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Abstract

The effect of cathode particle size on cell potential was investigated using a voltage prediction method from the Coulomb potential created
by the atoms of a cathode active material. LiblM2as selected as a typical cathode of an ordered rock salt structure. From the calculation, it
was found that the voltage changes when the size becomes less than about 10 nm. The voltage increased with decreasing in-plane size, an
decreased with decreasing the number of layers.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction derived from thermodynamics:

e . . . A
Lithium ion cells are widely used for portable equipment E = — Gr
because of their high energy density. These cells employ nk
lithium intercalation materials as their anode and cathode _ <8G> @
P =
PT

@)

active materials. 3
Recently, there have been several studies predicting the
cell voltage of cathode active materials in lithium ion cells G =U+ PV =TS 3)
based on the first principles quantum chemi$iry4]. The oG oU P1% 35S
internal energy was calculated using the first principles quan- <3§) oy = <35) oy +P (85) oy =T <3§> oy (4)
tum chemistry, and the Gibbs function was obtained. The
researchers in these studies discussed the phase separatiavhereE is the cell voltage (V)AG; the reaction Gibbs func-
using the Gibbs function. We studied the voltage using a moretion (J mol1), £ the reaction coordinate (mohthe electrons
simple method5—7], from the Coulomb potential created by per molecule oxidized or reducef, the Faraday constant
the atoms of a cathode active material. (C equiv- 1), G the Gibbs free energy (B,the pressure (Pa),
We used this simple method to investigate the effect 7the temperature (K)/the internal energy (Jy, the volume
of cathode particle size on the cell potential. LiNi@as (m3) ands is the entropy (J K1).
selected as a typical cathode of an ordered rock salt structure. If we consider Li insertion into the host matrilOST),
AG; is obtained from the difference @f for the following

reaction divided byé:
2. The voltage measured from Li/Li* y&

OELi + Li, (HOST) — Li ¢ (HOST) (5)
We would like to introduce our simple method briefly. _
The following basic equations for calculating the voltage are  From Eqs(1)+4), we have the following:

U 1% 0S
(as>P,T+P<as)P,T - T(as)J ©)
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The first term in EQ(6) is the internal energy ternkfy).
Let U, be the internal energy change caused by the insertion
of one Li. Then we have

1 /oU Ua

nF(E)E)P’T_ ne
U, corresponds to the energy change that occurs during

the process in which Li metal is separated into orfedtom

and one electron followed by the insertion of oné htom

and one electron into a host matrix.

The second ternH,) is a work performed against a pres-
sureP. If we consider the volume change of the systéhs
the volume of the system amtlis the atmospheric pressure.
In this case, the work is very small. In this paper, we assumed
that the matrix does not deform by Li extraction. Therefore,
there is no volume change. Then, the second téfy) ¢an
be ignored. The lithium ion expands the host lattice when it
is inserted. Such a work is included in. We then have

P [3V
‘nF(%)

The third term Eepny is the entropy term, which is caused
by the number of different states of the lithium arrangement
in the host matrix. LetV be the total number of Li sites
in the host matrix, &” the number of Li atoms inserted in
the host matrix, an&va Avogadro’s number. The number
of ways that &” indistinguishable from Li atoms can be
placed inN numbered sites, no more than one to a site, is
NU[al(N — a)!]. If we assume an equal probability of Li occu-
pation,$2, =N!/[a!(N — a)!], we obtain

()

Eint = —

EW _0

PT

8)

kT (9In 2y
E“=M(85>m
_ KTNa | !
= TuF {n[(N—a—l)!(a+1)!}
NI
—n {(N—a)!a!]}

RTI
nF

N
a+1

—a NRT|

1-y
NnF

[~ 5
y
wherey=al/N. This is a well-known result obtained from

thermodynamic§8]. In this study, we examined the entropy
term contribution within the framework of E¢Q9). A more

©)
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Fig. 1. Curve ofylny + (1 — y)In(1 — y).

whereU(y) is the internal energy (J mot) at a lithium occu-
pancy ofy. The curve ofy Iny + (1 — y) In(1 — y) was shown
in Fig. 1L The tangents at=0 andy=1 are 40 and —oo,
respectively.

The relation between the cell potential, the reaction Gibbs
function, and the Gibbs function are shownFig. 2 (left)
assumingU(y) is a convex function. The reaction Gibbs
function is a mirror image of the cell potential. The max-
imum point A in Fig. 2 (left) (a) is the minimum point A
in Fig. 2 (left) (b) and the inflection point A irfrig. 2 (left)

(c). The minimum point B inFig. 2 (left) (a) is the maxi-
mum point B inFig. 2 (left) (b) and the inflection point B

in Fig. 2 (left) (c). BecauserIny + (1 — y)In(1 — y) versus

y curve shows a very large tangentyat 0 andy=1, and
U(y) is a convex function, there is a common tangential line
at a lower side of5. The points of tangency ard andy?2.

