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Prediction of Li Intercalation and Battery Voltages in

Layered vs. Cubic LiCoO2
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ABSTRACT

It is now possible to use a quantum-mechanical electronic structure theory of solids and derive, completely from
"first-principles," the voltage of a battery based on intercalation reaction energetics. Using such techniques, we investi-
gate the structural stability, intercalation energies, and battery voltages of the two observed ordered phases ("layered"
and cubic) of LiCoO2. We perform calculations for not only fully lithiated LiCoO2, but also fully delithiated LICoO2 and
partially delithiated Li0 5CoO2. Our calculations demonstrate that removal of Li from the cubic phase results in movement
of the Li atoms from their original octahedral sites to tetrahedral sites, forming a low-energy LiCo2O4 spinel structure.
The energetics of the spinel phase are shown to account for the observed marked differences in battery voltages between
the cubic and layered phases of LiCoO2. A small energy barrier exists for Li motion between octahedral and tetrahedral
sites, thus indicating the metastability of the high-energy octahedral sites. Finally, we point out a possible pressure-
induced layered —* cubic transition in LiCoO2.

Introduction

LiCoO2 is used as a positive electrode (cathode) mater-
ial in rechargeable Li batteries, in which Li is intercalated
into and out of the structure.13 Hence, LiCoO2 can exist in
a range of Li compositions x. The starting material LiCoO2
(x = 1) has been synthesized in two ordered forms (see
Fig. 1). There is a "layered" rhombohedral form which can
be synthesized at high temperatures (=800°C),17'12'13 which
we also call "CuPt-like" (because the cations, Li and Go,
form the CuPt structure also analogous to cations in the
ordered GaInP2 structure; see, e.g., Ref. 14 or 15) and a
cubic form which has been produced by solution growth at
low temperatures (—400°C).0-1'16-t8 We also refer to this lat-
ter form as "D4."9 The cubic form of LiCoO2 is sometimes
referred to in the literature as "low-temperature LiCoO2,"
but there is still some uncertainty about the exact degree
and nature of ordering in this compound. Because the
cubic phase is synthesized at low temperature, it is likely
to be less perfectly ordered than the high temperature syn-
thesized layered CuPt phase. Thus, we refer to the perfect-
ly ordered cubic structure shown in Fig. 1 as D4, and note
that the actual low temperature synthesized phase may be
some partially ordered version of D4. Layered CuPt and
cubic D4 are extremely similar in terms of atomic coordi-
nation sequence. Pair and three-body correlations are
equivalent, with the first difference between the two
occurring at the four-body correlation.19'2° Thus, one would
expect the two forms of LiCoO2 to exhibit similar energies
and electrochemical potentials. However, electrochemical
properties of the two compounds are very different. When
used as a cathode material in LiCoO2/Li cells, the cubic
D4 structure has a nearly flat voltage plateau at 3.6 V (for

1/2 x � 1), which contrasts with the voltage profile of
layered CuPt which takes place mostly above 4 V and has
many voltage drops and plateaus. This distinction is ini-
tially difficult to understand given the structural similari-
ty between the two and the expected similar stability. Two
possible explanations could be offered for this unexpected
distinction. (i) First, despite the similarities in the nominal
(i.e., undistorted) layered CuPt and cubic D4 structures,
the differences in symmetry between the two results in dif-
ferent structural distortions, that is, CuPt is a layered
LiO/CoO superlattice along the [111] direction, whereas
the cubic D4 structure is not a superlattice. Thus, the lay-
ered CuPt structure has one extra structural degree of
freedom (namely, a c/a ratio) that the D4 structure lacks.
To the extent that RL1 R0, the layered nature of the CuPt
phase will distort the Li-Co interplanar distances from
their ideal values, thereby changing both relative total
energies and the X-ray diffraction pattern (e.g., splitting
and shifting of peaks) in a measurable way. (ii) Another
possibility for the electrochemical distinction between
CuPt and D4 is that the structures of these two compounds
could change with Li composition x, and correspondingly,
relative stability between the two phases might change.

