (Dg have a minimum a x = 0.5 due to Li ordering (23),
however, no such minimum has been observed a x = 0.5 in previous studies
(5,7,13,14,16).

Reversible delithiation in commercial LikCoO, batteries is typically limited to x ~
0.5 (corresponding to ~4.2 V vs. Li), which has been attributed to mechanical failure
associated with the large change in the ¢ parameter for x < 0.5 (24). It has been suggested
that electrochemical grinding above 4.2 V results in capacity loss as well as cobalt
dissolution in non-agueous liquid electrolyte (25). To increase the capacity and energy



density utilization, efforts have been made to enhance the cycling stability to voltages
above 4.2 V by surface treatment or doping of LiCoO, powders (26-29). Even though
such approaches can improve the capacity retention at high voltages, it generally incurs
high synthesis costs or lower specific capacities.

In this study, we employed solid-state thin-film Li batteries with LixCoO, cathodes
in order to measure D¢ based on a better-defined geometry than conventional powder
cathodes. We prepared LixCoO-, cathodes showing different degrees of ordering in order
to elucidate the effect of Li ordering on Dc and Ds The diffusion coefficients were
determined by the potentiostatic intermittent titration technique (PITT) (30,31). Here we
report that Ds does show a minimum at x = 0.5 with the minimum becoming clearer as
the degree of ordering increases. We discuss the effect of Li ordering on D¢ and the
thermodynamic factor of Li Q). We aso show that thin-film LiCoO; batteries exhibit
excellent capacity retention when charged up to 4.5 V. We discuss the cycling stability of
thin-film LiCoO, cathodes in high voltage ranges based on the strain and grain size
effects.

EXPERIMENTAL

Thin-film batteries with LiCoO, cathodes were fabricated as detailed elsewhere
(17,32). Pt and Ni films deposited on polycrystalline ALO3 plates were used as the
cathode and anode current collectors, respectively. Cathode films were deposited by radio
frequency (f) magnetron sputtering of LiCoO, targets in an Ar-O, amosphere and
annealed at 700-800°C for 2 h in O,. The electrolyte was amorphous lithium phosphorus
oxynitride (Lipon) of 1.5 nm thickness. Thermally vapor-deposited Li metal was used as
the anode. For the study of Li diffusion, we fabricated two batteries (A and B) with
LiCoO- cathodes showing different degrees of Li-vacancy ordering in the voltage range
between 4.05 and 4.2 V. The cathode thickness determined by profilometry and direct
observation of the fractured cell in a scanning electron microscope was 2.6:0.2 nm. This
value was used for the diffusion length. The thickness of cathodes used for the study of
high-voltage cycling behavior was 1.0+£0.1 nm.

Electrochemical characterization of the batteries was performed at 25°C using
Maccor battery test systems. For the study of Li diffusion, PITT measurements were
performed after the initial 20 cycles between 3.0 and 4.2 V. We applied a potential step
of 10 mV and measured the current as a function of time. The current decayed as the Li
ions diffused through the cathode film. When the current reached 0.5 mA/cn?, the
potential was stepped to the next level. This procedure was repeated between 3.86 and
4.2 V a both increasing and decreasing potentials, corresponding to Li deintercalation
and intercalation, respectively. For the study of high-voltage cycling behavior, the
batteries were first cycled 3 times between 3.0 and 4.2 V at 5 mA/cn?, followed by
cycling at 0.1 mA/cnt with various charge cutoff voltages of 4.2-4.5 V. Discharge cutoff
voltage was fixed at 3.0 V. To monitor change in cell resistance during cycling, discharge
was also performed between 3.0 and 4.2 V at various current densities of 0.1, 0.3, 0.5,
0.7, and 1 mA/cn. For each cycle, the batteries were charged at 0.1 mA/cn? to a cutoff
voltage and then held at the voltage until the current decreased to <1 mA/cnt.



RESULTS AND DISCUSSION

Li Diffusion

Figures 1(a) and (b) show the incremental capacity (DQ/DV) obtained by PITT at
25°C using the cells A and B, respectively. The incremental capacity is the capacity
accumulated on each potential step divided by the size of the potential step. The major
peak denoted “a” at ~3.9 V corresponds to a first-order transition between two hexagonal
phases (18,21). Two minor peaks (“b” and “c”) are aso seen above 4 V (see upper
insets), which are associated with order-disorder transitions at compositions near
Lip5C00O; (18). A deep minimum between the two peaks is a qualitative indicator of the
degree of Li ordering around Lip 5C0o0O; (33). Figure 1 shows that cell A has higher peaks
and a deeper minimum than cell B. This suggests that the degree of Li ordering in the
cathode of cell A is higher than that of B.

