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MAPPING OF REDOX ENERGIES 

J. B. Goodenough 
Center for Materials Science & Engineering, ETC 9.102 
University of Texas at Austin, Austin, TX 78712-1063 

Electrochemical discharge/charge curves vs Lithium of coin cells using as 
cathodes various transition-metal oxide hosts for lithium 
insertiodextraction reactions provide information on the operative redox 
energies of the transition-metal atoms. The relative positions of the redox 
energies were found to vary little, but their absolute positions by as much 
as 1 eV, with changes in structure or, for an isostructural series, with 
changes in counter cation. Use of polyanions to obtain a more open 
framework with a larger free volume for LP-ion motion was found to be 
more important for high-power applications than the loss in electronic 
mobility, but a larger free volume for ionic motion reduces the capacity per 
unit volume. It was shown that introduction of a second phase with a 
higher redox energy provides a buffer against over discharge. A reversible 
decrease in capacity with increasing current density was identified and its 
origin discussed. Substitution of the polyanions (PO& or (SO4)2- for 
oxide ions brings the V4+N3+ and Fe3+lFe2+ redox energies to levels of 
interest for cathodes in a lithium-ion battery. 

Kevwords: battery, lithium-ion; insertion compounds; polyanion 
structures. 

INTRODUCTION 

The redox energies of transition-metal cations in oxides vary with the 
structure of the oxide and any counter cation present. Location of these 
redox energies and control of their variations in different oxides are 
important for the design of lithium-ion batteries and heterogeneous 
catalysts; they are also relevant to our theoretical understanding of the 
electronic and magnetic properties of transition-metal oxides. Oxides that 
are hosts to the insertion of lithium as a guest species allow the use of 
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2/[4 101 J. B. GOODENOUGH 

electrochemistry to locate redox energies relative to the Fermi energy of a 
lithium anode. 

1 and X = 0 or S, offer 
two-dimensional (2D) pathways for lithium insertion, the spinels 
Liy[M2]& offer 3D pathways, each in a close-packed anion array; the 
operative redox couple is M4+/M3+ for all x or y. The performances of the 
layered TiS2 and spinel [Ti2]S4 hosts, Fig. 1, are nearly identical "1; in 
each case, lithium is inserted only into interstitial octahedral sites and the 
S2- ions are large enough to provide sufficient free volume for a good Li+- 
ion mobility even in the spinel host where strong 3D bonding constrains 
the free volume for Li+-ion motion. In these compounds, the Li+ ions 
occupy a set of crystallographically (hence energetically) equivalent sites, 
and the variation in the open-circuit voltage Voc with site occupancy 
follows a Nemst law for the dependence of the chemical potential on 
lithium activity PI despite the metallic character of the two systems. 

The layered compounds LixMX2, 0 x 

3.0 

2.6 

? 
5 21 

a z 1.8 

1.4 

" 

C u z 

1.0 
0.M 0.50 1.00 1.54 2.0 

x in Li,Cu ,,[Ti$, 

$ 4.8 
i. 
I 

3 3.5 

i; 3.8 

U 
C 

b 

2.5 
8 58 188 158 288 258 388 

Capacity (mAblg.) . -  - 
FIGURE 1 The open-circuit voltage vs lithium for 
(a) LixC~.7[Ti2]S4, 0 x 2, and (b) the layered oxides 
(b) Lil-xCo02, Li1-~Ni02 and the spinel Li1*~[Mn2]04. 
Unlike the sulfides, the oxides permit access to the formal 

Co4+/Co3+ and Ni4+Mi3+ redox energies, but the smaller size of the oxide 
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MAPPING OF REDOX ENERGIES [411]13 

ions limits the room-temperature mobility of the Li+ ions in an [M2]04 
spinel framework relative to the 2D Li+-ion mobility in the layered oxides 
having a degree of freedom to open up the Li+-ion layersI31. The Li+ ions 
occupy tetrahedral sites in the system Li1-~[Mn2]04 [41. As originally 
emphasized [51 in a study of Lil+x[Ti2]04 , there is a remarkable change 
WV,, A 1.0 V in the open-circuit voltage that accompanies a transfer of 
the Li+ ions from the tetrahedral to the octahedral sites [61; it is a measure 
of the stabilization of the spinel vs the cation-deficient rock-salt structure 
in a parent Li[Mn2]04 compound. Moreover, there is a change from 3.9 to 
4.1 V at x = 0.5 in Li1-~[Mn2]04 . This change appears to reflect a change 
in the Li+-Li+ interactions in the tetrahedral sites as Li+ ions are removed 
preferentially fiom one of the two interpenetrating face-centered-cubic 
mays that compose the 8a tetrahedral sites of the spinel structure. These 
changes in voltage with occupancy of the interstitial sites by Li+ ions 
demonstrate an important dependence of the M4+/M3+ redox energy on 
the structure and prompt exploration of how redox energies change not 
only with structure, but also with the counter cation in an isostructural 
series of compounds. Moreover, the fact that the V,, of Li[Mn2]04 lies 

