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Det var derfor naturligt at forsoge at udvide arbejdet til systemer baseret p&
natrium, som er billigere, bar bedre mekaniske kontaktegenskaber og som er ressourcemsessigt uden problemer. Samtidigt fandtes der beskrivelser af natrium
ledere med h0j ledningsevne. Natriumbatteriprojektet kunne igangsaettes uden
stprre investeringer, idet apparatur og ekspertise opbygget under lithiumbatteriprojektet herved kunne udnyttes.
Milet var en energitaethed pd over 100 Wh/kg ved en 3 timers belastning for et
batted der kan klare flere hundrede op- og afladecykler. Der blev sigtet pd en
driftstemperatur i intervallet 50-200°C, vassentligt under de temperaturer der
anvendes i fx. natrium beta alumina systemerne.
Rapportens hovedindhold er de publikationer i intemationale tidsskrifter og
monografier som arbejdet bar resulteret i. For at lette sammenhaengen i rapporten
er den ledsagende tekst, der bdde daekker generelle betragtninger, oplysninger
som ikke er publikationsegnede eller publikationsvaerdige (fx mislykkede
eksperimenter) samt resultater som senere vil blive publiceret, ogsd skrevet pd
engelsk. Dette vil ogsd betyde at rapporten vil kunne anvendes som led i en inter
national praesentation og udveksling af information.
Som naevnt udg0r dette projekt en naturlig fortsaettelse af projektet: Lithiumbat
teri med interkalationselektrode. Det betyder at de saunme eksperimentelle
teknikker og opstillinger i vid udstraskning bar kunnet benyttes. Ligeledes er
eksperimenterne pd natriumceller blevet planlagt under hensyntagen til den detaljerede viden om de begraensende processer i kompositte katoder som blev opndet
under arbejdet med batterimodeller i lithiumbatteriprojektet. De generelle
eksperimentelle og teoretiske overvejelser som er faelles for lithium og natriumsystemer er derfor som hovedregel ikke naevnt i denne rapport. De findes i stedet
beskrevet i slutrapporten: "Lithiumbatteri med interkalationselektroder", FysiskKemisk Institut og Fysisk Laboratorium III, Danmarks Tekniske H0jskole, marts
1986. Denne rapport er i sin tid udleveret til Energiministeriet og styregruppen for
energilagring, iigesom interesserede vil kunne fd udleveret eksemplarer.
Ron resuml af de vxsemhgste resultater:
□ Det bar vist sig muligt at finde katodematerialer der er tilstraekkeligt
reversible for natriuminterkalation til at g0re faststof natriumbatterier
realistiske. En raekke af disse katodematerialer er blevet studeret i detaljer.
□ Blandingsfaseelektrolytter af Nasicon eller natrium beta alumina med
polymere gav ikke anvendelige resultater. Dette er i modscetning til lithiumsystemer og i modstrid med forventningeme.
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□ Natriumledende polymere har gennemg&ende hojere ledningsevner end
lithiumanaloge og er ogsd med hensyn til modstand mod dendritvaskst etc.
fuldt ud anvendelige til brug i batterier.
□ De teoretiske energitaetheder af natrium katodematerialer er som regel en
hel del lavere (50%) end de tilsvarende lithiumvaerdier. De hojeste
absolutte vserdier kan dog vaere pd hojde med lithiumsystemer af kommerciel interesse.
Med hensyn til en detaljeret gennemgang af de opndede resultater henvises til rap
portens engelske hoveddel.
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order to increase the internal surface area has the effect of retarding
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-

9

-

Polyethylene oxide)-Sodium Perchlorate Electrolytes in
Solid-state Sodium Cells................................................................................. 125
Keld West, Birgit Zachau-Christiansen, Torben Jacobsen,
Emil Hiort-Lorenzen and Steen Skaarup.
Copy of: British Polymer Journal 20 (1988) 243-246.
The behavior of the sodium/polymer interface is studied by means
of cycling of solid state cells and AC-impedance spectroscopy. A
high resistance surface layer is rapidly formed, but is broken down
when current is passed through the interface.

in.

