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LITHIUM TRANSPORT IN TERNARY LITHIUM-COPPER-OXYGEN CATHODE MATERIALS 

N.A. GODSHALL 

Sandia National Laboratories, Albuquerque, New Mexico, USA 

An understanding of the Li-Cu-O ternary phase diagram was undertaken in order to predict  
Lithium Copper Oxide battery performance. The slow k inet ics  of th is  system are manifested in 
lower observed open c i r c u i t  voltages than those predicted thermodynamically, approximately 
1.6-I.8V versus 2.2-2.4V, respect ively.  Electrochemical t i t r a t i o n  of both copper ( I I )  oxide 
and copper ( I )  oxide resulted in two-plateau discharges. The ternary compound LiCuO was formed 
during i n i t i a l  discharge of both compounds. The free energy of LiCuO was determined to be 
-88.3 kcal/mole. The slow k inet ics  of the i n i t i a l  displacement reaction is discussed in terms 
of the morphological changes undergone during t i t r a t i o n  with l i t h ium.  

Introduct ion 

A number of l i t h i u m / f i r s t - r o w  t rans i t i on  

metal/oxygen electrochemical ce l ls  were inves t i -  

gated previously la ,b .  The re lat ionships among 

electrochemical ce l l s ,  thermodynamic pr inc ip les ,  

and phase diagrams is explained more f u l l y  in 

these ea r l i e r  publ icat ions ] . Lithium/copper 

( I I )  oxide ce l l s  are of pract ical  in terest ,  and 

are cur rent ly  being manufactured by SAFT. They 

are low rate ce l l s  which polar ize strongly beyond 

approximately ]-2 mA/cm 2. These apparent slow 

k inet ics  are also manifested in lower observed 

open c i r c u i t  voltages (a f te r  par t ia l  discharge) 

than those predicted thermodynamically, approxi- 

mately 1.6-I.8V versus 2.2-2.4V, respect ively.  

An understanding of the Li-Cu-O ternary phase 

diagram was undertaken in order to predict  

battery performance. Both equi l ibr ium (OCV) 

voltages and plateau capacit ies can be predicted 

from such information. In addi t ion,  laboratory 

ce l ls  of the type: Li / PC,I.O M LiCI04/ CuO 

were invest igated in order to determine thermo- 

dynamic propert ies of several discharge products 

which were not avai lable in the l i t e ra tu re .  

Hypothetical Treatment i f  No Ternary Oxides Exist 

The free energy of formation (AGf) of a l l  

the binary oxides (MOy; M=Li,Cu) in the Li-Cu-O 

ternary system have been measured previously.  

Their values at 25°C are l i s ted  in Table 12 . 

TABLE I 

Free Energy of Formation of Binary Oxides 

Binary AGf(250C) 

Oxide (kcal/mole) 

Li 0.00 

Cu 0.00 

02 0.00 

Li20 -]34.35 

Li202 -136.47 

Cu20 -35.30 

CuO -30.62 

I f  no ternary oxides (LixCuOy) existed in 

th is  system, the ca lcu la t ion of the ternary phase 

diagram would be simple and straightforward, as 

is shown in Figure I on the Gibbs composition iso- 

therm at 25°C. Each open t r iang le  represents a 

three-phase e q u i l i b r i a  of the phases ly ing at the 

corners of each t i e  t r iang le .  

Furthermore, the theoret ica l  open c i r c u i t  

voltages of ce l l s  of the type: 

Li / Li + E lec t ro ly te /  LixCuOy 

(where LixCuOy represents any mixture of the 

three phases w i th in  one t i e  t r iang le )  may be 

calculated d i r ec t l y  from the Nernst Equation. 

The a c t i v i t y  of a l l  three elements ( inc luding 

Li) must be constant and equal anywhere wi th in  a 

single t i e  t r i ang le ,  from the Gibbs Phase Rule at 

constant temperature and pressure: V = C - P ( I )  
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where V is the variance, C is the number of compo- 

nents (=3) and P is the number of phases in 

equilibrium (=3). Therefore, the variance (or 

degree of freedom) is zero in any t ie triangle. 

I f  a lithium battery cathode material is made 

with some i n i t i a l  composition lying on the Gibbs 

composition triangle, then the change occurring 

in composition within the cathode during electro- 

chemical dishcarge may also be plotted on the 

phase diagram. This is represented by the dashed 

lines emanating from the Li corner of the 

diagram, Figure I. Electrochemical discharge 

proceeds in a direction toward the Li corner; i f  

the cell is reversible, then charging would 

proceed in a direction away from the Li corner. 

Battery voltage "plateaus" are thus simply seen 

to be movement through t ie triangles, or three- 

phase equil ibria. 