midway between the plateau at 3 V and 4 V signals that cooperative, 
dynamic Jahn-Teller deformations associated with the Mn3+ ions may 
have induced a segregaton into Mn3+-rich domains containing octahedral- 
site Li+ ions and Mn3+-poor domains containing tetrahedral-site Li+ ions. 

Fig. 2 illustrates the construction of the electron energies for MnO 
starting from an ionic model. EI represents the energy required to remove 
an electron from a Mnf ion (second ionization energy) and place it on an 
0- ion (negative electron affinity). Assembling the ions into the rock-salt 
structure returns the electrostatic Madelung energy EM ; the internal 
electric field raises all the cation energies by  EM/^ and lowers the anion 
energies by -EM/& thereby conserving the total energy of the system. An 
ionic model requires an E M >  El. The 02- - 02- and Mn2+ - Mn2+ 
interactions broaden the 02-:2p6 and Mn2+:4s0 levels into valence and 
conduction bands, respectively. The covalent back transfer of electrons 
fiom the 0 2 -  ions can be treated in second-order perturbation theory; the 
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4/[4 1 21 J. B. GOODENOUGH 

resultant lowering of EM is largely compensated by the quantum- 

mechanical repulsion between bonding and antibonding states, which is 
why an ionic model gives a good estimate of the binding energy of the 
compound. However, care must be taken in partitioning the covalent 
compensation between different antibonding states. A larger O:2p-orbital 
overlap with the Mn 4s orbitals relative to the Mn 3d orbitals raises the 
center of the 4s band relative to the narrow Mn:3ds localized-electron level 
lying in the gap between conduction and valence bands. Of particular 
importance in compounds with two cations is the partitioning of covalent 
bonding between two different cations sharing the same bridging anion; 
stronger covalent bonding with one lowers the redox energy at the other. 
This inductive effect is stronger the larger the M-0-M' bridging angle. 

3d6 

Free Point 
Ions Charges 

FIGURE 2 
MnO starting from an ionic model. 

Schematic construction of electronic energies in 

The redox energies in various oxide hosts relative to the Fermi 
energy of lithium have been obtained by measuring the voltages V of coin 
cells (type 2023) having a lithium-foil anode with a current density of 0.05 
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MAPPING OF REDOX ENERGIES [4 13]/5 

mAIcm2 . At this low current density, the voltage approaches the open- 
circuit value (V A V,,). The electrolyte (Mitsubishi Chemical Co., Ltd.) 
was 1 M LiC104 in a 1 : 1 (by volume) mixture of propylene carbonate (PC) 
and dimethoxyethane (DME); it limited the voltage of the cells to V < 4.3 
V. 

The larger is the crystalline electric field and covalent bonding at 
the operative transition-metal ion M of the oxide host used as a cathode, 
the higher is the energy of the highest occupied antibonding redox energy 
and the lower is the measured V,,. The point-charge crystalline electric 
field at the cation is determined by the structure; the influence of the 
counter cation can be monitored by measuring V,, for a given redox 
energy in isostructural compounds containing different counter cations. 
Framework structures containing polyanions in place of oxide ions have 
been used to demonstrate the influence of the counter cation. 

The cathode materials were ground to fine particles with a milling 
machine (Spex #8000 mixerlmill). The active fine particles were blended 
with acetylene black (Denki Kagaku Co., Ltd.) and polytetrafluorene 
(Polyflon TFE-103, Daikin Industry, Ltd.) in the weight ratio 75:25:5. 
This cathode mixture was rolled into thin sheets of uniform thickness and 
cut into pellets of the required size for coin-cell fabrication (2 cm2, cu. 100 
mg). Cell performance was evaluated at various constant currents (0.05- 1 

rnNcm2) at room temperature with an Arbin Battery Tester System 
(ASTS). 