Let the matrix beVy, moles. When a point on curveG(y)

in Fig. 2 (left) (c) is considered, it is well known that the
phase is separated to tNg,(—y +y2)/(y2 — y1) moles of the

y =yl phase and th®¥y,(y — y1)/(y2 — y1) moles of they =y2
phase. In this case, the tof@lof the two phases i6 =Ny,
[(—y+y2)G(y1) + (y — y1)G()]/(y2 — y1). ThisG value is on

the contact line. The totaly of the two phases is smaller
than the originalG(y). Therefore, the phase separation occurs
spontaneously. From this consideration, the two-phase region
is atyl <y<y2, and the single-phase regions are ay&y1l
andy2 <y<1. Because the slope of the common tangential
line is constant, the cell voltage is constahg) at the two-

accurate approximation of the insertion system is discussedphase region, as shownfiig. 2 (left) (a). The integration of

by Kudo and Hibind9]. Ultimately, the voltage is

RT

1-—
S RT 1oy

(10)

3. Phase separation and thermodynamics
From Egs.(2), (3), and (10), the corresponding molar
Gibbs free energy(dm = G/(moles of matrix)] is

Gm=U()+RT[yIny+(1—y)Inl - y)] (11)

the reaction Gibbs function gives the Gibbs function. There-
fore, the integrated value of the reaction Gibbs function from
vyl to yl through the original curve and through the com-
mon tangential line have the same value. This means that the
area CBF and the area FAD are the same. From this rela-
tion, we can estimate the cell voltaggp] at the two-phase
region.

When U(y) is a concave function, there is no common
tangential line at the lower side @, as shown inFig. 2
(right). The insertion electrode is in a single phase in this
case.
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Fig. 2. Relation between (a) the cell potential, (b) the reaction Gibbs function and (c) the Gibbs functi@r({)af:a convex function, right/(y) is a concave

function.].

4. Phase separation of cathode

We studied the voltage using a more simple method
[5-7]. We considered the energy cycle for the reac- q>k—143992( )
V,j

tion  d&Li(crystal)— d£LiT(g)+36e  and  SELiT(g) +
d¢e + LixNiOs — Li+s:NiO2 [6]. Let I be the ionisa-
tion potential (eV) of the Li metall(j =—7.107 eV), and
@i be the Coulomb potential at a vacant linsertion site.

the charge number of specieg hen the Coulomb potential
at atomk is expressed by the following equation:

(13)
On the surface of the LiNig) “Z;"s at plane, edge, and

corner are assumed to be Z/21/47; and 1/&;, respectively.
@y was calculated using VIP BASIC (Mainstay) for Power

The increase in internal energy caused by the insertion of Macintosh. The value of; was obtained from the crystal

an electron is assumed to bedby; + Inj, Wheredy is the
Coulomb potential of the electron insertion site akg

is the LUMO energy of an isolated Ni atom in a vacuum

(Ini =—29.106 eV). Whendy;; is calculated for a cathode

structure of a cathode active material. The summatiory; of
was undertaken for all the ions until the value converged.

before the LT insertion, we have to add the contribution of 5. Voltage prediction of LiNiO,

the inserted LY. Thus, we have to add-14.399R|_n; to
®ni, whereRi_ni is the distance between the inserted Li
and the electron. Finally, we have

1
E = Eint + Eent= —%d)Li — ONj + Ini — L
e
—_ - — | (12)
AeqRLi_Ni nkF - y

where the sign aftdi is + if there is already Li at the center
of k (extraction of Li) and- if there is no Li at the center of
k (insertion of Li). With Li-ion cells,n =1.