Effect of Intermediate Ternary Oxides 

The presence of ternary oxides (LixCuOy) 

in the Li-Cu-O system simply increases the number 

of t ie  triangles; and hence, the number of 

"voltage plateaus" in a battery using them as 

cathode materials. However, the free energies of 

formation (AGf) are not known as well for the 

ternary compounds as was the case for the 

binary compounds. 

Two ternary Li-Cu-O compounds were found to 

exist in the l i terature: LiCuO 3,4 and 

Li2Cu025. In order for them to exist as 

stable compounds, their respective free energies 

of formation must be lower (more negative) than 

the weighted average of their neighboring binary 

oxides. "Maximum" AGf values result i f  the 

unknown compound l ies in composition between two 

known binary compounds (Table I I ) ,  whereas 

"minimum" AGf values result when the composi- 

tion of the unknown compound l ies outside the two 

known binary compounds la. 

112 0 2 

No Ternary Compou~25°C  

U "  
Fig. I: Tie Triangle Voltages i f  No Ternary 

Compounds Exist 

112 0 2 

Two Ternary Compounds ExistS/~ 25Oc 
OuO>:-==.B9 kca.// \ 

u2 2 o 

u / _ o.ooov c.  

Fig. 2: Tie Triangle Voltages i f  the LiCuO/CuO 

Tie Line Exists 
TABLE I I 

Maximum Free Energies of Formation 

of Ternary Li-Cu-0 Compounds 

Reaction 

I. Li20 + Cu20--> 2(LiCuO) 

2. Li20 + CuO--> (Li2Cu02) 

3. Li202 + 2Cu--> 2(LiCuO) 

4. Li202 + Cu---> (Li2Cu02) 
5. Li + CuO--> (LiCuO) 

AGf(Product, 25°C) 

(kcal/mole) 

<-84.83 

<-164.97 

<-68.24 

<-136.47 

<-30.62 
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In e i ther  case, the extreme p o s s i b i l i t i e s  

of AGf for  the unknown compound are given by 

set t ing a zero free energy of reaction (AGr) 

between the unknown compound and the two binary 

compounds with known free energies of formation: 

Li20 + Cu20 ---> 2LiCuO AG r = 0 (2) 

(-134.35) + (-35.30) = 2 AGf(kiCuO) (3) 

AGf(LiCu0) < -84.83 kcal/mole (4a) 

S imi la r l y ,  

AGf(Li2Cu02) < -164.97 kcal/mole (4b) 

I t  is fu r ther  possible to predict  how the phase 

equ i l i b r i a  w i l l  change based on assumptions about 

the actual s t a b i l i t y  of the two ternary oxides, 

re la t i ve  to t he i r  maximum values given in Equa- 

t ion 4. For instance, one can calculate what sta- 

b i l i t y  of Li2CuO 2 is required in order that 

the 02/Li2Cu02 t i e  l i ne  exists in prefer- 

ence to the Li202/CuO t i e  l i n ~  shown in 

Figure 2. This is accomplished through the use 

of the "clear-cross p r inc ip le  ''6, where once 

again, the ~G r of a reaction is set equal to 0: 

Li202+CuO-->Li2Cu02+i/2 02 AGr=0 (5) 

z~f(Li2Cu02) < -167.09 kcal/mole (6) 

only CuO, exact ly fol lows the CuO/LiCuO t i e  l i ne  

of Figure 2. However, i f  Li2CuO 2 is even more 

stable than -167.09 kcal/mole, the Li2Cu02/- 

Cu20 t i e  l i ne  might ex is t  in preference to the 
CuO/LiCuO t i e  l i ne .  

Cu0 + 2LiCuO-~> Li2CuO 2 + Cu20~Gr= 0 (7) 

AGf(Li2Cu02)-2~Gf(LiCu0)=4.68kcal/mole 

That is, i f  Li2Cu02 is more stable than 

twice LiCuO plus 4.68 kcal/mole, then the 

Li2Cu02/Cu20 t ie l ine would exist, rather 

than the Cu0/LiCu0 t ie l ine shown in Figure 2. 

In other words, this "clear-cross principle" 

calculation involves two unknowns, rather than 

only one as before. Using the new "maximum" 

value for ~Gf(Li2Cu02) of -167.09 kcal/mole 

means that any value of~Gf(LiCu0) less (more 

negative) than -85.89 kcal/mole resul ts  in the 

presence of the CuO/LiCuO t i e  l ine ,  Figure 2. 

Any value for  LiCuO between -85.89 and -84.83 

kcal/mole ( i t s  maximum value) resul ts  in the 

presence of the Li2CuO2/Cu20 t i e  l ine .  

This holds especia l ly  important impl icat ions for  

the Li/CuO battery,  because the f i r s t  case 

resul ts  in a considerably longer (50%) i n i t i a l  

plateau on discharge than does the second case. 

