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Abstract: Recently, battery technology has come to require a higher rate capability. The main difficulty in
high-rate charge—discharge experiments is kinetic problems due to the slow diffusion of Li-ions in electrodes.
Nanosizing is a popular way to achieve a higher surface area and shorter Li-ion diffusion length for fast
diffusion. However, while various nanoelectrodes that provide excellent high-rate capability have been
synthesized, a size-controlled synthesis and a systematic study of nanocrystalline LiCoO; have not been
carried out because of the difficulty in controlling the size. We have established the size-controlled synthesis
of nanocrystalline LiCoO; through a hydrothermal reaction and, for the first time, clarified the structural
and electrochemical properties of this intercalation cathode material. Lattice expansion in nanocrystalline
LiCoO, was found from powder X-ray diffraction measurements and Raman spectroscopy. Electrochemical
measurements and theoretical analyses on nanocrystalline LiCoO; revealed that extreme size reduction
below 15 nm was not favorable for most applications. An excellent high-rate capability (65% of the
1 C rate capability at 100 C) was observed in nanocrystalline LiCoO, with an appropriate particle size of
17 nm.

Introduction ficient, Dyj, in cathode material LiCofwas estimated at 16
cn¥/s from electrochemical impedance spectroscopgised on
this value, a discharge process (intercalation of lithium-ions)
of 1 s requires a lithium-ion diffusion length of below 15 nm,
i.e., a particle size below 30 nm. While many groups have
reported nanocrystalline LiCaGsynthesized through a post-
templating method, a sol-gel methodf® a spray-drying
method!® a coprecipitation methot, and a hydrothermal
method!?~15 a precisely size-controlled synthesis and a sys-
tematic study of nanocrystalline LiCo®ave not been carried

To use nanoelectrodes is one of the effective ways to gyt pecause of the difficulties in controlling the size. In this
overcome this problem. Their higher surface area and shortergyticle, we describe the systematic synthesis of nanocrystalline
Li-ion diffusion length due to small particle size should | jco0, , which could be widely applicable to the systematic
contribute to the higher-rate capability. In this context, various synthesis of other cathode nanoparticles, and present the first

nanoelectrodes that have a high-rate capability have beencomplete study on its structural and electrochemical properties.
synthesized> For example, the lithium-ion diffusion coef-

Li-ion rechargeable batteries are widely used for consumer
electronic devices, like cellular phones and portable computers.
Although, their high voltage, portability, and excellent cycla-
bility have contributed to the commercial success of Li-ion
rechargeable batteries, new applications, like hybrid electric
vehicles, require a higher chargdischarge rate capability. For
the higher rate capability, we should tackle a kinetic problem
due to the slow diffusion of Li-ions in electrodes.
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Table 1. Selected Synthetic Conditions and Obtained Products 4000
reaction reaction crystallite size @
temp time [LiOH] (thickness) phase =
(°C) (h) (mollL) (nm) composition cla _
=
170 12 0.1 27 LiCo®@ 4.9917 1000 g
170 12 1 17 LiCoQ 4.9816 S
170 12 5 1 LiCo@  5.0057 = P
150 12 0.1 32 LiCo@ 4.9798 s & § SZs5
150 12 1 11 LiCoQ 4.9849 = T g < =
150 12 5 9 LiCoQ 4.9959 ) l = l M l
120 12 1 - CoOOH - 2 2000 2K l l A
120 12 5 7.4 LiCo@ 5.0026 g
120 9 5 6 LiCoQ 5.0048 ‘E
120 6 5 5.7 LiCoQ 4.9938 -
100 12 5 - CoOOH - n M
1000 42 J
Experimental Section A M
All reagents and bulk LiCo©were purchased commercially. COOOH 7m A
with a thickness of 8 nm was synthesized by using an air oxidation 11 nm N MA,_/\_/MWA
method!® A dilute aqueous solution (100 mL) of Co(N@6H.0 (5.82 050 ; e s
g, 0.02 mol) was slowly added to 100 mL of an aqueéuM NaOH 20 204?degree) 60 80

solution. The resulting pink Co(Ok¥uspension was poured into 1800
mL of water, and then the mixture was stirred in air for one night,
affording a brown CoOOH precipitate. The precipitate was centrifuged,

