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T H E R M A L L Y  A C T I V A T E D  A N D  N O N - A C T I V A T E D  
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The electrical properties of NaxMl+yO2 (M = Mn, Co) were measured as a function of 
temperature under conditions of thermodynamic equilibrium for a quenched defect structure. 
The results of electrochemical studies of NaxMl+yO2 are also presented. A correlation is 
demonstrated between the structures of  the ionic and electronic defects in these materials and 
the potential changes of  the cathode in Na/Na+/NaxMl+yO2. 
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Introduction 

Mechanistic studies of the intercalation processes in A/A+/AxMX2 cells (A = 
alkaline metal, M = transition metal, X = O, S, Se) [1--6] have shown that the electronic 
structure of the cathode materials influences the character of the discharge curve. The 
amount of alkalimetal ions introduced electrochemically into the structure of MX2 
depends not only on the number of sites available for the ions (crystallographic voids), 
but also on the amount of states available for electrons in the electronic structure. 

Electrons introduced in the electrochemical intercalation occupy the available states 
and cause the Fermi level to rise according to the state density function N (E) of the 
cathode material. A high density of states near the Fermi level leads to a weak depend- 
ence of the potential on the alkali metal ion concentration and to a wide range for the 
variations in alkali metal ion concentration, whereas a low density of states near the 
Fermi level implies a strong compositional dependence of the potential and a narrow 
nonstoichiometry range in the alkali metal ion sublattice. 

Relations between electronic and electrochemical properties have been noted earlier 
by other authors [7-9]. 
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those compounds according to their electronic properties, it appears helpful to use a 
microscopic parameter such as the distance between neighbouring transition metal 
atoms. A comparison of the actual M-M distance (RM-M) with the critical distance, Re, 
given by Goodenough [10], permits prediction of the electronic properties of those 
compounds. 

Classification of the compounds AxMO2 according to their electronic properties, 
based on the criterion of the M-M distance, is consistent with the classification accord- 
ing to their electrochemical properties. As shown previously [6], the compounds for 
which RM-M < Rc exhibit a discharge curve with a monotonous character and a wide 
nonstoichiometry range in the alkali metal ion sublattice, whereas those for which RM-M 
> Rc exhibit a discharge curve with a step-like character and a narrow nonstoichiomelry 
range in this sublattice. 

The present work demonstrates correlations between the electronic structure and the 
point defect structure and electrochemical properties of AxMX2, as illustrated by 
NaxMnO2 and NaxCoO2. 

NaxMl+yO2 

The manganese bronze Nao.TMnO2 has a layered structure of P2 type, in which the 
MnO6 octahedra are joined together along the edges, thereby forming (MnO2)n layers. 
The Na + ions are located in the interlayer spaces. The results of thermogravimetric 
studies and of measurements of electrical conductivity and thermoelectric power at 
600-1000 K at thermodynamic equilibrium and with quenched samples [2] indicate 
that this manganese bronze is a nonstoichiometric compound with the excess man- 
ganese atoms occupying sodium sites. The formation of defects can be described as fol- 
lows: 

2 ( Mn~r VNa )x + 2 O0 ~ Mn~'~" + 02 + M n ~  + 3 e- (1) 

The negative sign of the thermoelectric power in a wide temperature range 
(300-1000 K) supports the conclusion that the deviation from stoichiometry introduces 
donor centers which are manganese ions at sodium sites (Eq. 1, Fig. 1). 

Figure 2 presents the temperature dependence of the electrical conductivity for 
Na0.TMnl+yO2 samples with a quenched ionic defect structure for yl = 0.11 and y2 = 
0.03. It follows from Fig. 2 that the electrical conductivity has an activated character 
and the activation energy is 0.15 eV at 300-400 K, 1.0 eV at 40(0460 K and 0.4 eV at 
460-600 K. 