Let r;(A) be the distance from a certain ataino the
surrounding atoms of speciés an ionic crystal, and; be

We calculated the voltage of LiNiE)6]. The difference
between the ideal structure used for our calculations and the
real structure is shown ifable 1 We assumed in-plane order-
ings of lithium ions as shown iRig. 3. In each area, Liions
are assumed to be distributed at random. This means that
all the sites are occupied by’Liand €, wherey is the site
occupancy in each area. Then, i, we have a straight line
connecting two voltages(y;) at each end point of the area.
The Gibbs function and the cell voltage of LiNi@re shown
in Figs. 4 and 5The experimental results of [NiO, are two
phases (R+2) at 0 <x<0.25 with 4.2V, a single phase (R-
3m) at 0.25<¢<0.45 with 4.2-3.8V, a single phase (@3/
at 0.45<¢<0.75 with 3.8-3.7V, and a single phase (R{B
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Table 1
Differences between the ideal structure and the real structure

Nearest Iength/f()

Ni-O Li-O Ni—Ni Li—Li O layer distance
LiNiO Ideal structure V2r V2r 2r 2r (4//6)r
() r=+2A (2.000) (2.000) (2.828) (2.828) (2.309)
Real structure 1.957 2.126 2.875 2.875 2.36

VAVAVAYAVAY.

0 x 0.25 025 x 050 050 x 075

075 x 1.00

O ‘ Vacant Li site @ - Occupied Li site
Fig. 3. In-plane orderings of lithium ions.

at 0.75<x< 1 with 3.7-3.5V. Our calculated phase separa- inLiNiO2 particle. In this pape®y is calculated at the center
tion was in agreement with the experiments atx3<0.25. of LiNiO ; particle. The calculation of voltage was performed
This bad result probably occurred because we assumed thafor Ej,; of LINiO2 and Lip.7sNiO2. The two-phase voltage
the matrix does not deform by the insertion of lithium ions fromx=1100.75 (L;NiO2) was also calculated. Those three
and electronsy, = 0). The calculated voltage at=1 was voltages are shown iRig. 5. As already mentioned, the most
in very good agreement with the experimental value, becausereliable voltage isEjy; of LiNiO». To increase the size of
the deformation of the matrix was very small at the beginning LiNiO» from a unit cell, we examined three different cases.
of the extraction of Li from the LiNi@ matrix.

6.1. Increasing the size of LiNiO> while maintaining a
similar shape of the unit cell
6. Voltage prediction of nano-size LiNiO;
Shape of LiNiQ cathode was shown ifig. 6, when
@y was calculated using E¢L3). Usually, the summation  a similar shape of the unit cell was maintained. The volt-
of r;; was undertaken for all the ions until the value converged, age increased as the size of LiNi@ecreased, as shown in
but when LiNiQ, is very small, there are not enough ions Fig. 7. In this calculation, the outside layers are Li layers.
around the atom k. Therefore, tldg, becomes a different  Ej,; of LiNIO, increased very rapidly from 4.3 to 12.3V as
value of the converged value. Tl depends on the position  the size of LiNiQ decreasedEjy; of LINIO2 was 4.3254V
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Fig. 4. Gibbs function of LiNiO5.
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Experimental ; '
results two phases ?Hs_lan,-%lf pﬁasgssing!e phases ?;';ﬁ'f phases 12.5
(R-3m) (4.2-3.8 V)| (C2/m) (3.7-35V) 105 E\ —%— Eint at Li=1 |
(4.2V) (3:837V) ’ %\\ —[~ Eint of two phases
] A 85 —A- Eintatli=0.75 |
3 Experimental by _| \\\‘(
5 3 fid , Prof. Ohzuku 6.5
s, 3 - P P | Ent | 45
rES ~= i
g o Li=1 25
= I i AT e =
6 I— A |/ 05 :
= » 3 ] ’/ Eint of | 0 50 100 150
%’, i/ Fi two phages]| Length of b (A)
=413/ f / /
> A /. / Fig. 7. Ein of LiNIiO 2 (Li layer is outside maintaining a similar shape of the
0 3 & Eint at unit cell).
2 = | /[ Li=075
0 0.25 05 075 1
x in Lix NiO2 12 —&
—¢— Eint at Li=1
Fig. 5. Cell voltage of LiNiO,. Experimental data is from OhzukuoO]. 10 —0- Eint of two phases
8 \\\ —A-Eintat Li=0.75
atb=139 A and 4.3366V ab=97 A. This means thafj; \\XK
of LiNiO increased for 11.2 mV by the decrease of the size ¢
from b=139 to 97 A. It is not very difficult to measure the \Q\\>\A
10 mV difference. Therefore, if we synthesize 100 A (i) 4 \
particles of LiNiQ» experimentally, we can check the volt- 5
age change. We are now conducting experiments to prove our w
0 1
theory. , 0 50 100 150
The case of the outside oxygen layers was also calculated Length of b (A)

(Figs. 8 and B because Li must be inserted between two

oxygen layers. The result was similar to the case of the Li Fig. 8. Ej of LiNiO, (oxygen layer is outside maintaining a similar shape
outside layersEjy; of LINIO, was 3.6598 V ab=139 A and of the unit cell).