It has recently become possible to relate the average cell
(battery) potential of an intercalation reaction to the quan-
tum-mechanically calculated heat of reaction.21'22 In turn,
the calculated heat of reaction is sensitive to the structure
of the reactants. Thus, a direct link exists via quantum-
mechanical total energy calculations between crystal
structure and battery potential. Using such techniques, we
study the two possibilities (i) and (ii) to ascertain the struc-
tural and electrochemical properties (i.e., Li intercalation
energies) of the two compounds. To do so, we study relax-
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ation in the two structures, and also explore "derivative
LiCoO2 structures" for intermediate compositions x 0, 1
using "state-of-the-art" electronic structure techniques.23
We also look for possible transition paths (e.g., external
pressure) connecting the two ordered phases.

The summary of our calculated results are (i) the calcu-
lated c/a ratio of layered LiCoO2 (4.84) is close to ideal
(2, 6 = 4.90); consequently, LiCoO2 in the layered CuPt and
cubic D4 structures are energetically nearly degenerate.
(ii) Upon removal of Li, the c/a ratio in DCoO2 (CuPt) de-
creases dramatically, whereas no such distortion occurs for
DCoO2 (D4). Thus, the small energy difference between
CuPt and D4 is amplified by more than a factor of ten
upon removal of Li. (iii) Due to points (i) and (ii), the volt-
age of LiCoO2/Li cells, averaged over all Li compositions,
is larger for a cathode with the cubic D4 structure com-
pared with the layered CuPt structure. This is in contrast
with electrochemical measurements which show a lower
voltage for D4. (iv) However, via removal of Li from the
cubic D4 structure, the Li atoms move from octahedral to
tetrahedral sites and form a new structure: the low energy
normal spinel compound, LiCo2O4. The low energy of this
compound explains the low voltage of the cubic structure
relative to layered CuPt (for x 0.5). (v) For 0 <xc 0.5, we
predict the average voltage of the D4 should rise signifi-
cantly upon removal of Li from the tetrahedral sites in
LiCo2O4. (vi) A small energy barrier is shown to exist be-
tween Li in the Td and °h sites in LiCoO4, thus demon-
strating that the octahedral sites in the cubic phase are
metastable. (vii) We point out a possible pressure-induced
transition between the layered and cubic structures of
LiCoO2.

Sfructural Properties of Layered CuPt and Cubic
D4 Forms of LiCoO2

The two main structures considered here for LiCoO2 are
the layered CuPt and cubic D4 structures as shown in

Fig. 1. Structural information for CuPt and D4 is given in
Table I. The CuPt structure is rhombohedral, a superlat-
tice in the [111] direction, and has space group R3m,
whereas the D4 structure is face-centered cubic (fcc), is

WePt stase arntletwainpp oven exsupetf Lihexag,  inax
wi( spntleanyhombohedral, nlls, Weich shh the retetimeshe
voltaumof the D4im Tfve tolls,. Onehould rit aehat the  fado
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Table I. Structural information for the octahedrally coordinated LiCoO, phases: layered CuPt and cubic D4. Both primitive and
conventional cell vectors are given. Only the atomic positions of symmetrically distinct atoms are given. The ideal values of structural

parameters are given by atoms in ideal undistorted rocksalt positions.

"Layered" CuPt Cubic D4

Bravais lattice Rhombohedral Face-centered cubic

Space group R3m Fd3m

Superlattice LiO/CoO along [111] None

Primitive translation vectors a, = o'[l, n, 11 a1 = -[0, 1, 1]

a2 = e'[l, 1, ul a2 =
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p(r) = I'I', and eigenvalues €. These are used to evalu-
ate the total energies of Eq. 3. The procedure is repeated
for different structural parameters until E1,1 is minimized,
or equivalently until the quantum-mechanically calculat-
ed forces vanish.