11. RESULTS 
1. Spinels containing pentavalent vanadium. The 

introduction of V5+ ions into the tetrahedral sites of the V[Lil-,M]04 
spinels allows probing of the energies of the M3+/M2+ couples; however, 
these spinels are not useful as battery cathodes since the coexistence of M 
and Li on the octahedral sites limits the capacity and Li+-ion mobility. 
Fey et a1 [71 obtained a voltage plateau of 4.2 and 4.8 V with a current 
density of 0.05 mAIcm2 for the C03+/C02+ and Ni3+/Ni2+ couples, 
respectively, using LiPF6 as .the electrolyte salt. We [81 prepared the M = 
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6/[4 141 J. B. GOODENOUGH 

Mn spinel under high pressure and obtained a plateau of 3.8 V for the 
Mn3+/Mn2+ couple at the same current density. We were unable to 
prepare the M = Fe spinel; the tetrahedral-site V5+N4+ couple apparently 
has an energy between those of Fe3+/Fe2+ and Mn3+/Mn2+ couples, which 
would give Fe3+N4+ rather than Fe2+NS+ in the parent spinel. What is 
significant is that replacement of Li+ by V5+ on the tetrahedral sites has 
polarized the charge on the 0 2 -  ion toward the VS+ ions in a strongly 
covalent V04 complex, which lowers the redox energies of the octahedral- 
site M cations. Whereas the Mn4+/Mn3+ couple was at 3.9 V vs. lithium in 
Li1-~[Mn2]04 , it is the Mn3+/Mn2+ couple that is at 3.8 V in V[Lil- 

xMnIO4. 
2. Ordered olivines containing pentavalent phosphorus. 

Substitution of (PO4)3- for (V04)3- stabilizes the ordered olivines Lil- 
.MPO4 191. In the olivines, the oxygen atoms are nearly hexagonal-close- 
packed; and in the ordered olivine structure, the M cations occupy zig-zag 
chains in alternate octahedral-site (001) planes; these chains are bridged by 
comer- and edge-sharing (P0q)3- polyanions to form a host structure with 
strong 3D bonding as in a spinel. The Li+ ions occupy the remaining 
octahedral-site (001) planes, which makes 2D motion possible. However, 
the Li+ions are ordered within these (001) planes along chains of edge- 
shared octahedra, which constrains the Li+-ion motion to be preferentially 
along the orthorhombic b-axis. All the lithium can be removed chemically 
to give the framework host FeP04 having the same space group, but 
extraction of lithium from Lil_,FeP04 or insertion of lithium into 
LiyFeP04 occurs via a two-phase plateau at 3.5 V for a current density of 

0.05 mA/cm2 with a capacity of only 0.6 Li per formula unit. 
We were unable to extract Li from LiMnP04, but we could prime 

the extraction by substituting some Fe for Mn. Fig. 3 shows the V vs x 
curves at 0.05 mA/cm2 for LiMn0.5Fe0.5P04; the Fe3+/Fe2+ redox energy 
remains near 3.5 V vs lithium whereas the Mn3+/Mn2+ couple gives a 
plateau at about 4.1 V. Apparently each transition-metal ion retains its 
own equilibrium M-0 bond length, which holds the redox couples at 
characteristic energies for a given structure and counter cation. It is this 
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M A P P I N G  OF R E D O X  E N E R G I E S  [4 I 5117 

behavior that makes possible identification and mapping of the redox 
energies in an isostructural series of compounds [lo]. 

Capacity [mAhlgl 

5.0; 0 100 150 

......*" 4.5 

2.5 0 4th Cycle 

2*8.0 0.2 0.4 0.6 0.8 

x in Lil..feo,5Mno.5P04 

FIGURE 3 Cell voltage vs lithium for the ordered olivine 
1, i I -xFeo, 5 Mno, 5 P04. 

3.  Comparing octahedral-site Fd+/Fe2+ redox energies. 
The effect of structure on the Fe3+/Fe2+ redox energy is demonstrated by 
comparing a V,, A 3.S V in LiFeP04 with a V,, = 3.1 V and 2.9 V in the 
pyrophosphates LixFe4(P207)3 and Li 1 +xFeP207 [ I  '1 and a 
V,, = 2.8 V in Li3+xFe2P04 with the rhombohedra1 NASICON structure 
of Fig.4[12]. In LiFeP04, each FcO6 octahedron shares an edge with a 
(P04)3- polyanion, which lowers the Madelung electric field at the Fe 
atoms relative to that in the NASICON structure where the FeO6 octahedra 
share only corners with the bridging polyanions. The FeO6 
octahedra share only corners with the ( P 2 0 - ~ ) ~ -  polyanions in the two 
pyrophosphates, but pairs of FeO6 octahedra share common faccs in 
LixFe4(P207)3,which lowers the Madelung electric field at the Fe atoms 
relative to that in LixFeP207. 
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8/[4 I61 J. B. GOODENOUGH 

The effect of the counter cation D on the Fe3+/Fe2+ redox energy is 
demonstrated by the isostructural series of compounds having the 
rhombohedra1 NASICON structure with the Fe2(D04)3 host framework 

illustrated in Fig. 4. 