3.6739V ath =97 A. The difference in voltage is 14.1 mV.

3.8

3.78 \
3.76 \
3.74

2 N Unit Cells \

3.72
a \k
37
368 M
A | 3.66
| 3.64 L L L
| 70 20 110 130 150
|

Length of b (A)

[~ 2N Unit Cells Fig. 9. Eint atLi=1 of LiNiO2 (oxygen layer is outside maintaining a similar

shape of the unit cell).

6.2. Increasing the size of LiNiO; while changing the
in-plane area and keeping the number of layers (20

* layers)

The voltage increased as the size of LiMi@ecreased, as
shown inFig. 10Q In this calculation, the outside layers are

Fig. 6. Shape of LiNi@ cathode when a similar shape of the unit cell was Li Iayers'Eint Of LINIO? mcreased very rapldly from 4.6 to
maintained. 12.6V as the size of LiNi@decreased.

Unit cell
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Fig. 10. Eint of LINiO (Li layer is outside changing the in-plane area and
keeping the number of layers).
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Fig. 11. Ejt of LINIO 2 (Li layer is outside maintaining the in-plane area).
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6.3. Increasing the size of LiNiO> while maintaining the
in-plane area (20 x 20 unit cells) and changing the
number of layers

The voltage decreased slightly as the size of LiNIO
decreased, as shownlig. 11 In this calculation, the out-
side layers are Li layersi,; of LiNiO > decreased from 4.3
to 4.1V as the size of LiNi@decreased.

We also calculated the case of outside oxygen layers
(Fig. 12. Ein; of LiNiO, decreased very rapidly from 4.3
to —12.6 V as the size of LiNi@decreased.

From a practical point of view, the decrease of the voltage
is notgood. We conclude, therefore, that reducing the number
of layers is not a good way to synthesize nano-sized LINiO
However, we have to find a new electrolyte which have a
higher oxidation potential, when the high voltage cathode is
used.

7. Conclusion

Based on the results of this study, we conclude that the
voltage changes when the size of LiNiGecomes less than
about 10 nm. The voltage increased as we decreased the in-
plane size and decreased as we decreased the number of
layers. However@y depends on the position in LiNgpar-
ticle. And the matrix may easily deform during Li extraction
when the size of LiNi@ particle becomes very small. We are
now studying the contribution of these factors.

Acknowledgement

Thiswork was supported by CREST of JST (Japan Science
and Technology Agency).

References

[1] E. Deiss, A. Wokaun, J.-L. Barras, C. Daul, P. Dufek, J. Electrochem.
Soc. 144 (1997) 3877.

[2] M.K. Aydinol, A.F. Kohan, G. Ceder, J. Power Sources 68 (1997)
664.

[3] C. Wolverton, A. Zunger, J. Electrochem. Soc. 145 (1998) 2424.

[4] A. Van der Ven, M.K. Aydinol, G. Ceder, J. Electrochem. Soc. 145
(1998) 2149.

[5] J. Yamaki, M. Egashira, S. Okada, J. Power Sources 97-98 (2001)

349.

[6] J. Yamaki, M. Egashira, S. Okada, J. Power Sources 90 (2000)
116.

[7] J. Yamaki, M. Egashira, S. Okada, J. Electrochem. Soc. 147 (2000)
460.

[8] M.B. Armand, Intercalation electrode, in: Materials for Advanced
Batteries, in: D.W. Murphy, J. Broadhead, B.C.H. Steele (Eds.),
NATO Conference Series, Series VI: Material Science, Plenum Press,
New York/London, 1980, p. 145.

[9] T. Kudo, M. Hibino, Electrochim. Acta 43 (1997) 781.

[10] T. Ohzuku, Cathode active materials, in: Z. Takehara (Ed.), High
Energy Density Li Secondary Batteries, Techno System Co. Ltd.,
1998, p. 70 (in Japanese, Chapter 4).



	Voltage prediction of nano-sized LiNiO2 cathode for use in Li-ion cells
	Introduction
	The voltage measured from Li/Li+
	Phase separation and thermodynamics
	Phase separation of cathode
	Voltage prediction of LiNiO2
	Voltage prediction of nano-size LiNiO2
	Increasing the size of LiNiO2 while maintaining a similar shape of the unit cell
	Increasing the size of LiNiO2 while changing the in-plane area and keeping the number of layers (20 layers)
	Increasing the size of LiNiO2 while maintaining the in-plane area (20x20 unit cells) and changing the number of layers

	Conclusion
	Acknowledgement
	References