I t  is more l i k e l y  that Figure 2 represents 

the actual phase diagram than Figure l ,  since 

Li2CuO 2 is known to ex is t  (~Gf<-164.97 

kcal/mole) and the "balance" point for  the 

Li2Cu02/O 2 t i e  l i ne  is s l i g h t l y  more stable 

than th i s  value (z~Gf:-167.09 kcal/mole). 

Unfortunately,  the most d i f f i c u l t  l i ne  in the 

phase diagram to predict  is also the most impor- 

tant one to pract ica l  Li/CuO bat ter ies.  The dis-  

charge path of a cathode, composed i n i t i a l l y  of 

2.5  

o Q 2.4  
w 

E 
° ~  

.a Z 2  
° ~  

( 7  
m 2.1 

2.397V !i 

2.350V A 

2.256V 
11 

7~ 

L] 
2-0-- i J L 

0 . 0 0  0 . 3 3  0 .67  1.00 1.33 

x in UxCuO 

2.148V 
Ir 

Stable 
Tie Line 

C " / '  ,r " 
: r  / , i  i 

t 

1.67 

i 
! 

2.OO 
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The length and voltages predicted for the 

battery discharge curve are compared for each of 

these two cases in Figure 3. The second case 

predicts two dist inct  plateaus between x=O.O and 

x=1.0 in LixCuO, whereas the f i r s t  case 

predicts only one. The total energy (area under 

the discharge curve) is the same for both cases, 

but the presence of a Li2CuO2/Cu20 t ie l ine 

would raise the voltage of the f i r s t  t ie  tr iangle 

(plateau) and lower the voltage of the second t ie 

tr iangle (plateau) relat ive to the 2.350V which 

would be present i f  the Li2Cu02/ Cu20 t ie l ine 

were not present. The greater the s tab i l i t y  of 

Li2CuO 2 over that of LiCuO, the larger the 

difference w i l l  be between the two plateau 

voltages. The two t ie  lines cross each other at 

a value (x) of 0.67 Li per Cu on the discharge 

curve. 

Not only are the number and voltages of the 

plateaus dif ferent in the two cases, but also the 

battery chemistry (between x=O.O and x=1.0) is 

completely dif ferent. In the f i r s t  case, the 

compound LiCuO is being formed during discharge 

(at the expense of of the i n i t i a l  CuO); whereas, 

in the second case, two new compounds 

(Li2CuO 2 and Cu20 ) are nucleated and grow 

at the expense of the i n i t i a l  CuO, followed by 

the formation of LiCuO after al l  the CuO is 

exhausted. 

Electrochemical Experiments 

The Li-Cu-O system was found to be kine- 

t i ca l l y  slow; only currents below 2 mA/cm 2 

resulted in acceptable polarizations. Not only 

is this unfortunate in a practical battery 

aspect, but i t  also resulted in very long times 

to perform electrochemical experiments. Most 

importantly, equil ibration times (OCV) for each 

datum point on the equilibrium potential curves 

(Figures 4 and 5) required 2 to 24 hours after 

current was terminated. 

Nevertheless, the Li/CuO cell discharge 

mechanism was determined from the two equilibrium 

potential curves. Four experiments were perform- 

ed along the Li/CuO t i t ra t ion  l ine, Figure 4. 

Three of these used the i n i t i a l  cathode composi- 

tion of CuO only; the fourth cell started with 

synthetically prepared LiCuO (x=1.0, circles). 

The overall reproducibi l i ty of the voltage 

plateaus was poor, unless very long equil ibration 

times were allowed. Furthermore, discharge 

capacities were not as long as theoretical ly 

expected. However, the f i r s t  plateau did extend 

beyond x=0.67, indicating that i n i t i a l  discharge 

of CuO did not involve Li2CuO 2. Voltages between 

x=O.1 and 1.00 were between 1.9 and 2.5 volts, 

with the highest values resulting from the 

longest equil ibration times. This two-step 

discharge of Figure 4 is indicative of the 

formation of LiCuO, rather than Li2Cu02, 

followed by the formation of l i thium oxide and 

elemental copper: 

Li + CuO ----4, LiCuO E = 2.50 V (8) 

Li + LiCuO ---> Li20 + Cu E = 2.00 V (9) 

Because these cells developed very slow kinetics 

after x=O.5 to 0.85, the range x>1.0 was investi- 

gated using a new cell with synthetically prepar- 

ed LiCuO. I t  exhibited a voltage of 1.95 to 2.0V 

vs. Li, Figure 4. 

X-ray di f f ract ion results afforded good con- 

firmation of these electrochemical reactions. 