Battery Cycling Equipment ................................................................... 129
Design and Interpretation of Cycling Experiments on
Solid State Batteries........................................................................................ 131
Steen Skaarup.
Copy of: Proceedings of the International Seminar on Solid
State Ionic Devices, Singapore, 35-53 (1988). Eds. B.V.R. Chowdari and S. Radhakrishna.
A cycling experiment will usually depend on a complex mixture of
thermodynamic and kinetic factors for a number of components.
The article gives an overview of the possible limiting processes in a
solid state cell and discusses how to design test cells and experi
ments in order to extract the maximum information.
Battery Cycling Equipment............................................................................. 151
Presentation of results to be published later.
Our automatic cycling equipment for the simultaneous control and
measurement on up to 60 cells is described. A combination of local
microprocessors and a central personal computer is used. The volt
age ranges from -0.05 to 4.5 V with a typical error of < 1 mV, the
current can be varied from 100 nA to 200 mA with a typical error
of < 3 °/oo °f
range. Any combination of potentiostatic and
galvanostatic charge/discharge may be used. The data can be pre
sented on a screen, printer or color plotter.

-

10

-

SOLID STATE SODIUM CELLS
WITH
INTERCALATION ELECTRODES

Introduction
The present report describes the results from the project: "Secondary Sodium Cells
with Intercalation Electrodes" which was financed by the Danish Department of
Energy. The work was carried out by the Solid State Electrochemistry Group at
the Technical University of Denmark which is formed by collaborators from the
Institute of Physical Chemistry and Physics Laboratory III. The work was done in
the period, May 1984 to December 1988.
The reason for deciding to study the sodium solid state intercalation battery was
the previous participation in a large scale cooperative effort towards development
of the analogous lithium cells. This anglo-danish project involved 7 research
institutions under the aegis of the EEC Energy Conservation R&D Programme
and the respective national departments of energy. The very encouraging results
from this materials research program form the basis for several ongoing attempts
to fabricate commercial secondary lithium solid state batteries.
The promising results from the lithium work made an extension to the study of'
analogous or similar sodium systems natural. First of all, the theoretical insight and
experimental experience gained could be transferred directly to the problems asso
ciated with the sodium solid state cells. Secondly, the sodium intercalation com
pounds and especially the comparison with the often very well described lithium
analogues, offer an opportunity to gain fundamental knowledge about which
materials properties are important to the intercalation process. Thirdly, the use of
sodium has several advantages in theory compared to lithium systems: Sodium is
much more abundant and lower priced than lithium, it may be easier to find solid
electrolytes of sufficiently high conductivity, sodium forms no alloy with aluminium
thereby making it possible to use this metal for current collectors in stead of the
costlier and heavier nickel. Furthermore, the softness of sodium metal may make it
easier to achieve and maintain contact to other components in the battery during
repeated cycling. This might be of importance for room temperature operation
especially.
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Organisation of report
The results from the project has primarily been published in the form of articles in
international scientific journals and as contributions to monographs. Copies of
these articles form the backbone of the report together with a short commentary to
each article. Also included in the report are some general observations, as well as
results that are unsuited for publication (e.g. unsuccessful experiments) but which
may still contain relevant information for other experimental workers. Lastly, the
report includes results on several intercalation compounds that will be published at
a later stage as well as some details about the experimental equipment.
The report is divided into three main sections:
I.
II.
HI.

Intercalation Cathode Materials
Polymer Electrolytes
Battery Cycling Equipment

Only work directly relevant to sodium cells is covered. All the articles published by
the solid state electrochemistry group about solid state batteries, intercalation
chemistry and related areas (up to early 1989) are collected in the volume: Tonic
Conductors and Intercalation Compounds", may 1989. Copies of this collection of
publications may be ordered from: Steen Skaarup, Physics Laboratory III, building
309, or Keld West, The Institute of Physical Chemistry, building 206, Technical
University of Denmark, DK-2800 Lyngby, Denmark.

.

12

-

Section I
INTERCALATION
CATHODE MATERIALS

INTERCALATION COMPOUNDS:
METAL IONS IN CHALCOGENIDE AND OXIDE HOSTS.