To solve the Schodinger equation and evaluate E105, we
have used the full potential LAPW method. We thus
determined the relaxed geometries and total energies for
LiCoO2 in the CuPt and D4 structures. We used the ex-
change correlation of Ceperley and Aider,27 as parameter-
ized by Perdew and Zunger.28 LAPW sphere radii were
chosen to be 2.0, 2.0, and 1.3 a.u. for Li, Co, and 0, respec-
tively. A well-converged basis set was used, corresponding
to an energy cutoff of 25.5 Ry (RKm,X = 6.57). For most cal-
culations, Brillouin-zone integrations were performed
using the equivalent k point sampling method.29 For some
structures not simply related to the CuPt or D4 structures
by substitutional changes, the method of special k points
was used. (All calculations were estimated to be converged
with respect to k points to within 1 mRy/cell.) All total
energies were optimized with respect to all degrees of free-
dom (volume as well as all cell-internal and cell-external
coordinates). Spin polarization only had a small effect on
the energy of these compounds30; hence, the calculations
below for the energetics of cation ordering were nonmag-
netic. The error in was estimated at 0.01-0.02
eV/formula unit. Hence our methodology establishes a
link between the crystal structure that minimizes the ener-
gy and the battery potential V. We can thus explore differ-
ent structures and evaluate the ensuing potentials V.

Results of Total Energy Calculations and

Battery Voltages
= 7 and XL, = 0.—We first present results for first-

principles total energies, structural information, and inter-
calation energies (i.e., battery voltages) for (i) the fully lithi-
ated stoichiometric LiCoO2 compounds (x = 1) in the CuPt
and D4 structures and (ii) the CuPt and D4 fully delithiated
LICo02 compounds (x = 0) formed by removal of Li from
LiCoO2, leaving a vacancy (denoted by L), with subsequent
atomic relaxation of the structural degrees of freedom. Fig-
ure 2 shows the energies of the structures considered, rela-
tive to LiCoO2 and LICoO2 in the CuPt structure. (This
choice of reference is merely for graphical purposes.)

0.3

0.2

At x = 1, the structural energy difference (Fig. 2) be-
tween LiCoO2 in the CuPt and D4 structures is very small
(—0.01 eV/4 atom or 0.23 kcal/mol). This near degeneracy
has been explained30 in terms of the equivalence of pair-
and three-body atom-atom correlation functions which
measure the sequence of cation coordination shells in the
two structures. The four-body atom-atom correlation,
which breaks the degeneracy of CuPt and D4, is small and
leads to the small energy difference between the two struc-
tures. The structural relaxation of the two phases is given
in terms of their cell-internal parameters z, and for CuPt,
the cell-external distortion 5. Structural relaxation of the
two compounds gives calculated (measured, Ref. 5) values
of z = 0.262 (0.264) and S = 0.99 (1.02) for the layered CuPt
phase and z = 0.259 (0.257, Ref. 11) for the cubic D4 phase.
Thus, in CuPt the Li—0 and Co—0 bond lengths are 2.08
and 1.90 A (2.07 and 1.94, Ref. 5), respectively, whereas in
D4 they are 2.05 and 1.91 (2.06 and 1.95, Ref. 11).

At x = 0, the separation in energy between CuPt and D4
(Fig. 2) increases in LICoO2 compared to LiCoO2, due to the
symmetry of the phases: upon extraction of Li in the lay-
ered CuPt structure, the calculated c/a ratio decreases sig-
nificantly from 4.84 at x = ito 4.36 at x = 0, a decrease of

10%, compared to the experimentally observed7 decrease
in c/a of —9%. The Co—0 bond length decreases from 1.90 A
in LiCo02 (CuPt) to 1.85 A in LiCo02 (CuPt). This strong
structural distortion of c/a in LICoO7 provides a significant
avenue for energy lowering in LICoO7 (CuPt). D4, on the
other hand, has cubic symmetry, and hence the cell param-
eters of LICoO2 (D4) cannot distort in any preferred direc-
tion (Table I). Consequently, LICoO2 (D4) does not relax as
much as CuPt. The Co—0 bond length in D4 decreases from
1.91 A in LiCoO2 to 1.85 A in LICoO7 (D4). The similar de-
crease in Co—0 bond length in the CuPt and D4 structures
upon removal of Li is mostly due to the changes in the cell-
internal parameter z rather than the c/a distortion which is
present only in the CuPt structure. These differences in
relaxation tendencies are important in comparing their in-
tercalation energies, or average voltages.