The lower insets of Fig. 1 show the titration curves obtained by integrating the
incremental capacities. Here we normalized our data so that the minimum in DQ/DV fals
at x = 0.5 and so that x = 1.0 corresponds to V = 3.84 V, based on the phase diagram of
LixCoO; in Ref. 18. Peaks in the plot of DQ/DV vs. voltage appear as plateaus in the plot
of voltage vs. x in LKkC0Ox.

In the composition range of 0.45 < x < 0.7 where LixCoO, exists as a single phase
having either a hexagonal or a monoclinic structure, the current during each potential step
decayed exponentially with time following an initial rapid increase. For example, Fig.
2(a) shows the time dependence of the current in the cell A when the voltage was
increased from 3.985 to 3.995 V. At long time, the expression for the current (1) as a
function of time (t) is known to be (14,31):

ZFS(CS - CO)DC exp(- pcht

0= L e

) [1]

Here F isthe Faraday constant, S the cross-sectional area common to both the electrolyte
and the cathode, L the thickness of the cathode film, and CsCo) the change in Li
concentration at the cathode-electrolyte interface during each potential step. We
caculated D¢ from the slope of the linear region in the plot of In I(t) vs. t (see inset of
Fig. 2(a)).

In the two-phase region (0.93 > x > 0.75), the current decay showed multiple-staged
transient behavior. This is demonstrated in Fig. 2(b) where the voltage of the cell A was
increased from 3.915 to 3.925 V. Such a transient behavior is attributed to a phase
boundary movement in the two-phase region (34). As the phase boundary movement
involves two diffusion terms associated with each phase (35), D¢ cannot be determined as
asingle value in the two-phase region.

Figures 3(a) and (d) show the plots of D¢ vs. x of LikCoO; for the cells A and B,
respectively. Uncertainty in thickness of the cathode films largely determined the
uncertainty of D¢, denoted by error bars in Figs. 3(a) and (d). The value of D¢ ranges
from 4 10! from 3 10 cnf/s in the composition range of 045 < x < 0.7, in
agreement with previous results obtained using thin-film cathodes or powder electrodes



with the diffusion length determined by the particle size (9,12-14). These results suggest
that the early data of D¢ on the order of 10" °-10"° cnf/s were overestimated by neglecting
the permeation of liquid electrolyte into powder electrodes and carbon additives that
shorten the actual diffusion lengths.

Dc monotonically increases as x decreases from 0.7 to 0.55, consistent with the
previous reports (3,5,13,14). However, in the composition range near Lip sC0o0O; (0.45 < x

<0.55), variation of D¢ with x is more complex. Note that the plot of D¢ vs. x shows two
minimaat x = 0.53 and 0.48 (Fig. 3(a)). These compositions correspond to peaks “b” and
“c” in the incremental capacity plot (Fig. 1(a)), which are associated with the order-
disorder transitions at compositions near Lip 5C00O- as mentioned above.

Assuming that the transport phenomena in LixCoO- is dominated by Li ions and
electrons, D¢ can be expressed as a product of Ds, Q, and the electronic transference
number (te) (36). As LikCoO, (0.45 < x < 0.7) is predominantly an electronic conductor
(19,20), so that te » 1, we have smply:

flna,
Tinc,,

D. = DsQ =Ds [2]

Q can be determined independently from the titration curves according to the following
expression (31):

_Tlna; = Fxadv

Tinc; RT dx

Q [3]

HereV is the voltage, R the gas constant, and T the absolute temperature. We calculated
- dVv/dx from the lower insets of Fig. 1 and plotted Q vs. x of LixCoO» for the cells A and
Bin Figs. 3(b) and (e), respectively. Interestingly, the x dependence of Q is similar to that
of D¢, suggesting that the latter is mainly determined by the former. Like DQ/DV in Fig.
1, - dx/dV has loca maxima at the phase boundaries (not shown here), therefore, Q and,
in turn, Dc have minima at the phase boundaries represented by the dashed linesin Fig. 3.
As evident from Fig. 3, the cell A exhibits more pronounced minimain both Dc and Q
than the cell B. Because the cell A has a higher degree of ordering than the cedll B, it is
clear that the existence of minimain Dc and Q is associated with the order-disorder
transitions.