Analysis of the electrical properties of manganese bronze at low temperatures indi- 
cates that this compound has the features of a partially compensated semiconductor. 
Figure 3 shows a qualitative scheme of its electronic structure. The deviation from 
stoichiometry in the manganese sublattice introduces deep donor levels. The ionization 
energy of the donor centers is of the order of 1 eV. At room temperature (i.e. at the 
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Fig. 1 Temperature dependence of thermoeleclric power of manganese bronze 
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Fig. 2 Temperature dependence of electrical conductivity of Na0,TMnx+yO2 on the samples 
with the quenched ionic defect structure having composition: yn = 0.11, Y2 = 0.03 

stoichiometry in the manganese sublattice introduces deep donor levels. The ionization 
energy of the donor centers is of the order of 1 eV. At room temperature (i.e. at the 
working temperature of a battery Na/Na+/NaxM.l+yO2, charge transport occurs in a nar- 
row donor band partially ionized due to the presence of the acceptors (impurities) in the 
material. The activation energy of electrical conductivity in the lowest temperature 
range studied, 0.15 eV, corresponds to the activation energy of electron motion in a nar- 
row donor band. The occurrence of localized electronic states in the manganese bronze 
is consistent with the condition RM.-M. > Re. The actual M--Mn distance in this material 

J. Thermal Anal., 38,1992 



2174 MOLENDA: THERMALLY ACTIVATED 

is 2.87 A, whereas the critical distance Rc is 2.73 A. At room temperature, the Fermi 
level is situated on the narrow donor band. The low density of the states near the Fermi 
level and their localization allows the introduction of a small concentration of electrons 
in the intercalation process (together with sodium ions). Figure 4 shows the OCV dis- 
charge curves for the bronzes Nao.TMnl +yO2 with yl = 0.11 and y2 = 0.03. For the bronze 
with composition yl, it is possible to introduce 0.04 moles of electrons. Further addition 
of electrons by intercalation brings about a jump of the Fermi level up to the middle of 
the ED-Ec distance (0.5 eV), which corresponds to the potential jump in the discharge 
curve (Fig. 4). For the manganese bronze with y2 = 0.03, which in comparison with yl 
has a lower concentration of donor centers (MnNa) the greater number of available states 
permits the introduction of a higher concentration of electrons (0.10 moles) in the inter- 
calation process. 
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Fig. 3 Scheme of the electronic structure of manganese bronze 
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Fig. 4 Discharge curve (OCV) for manganese bronze Nao.TMnl§ 1 - y l  = 0.11, 
2 - y 2  =0.03 
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NaxCol+yO2 

The cobalt bronze NaxCoO-z, which has a P2 structure [1], is an example of a com- 
pound which, in the intercalation process at 300 K, undergoes a metal-non-metal tran- 
sition. 

In the stoichiometric cobalt bronze Na~CoO2, the Co 3§ ions are present in the low- 

spin electron configuration tr This state corresponds to a completely filled band, im- 
plying semiconducting properties of the compound. Nonstoichiometry in the sodium 

sublattice (Vr~a) leads to the occurrence of Co 4§ ions. The low-spin configuration of 
Co 3§ (3d 6) and Co4+(3d 5) ions corresponds to a situation where the t28 band is not com- 
pletely filled (electron holes), which should lead to metallic behaviour. 
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Fig. 5 Temperature dependence of electrical conductivity for Nao.7COl+yO2 of different y 

Thermogravimetric studies and electrical conductivity and thermoelectric power 
measurements on the cobalt bronzes Na~CoO2 (0.65 < x < 0.75) at temperatures ranging 
from 600 to 1000 K under conditions of thermodynamic equilibrium, presented in detail 
earlier [11], have shown that this compound also exhibits deviation from stoichiometry 
in the cobalt-oxygen sublattice, associated with cobalt interstitials formed as donor 
centers in the following reaction: 

X ' p 

Coco + 2 VNa + 20~ " Co~'a + 02 + 4 e- (2) 

Electrons from the ionization of donor centers recombine with electron holes associated 
with nonstoichiometry in the sodium sublattice and thereby lower their effective con- 
centration: 
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Co~o+ 2 0~+2  VNa+4h", " Co~', + 02 (3) 

Charge transport takes place in the t2s band, the width of which ensures the metallic 
properties of the cobalt bronze [1]. 
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Fig. 6 Temperature dependence of thermoelectric power for Nao.7COl+yO2 of different y 
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Fig. 7 a) Discharge curve (OCV) for cobalt bronze Nao.7CoO2. 
Points A, B, C, D, E and F denote the composition xNa where the work of the cell was 
broken up. b) Density of states of NaxCol +yO2 
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Figures 5 and 6 present as examples the low-temperature dependence of the electri- 
cal conductivity and thermoelectric power for the cobalt bronzes. Na07Co1+yO2 at dif- 
ferent values of y. The character observed for these relations confirms the metallic 
properties, although the values of the thermoclcclric power, of the order of 100 gV/dcg, 
indicate that this is not classical metallic behaviour. 