We use Eq. 2 to compute average battery voltages for
LiCo02 in the CuPt and D4 structures (Table II). The pre-
dicted average voltage of the layered LiCo02 structure

V(CuPt, 1, 0) = 3.78 V [5]

is in good agreement with electrochemical measurements
of V -— 4.0 — 4.2 V 1,3,5,7 The —10% difference between V of
first-principles calculations and electrochemical experi-
ments may be due to the local density approximation
(LDA) used to treat the exchange and correlation terms of
the total energy. Also, it has been speculated that this dif-
ference may arise from the overestimated cohesive energy
of Li metal in LDA.22 We also note that the intercalation
voltage calculated in the manner described above is a bulk
equilibrium quantity and does not contain contributions
from the cathode surface, kinetic phenomena, or thermal
entropies (the latter is expected to have only an extremely
small effect on average voltage)31

The predicted intercalation energy from x = 0 to x = 1
is slightly larger in the cubic D4 structure

V(D4, 1, 0) = 3.91 V [6]

Table II. Calculated average intercalation voltages V (a, x2, x1)
(Eq. 1 and 2) for LiCoO2 in the structures a CuPt and D4.
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Fig. 2. LAPW calculated energetics of LiCoO2 compounds in the
CuPt, D4, and spinel structures. Energies (eV/LiCoO2 formula unit)
are shown relative to xLiCoO2 + (1 — x)DCoO2 in the CuPt struc-
hire. The empty and filled circles connected by solid lines represent
the energetics of symmetry-preserving removal of Li from the D4
(CuPt) structures, respectively. The empty square represents the
energy of the LiCo2O4 spinel, and the dashed lines show the ener-
getic pathway for symmetry-modifying removal of Li from the D4
structure. The average voltages of Eq. 2 are shown graphically as
3.78 V — m, where m is the slope of the various lines in this figure.

Layered CuPt
Symmetry
preserving

Cubic D4 Cubic D4
Symmetry Symmetry
preserving modifying

V(u, 1, 0) 3.78 3.91 391

(, 1, 3.37 3.50 3.04l 2)

4.19 4.32 4.78
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than in layered CuPt. However, experimental reports"°
find a significantly lower voltage (by —0.5 V) for cubic D4,
compared with layered CuPt. We note that this discrepan-
cy between calculated and observed voltage difference in
layered and cubic LiCoO2 is not likely to be due to the par-
tial disorder of the low temperature cubic phase noted
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Gas Conversion Impedance: A Test Geometry Effect in
Characterization of Solid Oxide Fuel Cell Anodes
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ABSTRACT

The appearance of an extra arc in impedance spectra obtained on high performance solid oxide fuel cell (SOFC)
anodes i recognized when experiments are conducted in a test setup where the working and reference electrodes are
placed in separate atmospheres. A simple continuously stirred tank reactor (CSTR) model is used to illustrate how anodes
measured with the reference electrode in an atmosphere separate from the working electrode are subject to an impedance
contribution from gas conversion. The gas conversion impedance is split into a resistive and a capacitive part, and the
dependences of these parameters on gas composition, temperature, gas flow rate, and rig geometry are quantified. The
fuel gas flow rate per unit of anode area is decisive for the resistivity, whereas the capacitance is proportional to the CSTR
volume of gas over the anode. The model predictions are compared to actual measurements on Ni/yttria stabilized zirco-
nia cermet anodes for SOFC. The contribution of the gas conversion overpotential to dc current-voltage characteristics is
deduced for H2/H20 and shown to have a slope of RT/2F in a Tafel plot.

4F x0201

Infroduction One of the important assumptions in the above defini-
tions is a sufficiently high flow rate of reactants to the cellA detailed understanding of the rate-limiting steps in

state-of-the-art Ni/YSZ cermet SOFC anodes is highly de- to suppress concentration changes above the surface of the
working electrode. It is the breakdown of this assumptionsirable from an optimization point of view. One of the most
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