We calculated Ds usng EQ. 3; the results are shown in Figs. 3(c) and (f) as a
function of x in LiCoO; for the cells A and B, respectively. The uncertainties in Ds are
large, but nearly a constant over the entire composition range. Note in Fig. 3(c) that Ds
has a minimum at x = 0.5, consistent with the prediction of Ref. 5. As discussed in Ref.
23, the occurrence of this minimum is attributed to a higher activation energy associated
with Li jumps in ordered Lips5C0oO,. Comparing Fig. 3(c) with (f), the well-ordered
Lip.5C00, cathode of A exhibits a more pronounced minimum in Ds than the less-ordered
cathode of B. The minimum in Ds is barely seen in Fig. 3(f), suggesting that the
activation energy barrier confining the Li ions to ordered sites is lower in the disordered



Lip.5C00,. Note that the minimum in Dsat x = 0.5 in Fig. 3(c) is less pronounced than the
predicted minimum in Ref. 23 by two orders of magnitude. This can be explained by less-
than-perfect Li-vacancy ordering. As Dsisaproduct of Dsand Q, a reduced minimum in
Ds can result in a reduced minimum in Dc. As Q has a maximum at X = 0.5, a reduced
minimum in Ds can even result in a maximum as shown in Fig. 3.

From the values of Dsin our result, the partial ionic conductivity of Li (s.;) can be
calculated using the Nernst-Einstein equation (37). sy is determined to be »10°® S/cm in
the composition range of this study. As the total electrical conductivity is »10 S/cm in
this %omposition range (20), the ionic transference number of Li (t.;) is determined to be
»10 ",

High-Voltage Cycling Behavior

Figure 4 shows the charge-discharge curves of a cell cycled at 0.1 mA/cn? in
various voltage ranges. The charge cutoff voltage was varied between 4.2 and 4.5 V,
while the discharge cutoff voltage was fixed a 3.0 V. Inset of Fig. 4 shows the
corresponding differential capacity plots during charge and discharge. Peaks "a" and 'b"
are associated with the order-disorder phase transitions at compositions around Lip sCoO-
(18). The heights of peaks 'a" and 'b" and the depth of minimum between the peaks do
not change significantly with cycling. This indicates that the degree of Li/vacancy
ordering in the monoclinic phase remains amost constant even after cycling between 3.0
and 4.5 V. Inset of Fig. 4 shows that an additional peak starts to develop at >4.4 V,
marked "c". The peak "c" is attributed to formation of a second phase. Ohzuku and Ueda
(21) and Amatucci et al. (38) reported that the two-phase region at ~4.5 V (0.15 < x <
0.25 in LixCoOy) consists of a hexagonal phase and a monoclinic phase due to the Jahn-
Teller distortion associated with low-spin Co** ions, while Yang et al. (39) reported that
the two-phase region consists of two hexagonal phases.

Figure 5 shows the discharge capacity of the cell in the various voltage ranges.
Table | shows the capacity fade per cycle in percentage of the initial discharge capacity in
each voltage range. We determined the capacity fade rate by linear regression for each
voltage range. The cell exhibits excellent cyclability with a capacity fade rate of £0.04%
per cycle when charged up to 4.5 V. By extending the charge cutoff voltage from 4.2 to
4.5 V, the discharge capacity and energy density utilization increased by 35% and 38%,
respectively, at 0.1 mA/cnt. Considering previous results in the literature, such a degree
of capacity retention is remarkably high for LiCoO, cathodes in the high voltage range.
For example, uncoated LiCoO, powdersin Refs. 27 ad 28 retained only 47% of the initial
capacity after 50 cycles between 2.75 and 4.4 V at 0.5C rate (1C = 140 mA/g). In the
present work, a thin-film LiCoO, cathode retained 98% of the initial capacity after 100
cycles between 3.0 and 4.4 V at 0.1 mA/cn?, corresponding to 0.7C rate (see Fig. 6). In
general, capacity fade appears to be more rapid when measured at higher current
densities. We can therefore conclude that our thin-film LiCoO, cathodes clearly show
excellent capacity retention compared to conventional powder samples.