Measurements of the lattice parameters of the cobalt bronzes Na~Col§ obtained 
in a high-temperature solid-state reaction, with x ranging from 0.65 to 0.75, indicate that 
the parameter a (the Co-Co distance) is practically constant and does not exceed a criti- 
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Fig. $ Temperature dependence of  electrical conductivity of intercalated NaxCol § 
a) for the composit ion x~a = C (Fig. 7), b) curve 1 - for the composition xNa = D 
(Fig. 7) curves 2, 3, 4 - starting material with different y 
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cal value of 2.822/~. This is consistent with the observed metallic behaviour of the 
cobalt bronzes obtained at high temperatures. In electrochemical intercalation (T = 
300 K), the parameter a changes from 2.815 to 2.845/~ as xn~ changes from 0.70 to 
0.85. Under these conditions, the Co-Co distance reaches the critical value, Re, which 
implies splitting of the effective energy band. The modification of the electronic struc- 
ture of the cobalt bronzes toward the formation of a narrow-band structure is reflected 
in the step-like character of the discharge curve (Fig. 7). In order to demonstrate that the 
potential jumps in the discharge curve (Fig. 7) are associated with the Fermi level varia- 
tions resulting from the filling of consecutive bands in a narrow-band structure of inter- 
calated cobalt bronze, the electrical properties of the cathode material were measured at 
some characteristic points of the discharge curve (i.e. in the range of the potential jump 
and on the plateau). As an example, Fig. 8a presents the temperature dependence of the 
electrical conductivity for a cobalt bronze removed from a working cell at point C on 
the discharge curve (Fig. 7). The activation energy of the electrical conductivity cor- 
responds to the magnitude of the potential jump in the discharge curve, i.e. 0.1 eV. It 
should be emphasized that the starting material, NaxCOl+yO2 (0.65 < x < 0.75), exhibits 
metallic behaviour in the whole range of its stability (4-1000 K) [1]. 
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Fig.  9 Tempera tu re  dependence  o f  electr ical  conduc t iv i ty  o f  cobal t  bronzes,  o - for the 
start ing material :  
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Further intercalation, up to the composition denoted by point D on the discharge 
curve (Fig. 7), leads to the cobalt bronze regaining metallic properties (Fig. 8b), but 
these are different from those of the starting material. The activated character of the 
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electrical conductivity for the cathode material with composition corresponding to the 
potential jump in the discharge curve (points A, C and E, Fig. 7), with the activation 
energy corresponding to the magnitude of the potential jump, and metallic properties 
(but different from those of the starting material) for the composition in the middle of 
the potential plateau (points B and D, Fig. 7), are direct evidence of the existence of par- 
tial bands which appear in cobalt bronze in the electrochemical intercalation. Figure 9 
shows the changes in electrical properties as a function of the intercalation degree (in- 
creasing Rco-co) in the lowest temperature range. A comparison of the properties of the 
starting bronze with those after gradual intercalation indicate the occurrence of Ander- 
son localization [1]. 

The author is grateful to Prof. S. Mrowec and Dr. A. Stoklosa for helpful discussions. 
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Zusammenfassung--Unter den Bedingungen eines thermodynamischen Gleichgewichtes 
wurden die elektrischen Eigenschaften yon NaxMl+yO2 (mit M= Mn, Co) als Funktion der 
Temperatur bestimmt. Zus~itzlich wurden die Ergebnisse der elektrochemischen Untersuehun- 
gen von NaxMl+yO2 dargelegt. Es wird eine Korrelation zwischen der Struktur von Ionen- und 
Elektronendefekten dieser Substanzen und der Potential~inderung an der Kathode in einer 
Na/Na*,rNaxMt+yO2 Zelle gezeigt. 
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