Figure 1. Selected powder X-ray diffraction patterns for nanocrystalline
LiCoO,. The diffraction patterns of bulk LiCofare also depicted.

washed with water twice, and then dried at®in vacuum for 12 h

to give nanoplatelet CoOOOH. Nanocrystalline LiGo@as synthesized 14.20 7

through a hydrothermal reaction. CoOOH (184 mg, 2 mmol) was stirred 14.15 iS

in 30 mL of an aqueous LiOH solution to give a colloidal suspension. ~ §

The resulting suspension was placed in a stainless steel autoclave, antﬁ 14.10 — )

then the suspension was heated to induce a hydrothermal reaction. After ° o

the reaction, the resulting precipitate was collected by centrifugation,  14.05 X %@ o]

washed with water twice, and then dried at E@in a vacuum for 12 o o

h to give nanocrystalline LiCo9 14.00 7 »
Powder X-ray diffraction measurements were carried out on a Bruker 2830 “

D8 Advance using Cu & radiation in steps of 0.0lover the 2 range 2.825 §

of 5—80°. The unit cell parameters were calculated by the least-square ~

fitting. Raman spectra were recorded in the backward geometry on a 52820 ) o -

NIHON BUNKO Ventuno spectrometer (NSR-1000DT) at room ) @Q i

temperature. Excitation was carried out on the powder samples using  2.815 — ] @ o) o]

the 632.8 nm wavelength line from a Hble laser. TEM measurements [}

were carried out on a JEOL JEM-2100F (200 kV). BET surface area  2.810 2

with N, adsorption was measured on a BEL JAPAN Belsorp plus 18. 98.0 —

DC magnetic susceptibility was measured on a Quantum Design 075

MPMS5 SQUID susceptometer with a field of 5000 G. The magnetic "

susceptibility was corrected for the core diamagnetism estimated from ‘< 97,0 =

Pascal’s constants-@.50 x 10° emu/mol). Li/Co ratio in nanocrys- INg @

talline LiCoO, was estimated by inductively coupled plasma atomic 96.5 ofae @ 2

emission spectroscopy (ICP-AES) on a RIGAKU CIROS-120. 96.0 [0}
Each sample (50 mg) was ground with acetylene black (45 mg) and | | | | 2 |

Teflon (5 mg) into a paste and used for the electrochemical measure- 10 20 10 10 bulk

ments. Generally speaking, normal electrodes in commercial Li-ion crystallite size (nm)

rechargeable batteries contain only 5% of conductive materials. Figure 2. Crystallite size dependence of the unit cell parameters of
However, our scope of this paper was focused on the estimation of the nangcrystalline LiCo@

high-rate Li-ion intercalation in nanocrystalline LiCaeCFrom this

viewpoint, we used 45% of the conductive material for bulk LiGoO  for jithium deintercalation at high rates becomes higher than that at 1
as well as nanocrystalline LiCo order to improve the conductivity ¢ rate, the capacity values obtained from the high-rate charging could
of the electrodes. The high conductivity suppressed some unfavorablenot e compared even if we added 45% of the conductive material. In
problems in the high-rate experiment like an IR drop. Lithium metal orqer to evaluate an accurate Li-ion diffusion, charging was carried
was use_d as the reference :_and counter electrodes. For the electrolytey ; gt 1 C rate, and only the discharging was performed at a high rate.
a 1 M LICIO; EC/DEC solution was used. The cutoff voltages were gy ysing this method, the overpotential problem was avoided, and Li-
4.2V for charging (deintercalation of Li-ions from LiCejCand 3.0 V ion diffusion was accurately measured for each sample.

for discharging (intercalation of Li-ions into 44C00;). In the high-

rate measurement, there was an overpotential problem. Since the voltagéresults and Discussion

(16) Pralong, V.; Delahaye-Vidal, A.; Beaudoin, B.; Gerand, B.; Tarascon, J.- NanocrySta_”me LiCo@was SynthESIZGd throth a hyd_ro'
M. J. Mater. Chem1999 9, 955. thermal reaction between CoOOH and an aqueous solution of
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Figure 3. (a, b) TEM images of nanocrystalline LiCe@L7 nm). (c, d) TEM images of nanocrystalline LiCo(® nm). (e) Representative SEM image of
nanocrystalline LiCo® (17 nm). (f) representative SEM image of nanocrystalline Lig¢®Dnm).