Generdly, fracture of electrochemically active materials occurs during cycling
unless the strain is zero such that the lattice dimensions do not change during the Li
insertion and extraction (40). However, electrochemical cycling behavior is significantly
improved when the initial particle size is very small (41). Huggins and Nix reported that



there is a critical particle size dc) below which fracture does not occur (42). It was
previously reported that when LiCoO; particles of 0.5 nm size were cycled between 2.5
and 4.35 V, approximately 20% of examined particles were fractured (43).
Approximately 80% of the initial capacity was retained after 50 cycles in Ref. 43. The
grain size of the present thin-film LiCoO, cathodes was determined to be 0.2-0.3 nm by
scanning electron microscopy (see Fig. 7). Therefore, it can be suggested that 0.3 mm <
dc < 0.5 mm for LiCoO, with 1.8% change in the ¢ parameter when charged up to 4.4 V.
For direct observation of cycled cathode films, TEM study isin progress.

CONCLUSIONS

The chemical diffusion coefficient (Dc) and the thermodynamic factor Q) of Li
were determined by the potentiostatic intermittent titration technique (PITT) in the
single-phase regions of LikCoO; (0.45 < x < 0.7). In order to provide a well-defined
diffusion geometry, we used solid-state thin-film batteries in this study. Both Dc and Q
monotonically increase with decreasing x for 0.7 > x > 0.55, but then vary with x in a
more complex pattern in the composition range near Lip5C00,. Minima in Dc and Q
were observed at the phase boundaries of the Li-vacancy ordered phase LigpsC00,. From
D¢ and Q, we calculated the self-diffusion coefficient of Li (Dg) asafunction of x. Ds has
aminimum at X = 0.5. The variations of D¢, Q, and Ds near the composition of Liyp5CoO;
become more pronounced as the degree of Li-vacancy ordering increases in Lip 5C0O5.

We show that thin-film LiCoO, batteries exhibit excellent capacity retention when
charged up to 4.5 V. The cycling stability of thin-film cathodes in the high voltage ranges
can be explained based on the strain and grain size effects. It is suggested that the critical
particle size (dc) for LiCoO, below which fracture does not occur is that 0.3 nm < dc¢ <
0.5 mm. Significant increase in discharge capacity and energy density utilization has been
achieved by extending the charge cutoff voltage from 4.2 to 4.5 V (35% and 38%,
respectively, at 0.7C rate). The present study exemplifies the usefulness of a thin-film
approach in developing LiCoO, batteries with higher capacity and energy density by
enhancing the high-voltage cycling stability.
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Figure 1. Incremental capacities OQ/DV) obtained by the potentiostatic intermittent
titration technique (PITT) at 25°C using the cells (&) A and (b) B. Refer to the text
regarding the peak denotations. Lower insets show the titration curves obtained by
integrating the incremental capacities.
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ordinates are on a logarithmic scale. The dashed lines indicate the phase boundaries of
the Li-vacancy ordered phase. (a), (b), and (c) correspond to cell A, while (d), (e), and (f)
cdl B.
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Figure 5. Discharge capacities with the various charge cutoff voltages of 4.2, 4.25, 4.3,
4.35, 4.4, 4.45, and 4.5 V. The discharge cutoff voltage was fixed at 3.0 V. All the cycles
were performed at 25°C. (@: 0.1 mA/cnt in various voltage ranges; O, D, O, N, and <
correspond to 0.005, 0.3, 0.5, 0.7, and 1.0 mA/cnt between 3.0 and 4.2 V, respectively.)
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Figure 6. Discharge capacities with charge cutoff voltages of 4.2 and 4.4 V. The
discharge cutoff voltage was fixed at 3.0 V. All the cycles were performed at 25°C.
Capacity fade rate per cycle in each voltage range is noted percentage. (@: 0.1 mA/cnt
in various voltage ranges; O, D, [J, N, and < correspond to 0.005, 0.3, 0.5, 0.7, and 1.0
mA/cnt between 3.0 and 4.2 V, respectively.)

Figure 7. Plan-view SEM micrograph of LiCoO, cathode film.
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