Rhombohedra1 NASICON 

/ / /  
/ / /  
/ / /  

FIGURE 4 The i.,ombohedr; 
of Fe2(S04)3. 

Monoclinic Fe,(SO,), 

/ / /  
\ \ \  
/ / /  

NASICON and monoclinic forms 

The stronger the acidity of the polyanion that bridges the Fe atoms, the 
lower is the Fe3+/Fe*+ redox energy and the higher is the Voc, A V,, = 

3.6 V in LixFe2(S04)3 vs a Voc = 3.0 V in LixFe2(MoOq)3 and 
Li,Fe2( W04)3 were first recognized 1'31 to reflect this inductive effect. 
The Voc = 2.8 V found [12] for Li3+xFe2(P04)3 represents a raising by 0.8 
eV of the energy of the Fe3+/Fe2+ redox couple on changing the (SO4)2- 
polyanion to (P04)3-; this shift was essentially the same for all redox 
energies investigated. The relative energies remained fixed, the absolute 
energies of each changed by about the same amount on passing from one 
structure to another and from one polyanion to another. However, the 
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MAPPING OF REDOX ENEROIES [4 I 7119 

concentration and distribution of the Li+ ions can be important, as was 
demonstrated in the spinel systems Li 1h~[Mn2]04. 

In order to investigate the influence of three additional Li atoms in 
the interstitial space of Li3Fe2(P04)3 us Fe2(S04)3 and also to establish the 

relative energies of several redox couples, we chose to investigate the 
isostructural series of phosphates LixMM'(P04)3 shown in Table I. The 
voltage plateaus were flat, representing two-phase regions, for 0 x * 1 in 
the parent compound. This behavior appears to reflect filling of the unique 
interstitial site per formula unit. Although there are three additional 
identifiable interstitial sites, it proved possible to intercalate reversibly 
more than four Li/formula unit; the Li3+yFe2(P04)3 system accepts 0 y 2 
additional Li atoms, for example, within a single solid-solution range. The 
voltage plateaus corresponding to a given redox energy were, in this 
structural family, essentially independent of the initial lithium 
concentration x. 

TABLE I. Voltage plateaus at 0.05 mA/cm2 for the phosphates 
Li,MM'(P04)3 

X MM Voltaee Plateaus 

0 TiNh 

1 Ti2 Ti4+/.T.i3* = 2.5 V 

7.i4'/Ti3+ = 2.5 V: Nb5+/Nb4+ = 2.2 V; Nb4+/Nb3+ = 1.7 V 

FrN b Fe3+/Fe2+ = 2.8 V, Nb5+Mb4+ = 2.2 V. Nb4+/Nb3+ = 1.7 V 

Fe3'/Fe2+ = 2 8 V, 'Ti4+lT.i3+ = 2 5 V 2' FeTi 

3 Fez Fc3+/Fe2+ = 2.8 V 

Li2Na V2 V4+/V'+ = 3.XV; V"NZt = I .XV 

* Solid solution with separate plateaus unresolved. 

Stabilization of the vanadium compounds in the rhombohedra1 structure 
required the presence of at least one Na+ ion, so the starting composition 
was Li2NaVz(P04)3; lithium atoms were inserted to probe the V3+/V2+ 

couple and extracted to obtain the energy of the V4+N3+ couple ('41. A 
separation of these two couples by 2 eV is compatible with the known 
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10441 81 J. B. GOODENOUGH 

chemistry of the vanadium oxides. The Li3Fe2(P04)3 synthesized directly 
has the monoclinic structure pictured in Fig. 4; the rhombohedral form was 
obtained from Na3Fe2(P04)3 by ion exchange in molten LiN03. 

Capacity (mAh/g.) 

0 20 40 60 80 100 120 
4.5 4.5 

4.0 4.0 

2 3.5 3.5 
3.0 3.0 

2.5 2.5 

2.0 2.0 

1.5 1 .s 
0.0 0.5 1.0 1.5 2.0 

x in LikJ%(PO& 

u 

c1 - 

Current density ( d g . )  

FIGURE 5 Cell voltages vs lithium for several current densities 
with rhombohedral Li3+xFe2(P04)3 cathode; comparison of the rate of 

capacity fade with increasing current density for the rhombohedral and 
monoclinic host structures. 