LiOH. Although the hydrothermal synthesis has been applied concentration of LiIOH solution, a higher reaction temperature
successfully for the synthesis of LiCe®y some group$?—15 is needed to give LiCo®

an accurate control of the crystallite size has not been carried The resulting products were characterized by using pow-
out. By varying the reaction temperature, the concentration of der X-ray diffraction. Selected powder X-ray diffraction
the LiOH aqueous solution, and the reaction time, we could patterns are depicted in Figure 1. All of the peaks corre-
accurately control the crystallite size of LiCaQable 1 presents  sponded to LiCo@*’ which indicates the formation of pure
the selected experimental conditions and the resulting products.LiCoO..

The hydrothermal reaction wit5 M LiOH solution produced
LiCoO; even after heating at 120 for 6 h. On lowering the (17) Rossen, E.; Reimers, J. N.; Dahn, J.Rlid State lonic4993 62, 53.
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From the powder X-ray diffraction patterns, we calculated 40
the unit cell parameters for each sample. It should be pointed 17nm
out that the lattice parameters depend on the crystallite size. 5
The values ofa, ¢, andV are plotted as a function of the & 20
crystallite size ) in Figure 2. Compared to bulk LiCo(a = é
2.8122(8) Ac = 14.025(7) A, and/ = 96.06(7) &), the values 107 ?
of a, ¢, andV with a particle size of 6 nm increased to 2.820(1) ¢ | 7B
A, 14.12(2) A, and 97.24(13) A respectively. The solid line So— ! I ! ! 11 nm
in Figure 2 was fitted to/(L) = Vo + k/L2, whereVy = 96.3 S a0
A3 andk = 36.7 A3 - nm?. ;’30_
As mentioned in previous report$ stoichiometric LiCoQ 3 5
crystallizes in two phases, i.e., a layeredNaFeQ-type 10 %
structure (hexagonaR3m) and a spinel-type structure (cubic, 6 —
Fd3m). Since the powder X-ray diffraction patterns are similar S0 ' ! ' ' 6 nm
to each other, it is difficult to distinguish between the two S a0
structures from the powder X-ray diffraction patterns at a glance. %30 |
However, the ratio between the lengths of th@ndc axes, §20_
c/a, is known to be a good indicaté?.While c/a for a spinel © o]
structure is about 4.9@/a for a layered structure is about 5.00. 17
As seen in Table 1¢/a for all products is about 5.00. This 0 ; I I 2'0 s

indicates that the hydrothermal reaction provided the layered
LiCoOs,.

(003) and (110) peaks. The (003) peak, which is the stacking
direction of the CoQlayers, gave crystallite sizes varying from

0 15
Crystallite size (nm)

Figure 4. Thickness distributions of nanocrystalline LiCo(®, 11, and
The crystallite size of the products was estimated from the 17 nm, respectively).

6 to 32 nm, while the (110) peak, which is the width of the

CoQ;, layers, gave larger crystallite sizes from 30 to 60 nm.

The estimated crystallite sizes were confirmed by using
transmission electron microscopy (TEM). In Figure 3a and b -
show the TEM images for nanocrystalline LiCg®f which
the crystallite size was estimated to be 17 nm from the (003) o
peak and 40 nm from the (110) peak. As seen in Figure 3a, the ®
product had a nanoplatelet morphology, and the width of the ~
CoG, layers was about 40 nm. In Figure 3b, the Gd&yers
are shown. The number of CeQayers was 32, which
corresponded to a thickness of 15 nm (0.47 rn32 layers). 1
The observed values agreed with the estimated values. In Figures

3, ¢ and d show the TEM images of smaller nanocrystalline
LiCoO;, with a thickness of 9 nm from the (003) peak. The 17

CoQ; layers observed in Figure 3d had a thickness of 8 nm.

io (%6).