Samples removed from the cells after electro- 

chci~dcal addi t ion of 0.25 and 0.44 Li atoms per 

Cu both exhib i ted d i f f r ac t i on  l ines of two new 

phases (LiCuO and s l i gh t  Cu) along with the 

or ig ina l  CuO. These resul ts  predict  the phase 

diagram of Figure 6 and the dashed l i ne  of 

Figure 3 (rather than the sol id  l i ne ) .  

In order to confirm the phase diagram and 

obtain a free energy of formation for  the ter -  

nary compound LiCuO, two ce l ls  were also pre- 

pared along the Li/Cu20 t i t r a t i o n  l i ne ,  Figure 5. 
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Fig. 6: Experimentally Determined Li-Cu-O Diagram 

These results suggest a two-plateau discharge of 

Cu20: 

Li + Cu20 --> LiCuO + Cu E = 2.30 V (i0) 

Li + LiCuO ---> Li20 + Cu E = 1.98 V (11) 

This results in a calculated value o f~Gf  

(LiCuO) of -88.3 kcal/mole. X-ray analysis at 

x:0.45 also confirmed the f i r s t  displacement 

reaction, since strong Cu l ines were observed. 

The experimental ly determined ternary phase 

diagram is i l l u s t r a ted  in Figure 6. 

Morpholoqical Considerations 

The morphological changes undergone by the 

i n i t i a l  CuO cathode par t ic les during cel l  

discharge are i l l us t ra ted  schematically in Figure 

7. During low rate discharge, the new LiCuO 

phase is nucleated on the CuO surface and 

continues to grow as discharge proceeds at the 

expense of the CuO, Figure 7(b). This is an 

"equi l ibr ium" process, and corresponds to move- 

ment along the CuO/LiCuO t ie  l ine of Figure 6. 

However, during higher-rate discharge, the 

kinet ics of Reaction 8 are apparently too slow to 

sat is fy  the cel l  current, so that Li begins to 

react with the LiCuO according to Reaction 9 

before a l l  the CuO is exhausted. This is 

equivalent to a "non-equil ibr ium" s i tuat ion,  

since the resul t ing Li20,Cu products are not 

stable with respect to the i n t e r i o r  CuO, Figure 

7(c). In terms of Figure 6, this is equivalent 

to the cel l  discharging as i f  the cathode composi 

t ion was in the lower t i e  t r iang le  (].98V), even 

though i ts  actual composition remains in the 

upper t i e  t r iang le  (2.49V). This is believed to 

be the primary reason that Lithium Copper Oxide 

cel ls  discharge at a much lower voltage (1.2 to 

1.7V) than expected (2.0 to 2.49V), even at low 

currents. Even with this pr inc ip le  in mind, 

copper oxide ce l ls  polar ize very strongly at low 

currents, since these discharge voltages are 

s t i l l  0.3 to O.7V below the "non-equil ibr ium" 

open-circui t  voltage of 1.98V. This may be due 

to poor e lectronic conduction through the 

ex ter io r  Li20 and LiCuO phases. 
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In the l im i t  of in f in i te ly  small currents, a 

CuO cathode eventually discharges at equilibrium 

according to Equation 9, once al l  of the original 

CuO is converted to LiCuO (at x=1.0), Figure 

7(d). 

MORPHOLOGICAL CONSIDERATIONf 

INITIAL CELL LOW-RATE 

Undischarged Equilibrium 

(c) ~) 
HIGH-RATE 2nd PLATEAU 

Non-Equilibrium Equilibrium 

Fig. 7: Morphological Changes of CuO Cathodes 

Conclusions 

The battery reactions occurring within a 

Li/CuO cell at low currents could be predicted 

exactly i f  the free energy of formations of all 

compounds in the Li-Cu-O phase diagram were 

known. Furthermore, the number of discharge 

plateaus, the voltage of each plateau, and the 

length (capacity) of each plateau could also be 

predicted exactly. The relationship between 

battery performance and the thermodynamic phase 

diagram is therefore seen to be of utmost 

importance. 

unfortunately, the free energy of formation 

(AGf) of the two ternary compounds in the 

system (LiCuO and Li2CuO2) were previously 

unknown, though al l  the binary compounds were 

known. The free energy of formation of LiCuO was 

measured in electrochemical cells and found to be 

-88.3 kcal/mole. The free energy of formation of 

Li2CuO 2 was not determined, because i t  was 

found not to occur in the cell reactions. 

Electrochemical experiments conducted at 

small currents yielded Li/CuO cells with a 

two-plateau discharge, with open circuit  voltages 

of 2.49 and 1.98V, respectively. At practical 

currents (>ImA/cm2), Li/CuO cells were found to 

i n i t i a l l y  discharge according to the second 

plateau reaction, due to kinetic l imitations in 

the f i r s t  plateau reaction. This is believed to 

explain the difference observed between thermo- 

dynamic and actual discharge voltages. 
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