Fig. 5 illustrates a reversible capacity fade that occurs with 
increasing current density; this type of capacity fade occurring with little 
loss in the V,, of the solid-solution (or two-phase) plateau is greater the 
lower the mobility of the Lif ions, as is shown by the comparison in Fig. 5 
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MAPPING OF REDOX ENERGIES [419]/11 

of the rate of capacity fade in the monoclinic vs the rhombohedra1 forms of 
Li3+yFe2(P04)3. We interpret this capacity fade to be due to a decreasing 
area of the diffusion front that moves in from the surface of a particle to its 
core on lithium insertion. The current density that can be passed across the 
diffusion front becomes diffusion-limited at a critical area of the front, and 
the critical area is larger the lower is the Li+-ion mobility. 

Capacity [mAWg] 

0 100 200 300 Sr 1 

0 1 2 3 4 5 
0 
.1 

x In LI,,TI,(PO,), 

Capacity [mAWg] 

S j l  100 150 200 250 

Fe,(SO,), + Buffer 

I 
O' 0 1 2 3 4 

LVFormula unlt of Cathode 

Cell voltage vs lithium of Li1+~Ti2(P04)3 at 0.05 FIGURE 6 
mNcm2 alone and as a buffer against overdischarge of LixFe2(S04 
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I2/[420] J .  B. GOODENOUGH 

Fig. 6 illustrates the use of a second phase of lower Voc to act as a 
buffer against over-discharge. In this figure, LiTiz(PO4)3 with a V,, A2.5 
V is acting as a buffer for Fe~(S04)3 with a Voc A3.6 V. 

Fig. 7 illustrates the resolution of three plateaus in 
Lil+,,FeNb(P04)3, the Fe3+/Fez+ couple at 2.8 V, Nbs+/Nb4+ couple at 2.2 
V, and the Nb4+/Nb3+ couple at 1.7 V (current density = 0.05 mA/cmZ). 

Capacity [mAh/g] 

0 50 100 150 200 250 300 350 

2.0. 

1.5. 

LO# 
0 2 3 4 5 6 

x In Li,+,FeNb(PO& 

FIGURE 7 Resolution of three plateaus in the cell voltage 
vs. lithium at 0.05 mA/cm2 of LixFeNb(P04)3. 

Capacity [mAh/gl 

50 100 156 200 . ~- _ _ I  a . 
0 

5p 1 

r___ _, - .- . .-_-_-I -- 
0.0 0.5 1.0 1.5 2.0 2 5  3.0 

x in Li,+,Fe,(SO&(PO,,) 

FIGURE 8 Cell voltage vs lithium at 0.05 mA/cm2 of Lix(S04)2(P04). 
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MAPPING OF REDOX ENERGIES [42 I ] /  I 3 

Fig. 8 illustrates the voltage vs lithium for Li I +&304)2(P04) taken 
at 0.1 mA/cm2 (1.93 mA/g) [14]. Since the Fe atoms are bridged by a 
mixture of (SO&- and (PO4)3- polyanions, the voltage lies between those 
for the sulfate and the phosphate without a double plateau. 

CONCLUSIONS 
The following conclusions may be drawn from this work: 
0 Lithium-insertion compounds allow determination of the redox 

energies of the transition-metal ions in the host matrix relative to the Femi 
energy of a lithium anode. 

0 Where two transition-metal cations are present in a host matrix, 
they give separate voltage plateaus characteristic of a local equilibrium 
bond length. 

0 The relative energies of the several redox couples listed in table I 
remain fixed on going from one structure to another or from one polyainon 
to another in an isostructural family, but the absolute energies of all the 
couples changes. 

0 Candidate cathode materials for Li+ - ion batteries have been 
identified that operate on environmentally benign Fe3+/Fe2+, Mn3+/Mn2+, 
or V4+N3+ couples. 

0 More open frameworks containing polyanions give higher power 
capabilities than hosts with close-packed oxide-ion arrays, the gain in Li+- 
ion mobility more than offsetting the decrease in electronic conductivity; 
however, there is a loss in capacity per unit volume. 

0 A buffer against over-discharge or over-charge is a viable option. 
0 A reversible capacity fade at higher current density reflects the 

onset of the diffusion limit at a critical surface area of the diffusion front. 
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