Co(II) rat

The observed values agreed with the estimated values by powder

)}
«

O

X-ray diffraction. In addition, the hexagonal layered platelet
morphology strongly indicates that the obtained LiGo®
layered LiCoQ.

The observed nanoplatelet morphology also explains the
relatively weaker (003) peak than the (104) peak. Generally, as
mentioned by Myung et al the weak (003) peak indicates
the spinel character of LiCoOHowever, since the number of
the unit cell along the (003) direction is smaller than that along
the (104) direction in the nanoplatelet morphology, the relative
intensity of the (003) peak becomes weaker even if LigoO
has a layered structure.

Although the TEM images shown in Figure 3 were consistent
with the estimated values by powder X-ray diffraction, it is no
clear how representative they are. Therefore, the thickness
distribution in the TEM images was counted for the compounds
with the thickness of 6, 11, and 17 nm, respectively. Figure

(18) Gummow, R. J.; Thackeray, M. M.; David, W. I. F.; Hull, Bater. Res.
Bull. 1992 27, 327.

(19) Myung, S. T.; Kumagai, N.; Komaba, S.; Chung, H.JT Appl. Electro-
chem.200Q 30, 1081.

T
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Figure 5. Crystallite size dependence of the Co(ll) ion ratio in nanocrys-
talline LiCoQO,. The solid lines are the calculated results (see text).

shows the thickness distribution for each compound. As shown

in Figure 4, the compounds with the thicknesses of 6, 11, and

17 nm have a thickness distribution o462, 10+ 2, and 15

+ 3 nm, respectively. In fact, the representative SEM images

of nanocrystalline LiCo@with the thickness of 17 nm (Figure

3e) and 9 nm (Figure 3f) show the uniform sizes of the

t hanoplatelets. Furthermore, the large BET surface areas were

determined to be 31.9 #y (the compound with the thickness

of 17 nm), 65.3 g (11 nm), and 78.1 Ag (8 nm),

4 respectively. All these results demonstrate that we could control

the particle size of LiCo@precisely.
As shown in Table 1, the smaller particle was obtained by

using higher LiOH concentration, shorter reaction time, or lower
reaction temperature. These crystallite size dependencies clearly

m VOL. 129, NO. 23, 2007 7447
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Figure 6. Selected Raman spectra of nanocrystalline Lico®e Raman (b)
spectrum of bulk LiCo®@is shown for comparison.
4.0 -
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Figure 7. Crystallite size dependence of the Raman peak positions. Dotted
lines and solid lines are calculated and fitted results, respectively (see text).

T T T T T T T T
0 20 40 60 80 100 120 140
capacity (mAh/g)

Figure 8. Crystallite size dependence of (a) the first charge curves for
LiCoO; (bulk, 11 and 6 nm), (b) the second discharge curves for LiCoO
in various size.

still not fully understood. For example, lattice expansion in €eO
has been attributed to the electrostatic force reduction ac-
companied by a charge reduction in the Ce ions, while that in
BaTiO;z is ascribed to an unknown change in the-T bonding
charactef? In our case, magnetic susceptibility measurements
clarified the origin of the lattice expansion. The magnetic
susceptibility of the nanocrystalline LiCe@vas measured by
SQUID. TheyT value at room temperature increased with a
decrease in the crystallite size. Since the Co(lll) ion in LiGoO

is diamagnetic §e,°), the increase in theT value was ascribed

indicate that the reaction mechanism is not a simple ion- t©© high-spin Co(ll) ions f°es”, S = %>). Figure 5 shows the

exchange process but rather a dissoluticetrystallization

crystallite size dependence on the amount of Co(ll) ions. The

process. This mechanism allowed us to control the crystallite solid line in Figure 5 indicates the calculated result, assuming

size by varying the reaction conditions.
Concerning the lattice expansion in nanocrystalline LigoO

similar lattice expansion depending on the particle size has beerd

observed for BaTig° and Ce®;2! however, the mechanism is

(20) Tsunekawa, S.; Ito, S.; Mori, T.; Ishikawa, K.; Li, Z.-Q.; Kawazoe, Y.
Phys. Re. B 200Q 62, 3065.

(21) Tsunekawa, S.; Sivamohan, R.; Ito, S.; Kasuya, A.; Fukuddamostruct.
Mater. 1999 11, 141.

7448 J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007

that 20% of the cobalt at the surface layer is Co(ll) ion. Since
the Co(Il)-0O distance is longer than the Co(HP distance

ue not only to the electrostatic force reduction but also to the
antibonding character of the electron occupying theréital,

the existence of Co(ll) ion can explain the lattice expansion in
nanocrystalline LiCo@

(22) Tsunekawa, S.; Ito, S.; Mori, T.; Ishikawa, K.; Li,ZQ.; Kawazoe, Y.
Phys. Re. Lett. 200Q 85, 3440.
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Figure 9. Expected discharge curves for bulk LiCp@nd nanocrystalline LiCo (a) Expected discharge curve for bulk LiCo@nsets) Ideal structure
and the distribution of the site energy. (b) Expected discharge curve for nanocrystalline,L{@®8ts) Disordered structure and the dispersed distribution
of the site energy.

The existence of Co(ll) ion implies nonstoichiometry like that Raman bands at about 590 cthand 480 cm?. On the basis
of LiCo(ll) sCo(l1)1-502-5(OH)s due to the residual hydroxyl  of factor group analysis on the space grdg@m, these two
groups of CoO(OH¥ or Li1+sCo(I1)sCo(lll)1-sO. due to excess  bands were attributed to the €E® stretching Ay mode and
Li-ions at the surface. On the basis of the ICP measurement,the O-Co—O bending § mode, respectivel§
the Li/Co ratio in the compound with the thickness of 8 nm After comparing the Raman spectra more carefully, we
was determined as 1.18. This suggests that nanocrystallinedetermined that there was a systematic change in the peak
LiCoO; has the nonstoichiometry of LisCo(Il)sCo(lll)1-50-. position of these two Raman bands. Figure 7 shows the relation
Lattice expansion was also observed by using Raman between the Raman peak positions and the inverse of the
spectroscopy. Figure 6 shows selected Raman spectra forcrystallite size (71), as determined by the (003) peak from
nanocrystalline LiCo@with thicknesses from 6 to 27 nm. Also  powder X-ray diffraction. The top-axis scale in Figure 7 is
shown for comparison is the Raman spectrum for commercial the crystallite sizel(). By using the above value &f(L) (=
LiCoO;,. Our samples and commercial LiCe®ad two strong 96.3+ 36.7L2) and the previously reported Greisen constants

(23) Amatucci, G. G.; Tarascon, J. M.; Larcher, D.; Klein, L. lid State (24) Inaba, M.; Todzuka, Y.; Yoshida, H.; Grincourt, Y.; Tasaka, A.; Tomida,
lonics 1996 84, 169. Y.; Ogumi, Z.Chem. Lett1995 10, 889.

J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007 7449
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(0.79 for the Ag mode and 1.15 for the Emode)?® the 140 P

. . . P surface layers
crystallite size dependencies of the Raman frequency shifts were — 5 surface layers
determined to bes = (590.5— 177.8)L2 for the A;g mode 120 O experimental
andw = (480.2— 210.0)L? for the E; mode. The calculated
results are shown in Figure 7 as dotted lines. Comparing the ~ ,, _|
calculated results with the experimental data, the observed
frequency shift in the Ay mode was much less than that
expected from the lattice expansion model. It is clear that the
lattice expansion model is not sufficient to explain the crystallite
size dependence of the frequency shifts. Therefore, another
contribution, i.e., the phonon confinement effect, should be
considered. 404

Generally speaking, the Raman peak position and line width :
for a nanocrystalline material are affected by phonon confine- 20
ment. In bulk defect-free crystalline materials, oy= 0 :
phonons are Raman active. Contrary to this, in the case of a 0, : : | : W’Ww’”l |
nanocrystalline materiaj vectors in the range okq = 1/L (L 0 5 10 15 20 25 30
= crystallite size) become Raman active due to the uncertainty Crystallite size (nm)
principle, which results in the frequency shift and broadening. Figure 10. Crystallite size dependence of the capacity for the inner layers.
The phonon confinement model studied by Richter & tat The lines represent the calculated results assuming that five (solid line) or

et six (dotted line) layers from the surface show a fluctuatiore.irffinset)
\(;V:jsefétzr?\iidst&c?rir;pf?glrlnand Fauéhgbnerates the first Typical fitting result (17 nm). The broken line and solid lines denote the

experimental results and fitting results, respectively.

80 —

60 —

Capacity (mAh/g)

T
') ')

2 2
exp{ 83 ) d'q the agreement between the calculated and experimental results
l(w) = fBz T,\2 was better in this case and is consistent with the lattice
(0 — w(q)*+ (E) expansion.

In the above discussion, it was shown that the structural
nanosize effect occurred in nanocrystalline LiGoQt is
important to know whether the structural nanosize effect affects
the electrochemical properties. In this section, the electrochemi-

where the integration is carried out over the Brillouin zone,
w(q) is the phonon dispersioff, is a confinement parameter,

andlo is the natural _Ilne width. . cal properties of nanocrystalline LiCge@re discussed.
_ Inthe phonon confinement model, itis well-known thatthere g re 84 shows the first charge curves for three compounds
is a linear correlation between the Raman frequency shift and (bulk, 11 and 6 nm) &L C rate (deintercalation of Li-ions in 1

L%, where o is a scaling exponent equal td2 (d = p | general, the first charge curve for the spinel LiGsBows
dimensionality}® In fact, analyses on three-dimensional materi- ¢4 o charging voltages around 3.4 and 3.8 V, whereas that

als, such as silicéfi and gallium arsenidé yielded a scaling  for the Jayered LiCo@shows the charging voltage above 3.9
factor of about 1.5, whereas analyses on two-dimensionaly 32 The observed charging process at lower voltage for
materials, such as graphiteand boron nitridé} yielded a  anocrystalline LiCo@normally suggests the spinel character
scaling factor of about 1. Since LiCe@s a two-dimensional o the compounds. However, we should note that we are dealing
material, the relationship between the Raman frequency shifts,iih nanocrystals, whose structural property is different from
and the inverse of the crystallite size is expected to be linear. inat of the bulk one. In fact. TEM. Raman spectroscopy, and
Thus, by combining the lattice expansion model and the phonon yoyyder X-ray diffraction analysis supported the layered char-
confinement effect, we fitted the experimental data with= acter of nanocrystalline LiCoQTherefore, the intercalation of

590.5+ ki/L — 177.8L2 for the Ay mode andy = 480.2+ Li-ions at lower voltage should suggest the nanosize effect on
ko/L — 210.0L? for the By mode. The first term is the Raman  the electrochemical property of LiCeO

frequency for the bulk crystal, the second term is the contribution  Figyre 8b shows the discharge curves for various nanocrys-
from the phonon confinement effect, and the last term is the {5)jine LiCoO, (bulk, 6 nm) @ 1 C rate. Capacitor behavior
contribution from the lattice expansion effect. The solid lines pecame more dominant with decreasing crystallite size, while
in Figure 7 represent the least-square fitting results itk the plateau region at 3.9 V (the capacity for the inner layers)
26.0 nm cn* for the A mode andk; = —33.3 nm cm* for decreased. Assuming the electric double-layer capacity to be
the E; mode. Calculated and experimental results for the A 30 ,F/cn?, the electric double-layer capacity for each compound
mode agreed when the phonon confinement effect was included.can pe calculated from the BET surface area as 2.6 mA h/g (17
For the iy mode, although the lattice expansion model is good, nm), 5.4 mA h/g (11 nm), and 6.4 mA h/g (8 nm), respectively.
These values are so small that we can neglect the contribution

(25) g g 02 - Kune. K.; Syassen, K.; Amboage, Rhys. Re. B 2005 from the electric double-layer capacitor, and the increasing
(26) Richter, H.: Wang, Z. P.: Ley, LSolid State CommurL981, 39, 625. capacitor behavior is ascribed to the nanosize effect on the

(27) Campbell, I. H.; Fauchet, P. Mbolid State Commurli986 58, 739.
(28) Doss, C. J.; Zallen, RPhys. Re. B 1993 48, 15626.

(29) Gargouri, M.; Prevot, B.; Schwab, @. Appl. Phys1987, 62, 3902.
(30) Nakamura, K.; Fujitsuka, M.; Kitajima, M?hys. Re. B 199Q 41, 12260. (32) Santiago, E. I.; Andrade, A. V. C.; Paiva-Santos, C. O.; Bulhoes, L. O. S.
(31) Nemanich, R. J.; Solin, S. A.; Martin, R. ®hys. Re. B 1981, 23, 6348. Solid State lonic2003 158 91.

intercalation of Li-ions.

7450 J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007



Size-Controlled Synthesis of Nanocrystalline LiCoO, ARTICLES

Generally speaking, the site energy) (for the Li-ion (a)
intercalation in a bulk crystal is assumed to be constantgs,
since there is no structural disorder or fluctuation (see inset of
Figure 9a). On the basis of a lattice gas médahd assuming
that the repulsion) > 0) between the nearest Li neighbors is
negligible, the expected discharge curve as a function of the

capacity is
€ kT X
E=———In{———
e e {(1 - X)}

wherex is the lithium site occupancy. Note that this model
completely ignores the site occupancy dependence of the site
energy €«X), although there is a phase transition from metal to
insulator in varyingx. Figure 9a shows the expected discharge
curve for a bulk crystal. Under these conditions, intercalation
of the Li-ion is expected to take place at a certain voltage, 3.0 | | : | | |
especially at about 3.9 V. 0 20 40 60 80 100 120
On the other hand, the expected discharge curve for capacity (mAh/g
nanocrystalline LiCo@was rather complicated. As mentioned (b)
above, the lattice expansion in nanocrystalline LiGa@s due
to the existence of Co(ll) ions near the surface layers. Therefore, 140
some of the Co® layers near the surface should have a
disordered structure, which induces a fluctuatiore ifor Li-
ion intercalation. Thus, while the values in the inner layers
are equal to that in a bulk crystads), € near the surface is
assumed to be dispersed to a certain extent (e < €5 + 9).
For simplicity, we assumed that in the nanocrystal was
dispersed, as shown in the inset of Figure 9b. On the basis of' g 80
the lattice gas model and assuming that the lithium site
occupancy obeys the Fermi distributiotd) = [1 + exp{ (¢ —
eB)/kT}] D), the expected discharge curve for the surface
layers is
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Figure 9b shows the expected discharge curve for nanocrys-F, 11 Highorat bily of talline LiCa0ta) Disch

: : : : H H _ lgure 11. Igh-rate capabllity of nanocrystalline LICoUa, ISCharge
t_a”me LICOQZZ Capacnor behavior is eXpeCte_d for the intercala curves of nanocrystalline LICoQ(17 nm) at various discharge rates«(1
tion of the Li-ions into the surface layers. Since the number of 109 ¢ rate). (b) Rate capability plot for nanocrystalline LiGA®7 nm).
surface layers increased with a decrease in the crystallite size,The result for bulk LiCoQis also shown. The solid lines are fitted results
capacitor behavior should become stronger as the crystallite size(See text).
decreases. This model well explains the experimental results.

We fitted the experimental discharge curves with the expres- capacity of LiCoQ. Therefore, from the viewpoint of the
sions from the lattice gas model. The inset of Figure 10 Shows rg|ationship between the capacity and the small particle size,
a typical fit. By fitting the experimental data with the model, it ¢ysallite sizes between 15 and 20 nm seem to be appropriate
was possible to distinguish between the capacity of the inner o high.-rate chargedischarge measurements. Figure 11a shows
layers and the surface layers. Figure 10 shows the crystallite{he high-rate discharge curve up to 100 C rate for nanocrystalline
size dependence on the capacity of the inner layers. The capacity jco0, (17 nm). A 1 C rate, the capacity was about 120 mA
of the inner layers decreased with a decrease in the crystalliteh/g which was slightly smaller than the ideal capability of
size, especially below 15 nm. The solid lines in Figure 10 depict LiCoO; (137 mA h/g). The smaller capacity was explained on
the calculated results, assuming that five or six layers from the {e pasis of the surface layer effects mentioned previously.
surface have the site energy fluctuation; the excellent fit ajhough the capacity tended to decrease with increasing rate,
supported this assumption. _ ~_ the cell capacity was still 100 mA h/g at 30 C rate (discharge

As shown in the above experiments, extreme reductions in j, o min), 90 mA h/g at 50 C rate (discharge in 72 s), and 75
the crystallite size to less than 15 nm drastically decreased the, a h/g at 100 C rate (discharge in 36 s).

(33) Kudo, T.: Hibino, M.Electrochim. Actal99§ 43, 781. Figure 11b shows the rate-capability plot for nanocrys-
(34) Kudo, T.; Hibino, M.Solid State lonic4996 84, 65. talline LiCoQ; (17 nm). The rate-capability plot for bulk LiCgO
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Figure 12. Cyclability of LiCoO; (bulk, 17 and 8 nm) during 20 cycles at
10 C rate.
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is also shown for comparison. Compared to bulk LiGoO
nanocrystalline LiCo®@ had an excellent rate capability
above 30 C rate. While the cell of bulk LiCe@t 100 C rate
had only 20% of te 1 C rate capability, the cell of nanocrys-
talline LiCoQ, at 100 C rate retained 65% ofehl C rate
capability.

Furthermore, the analysis on the rate-capability plot in Figure
11b can provide the ratio of the Li-ion diffusion distances for
bulk LiCoO, (dpuk) and nanocrystalline LiCoO(di7nm). AS
mentioned in previous repor?s;3” a host material with the Li-
ion diffusion distanced, shows a current density)(dependence
of the capacityQ, as

2> =1

Z—ex
n= n2

whereQic is the capacity at 1 C, arid,; is the Li-ion diffusion
coefficient. Note that this model also completely ignores the
phase transition of kC0GO,. In the condition ofQ > 0.5Q;c,

1|[ o?

Q=Qc— |||+
1C 3 DLi

2 2
Duin“7"Qyc

D7 d2

(35) Crank, J. C. Mathematics of Diffusion, 2nd ed., Oxford University Press,
Oxford, 1975.

(36) Kudo, T.; Ikeda, Y.; Watanabe, T.; Hibino, M.; Miyayama, M.; Abe, H.;
Kajita, K. Solid State lonic2002 152-153, 833.

(37) Suzuki, S.; Hibino, M.; Miyayama, MJ. Power Source2003 124,
513.
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the above expression approximates to

1\ &
o= (Jfec)

Assuming that both compounds have the s@newe fitted
the rate-capability plot with the expression (solid lines in Figure
11b) and obtained the value afi§nn{dbu) as 0.36. This result
suggested the positive contribution of the short Li-ion diffusion
distance in nanocrystalline LiCoQo the high-rate capability.
However, the value was higher than the expected valug({
dpu = 0.1) in the assumption afpyx = 200 nm anddyznm =
20 nm. This deviation may be due to the other factors such as
an IR drop, which is not considered in the model.

Finally, we mention the cyclability of nanocrystalline LiCaO
Figure 12 shows the discharge capacity of LiGqBulk, 17
and 8 nm) during 20 cycles at 10 C rate. Compared with bulk
LiCoO,, the smaller nanocrystalline LiCeQave the lower
cyclability. The large surface area, which easily reacts with the
electrolyte at high voltage, should be the main reason for this
poor cyclability of nanocrystalline LiCo£

Conclusion

In conclusion, we synthesized nanocrystalline LIiGq6—
30 nm) and achieved a high-rate capability of lithium ion
rechargeable batteries. Nanocrystalline LiGa®©various crys-
tallite size was synthesized through the hydrothermal reaction.
Varying the reaction conditions strongly affected the crystallite
size. This result suggested that the hydrothermal reaction could
be a potential synthetic method for other cathode nanoparticles.
By using powder X-ray diffraction measurements and Raman
spectroscopy, lattice expansion was shown to occur in nanoc-
rystalline LiCoQ. The fluctuation ine induced by the lattice
expansion resulted in a decrease in the capacity for the inner
bulk layers. The result indicated that extreme size reduction
below 15 nm is unfavorable for most applications. Nanocrys-
talline LiCoQ, with a size of 17 nm had a high-rate capability
even at 100 C rate. Although the cyclability and other factors
for applications need to be improved, this study is important
for nanostructured cathode materials.
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