Keld West
Institute of Physical Chemistry,
The Technical University of Denmark, DK.2800 Lyngby, Denmark.

I.

INTRODUCTION

Intercalation is the reversible insertion of mobile guest species into a rigid host
lattice containing a contiguous network of empty lattice sites of appropriate sizes.
Normally the main factors controlling the rate of solid-state reactions is the nucleation
and growth of product phases and transport of reactants in the solid to the reaction
site. As the activation energy barriers for these processes usually are high, most solidstate reactions and transformations proceed at low rates at room temperature. There
are, however, groups of solid-state reactions that are known to be less restricted kinetically: Topotactic reactions maintain a close structural relationship between the existing
phase and the product, and nucleation and growth of product phases are here greately
facilitated. An outstanding example is the austenite-martensite transition in steel, a
topotactic phase transformation where growth of the product phases occur at velocities
approaching the speed of sound1). Phases containing a connected system of empty lat
tice positions may exhibit unusually high diffusion rates for species fitting into these
sites, as seen in fast ion conductors.
In intercalation reactions both of these favourable kinetic conditions are
present. During the intercalation process the host lattice may undergo changes in struc
tural dimensions to accomodate the guest, but the integrity of the host lattice is
preserved. Originally the term intercalation referred to the insertion of an extra day in
the calender, such as the 29th of February in leap years, and it is in solid-state
chemistry traditionally used in connection with lamellar or layered host materials as
shown in fig. J. Some authors prefer the more general term insertion in connection
with other types of hosts, but the two term are here used interchangeably.
O OO
o O
O OO

♦

o o o o
--------^
1
—o o o c

Fig. 1. Schematic representation of intercalation reaction in a layered host material.
Intercalation chemistry has a long history. According to Weiss2) one of the key
processes in the original manufacture of china in the 6th and 7th century was
modification of the mechanical properties of kaolinite through the intercalation of urea
or formamide. The first tungsten bronzes were described in 1823 by Wdhler3)* and
graphite intercalation compounds in 1841 by Schauffautl4). It was, however, only when
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structural investigations became possible that the common reaction principle leading to
the formation of these compounds became evident. In a systematic x-ray study of a
series of intensely colored sodium tungsten bronzes, H&gg discovered in 19356) that
these substances actually belonged to a continuous solid solution series: Na^WOj
0.32 < x < 0.93, all having the same cubic W-O-lattice. The large stoichiometric range
seen here is typical of intercalation systems.
Today a wide variety of intercalation compounds is known. The guests include
both molecular species and ions. Insertion of ions require the simultaneous accomoda
tion of compensating charges by the host matrix, either delocalized in its band struc
ture or localized by reduction/oxidation of discrete atomic or molecular entities of the
host. In both cases the electronic conductivity of the host is an important factor in
determining the kinetics of the intercalation reaction. Lithium and sodium intercalation
has, however, been demonstrated in NASICON-type titanium phosphates6), which
would normally be regarded as electronic insulators. Also in the case of molecular
intercalates a partial charge transfer between guest and host is often seen.
A wide range of host structures has been investigated, ranging from threedimensional framework structures with empty lattice positions forming channels or
interconnected cavities, over two-dimensional layer structures, where the insertion
takes place in van der Waals gaps between layers, to one-dimensional chain structures
or nearly amorphous materials where the inserted species occupy positions between the
structural elements, fig. 2.

%

□□□
□ □ □ Oo°
□ □ □ vy

\-
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✓

Fig. 2. Schematic representation of host structures with different dimensionality7).
The layered materials have proven to be particulary versatile host materials, as
they can adapt to guest species of very different size by changes in interlayer spacing.
In this way tantalum disulphide, TaSj, with an original interlayer spacing of 6.1 A
forms complexes with long-chain amines such as octadecylamine where the interlayer
spacing is increased up to S'? A1', as well as with small ions as lithium resulting in only
a small increase to 6.4 A°).
The high degree of dimensional stability that is required of the host lattice
demands strong, directional bonding. This is only obtained in compounds with an
appreciable degree of covalency as metal oxides or chalcogenides (sulphides, selenides
and tellurides) or in carbon based materials as graphite or conjugated polymers. The
fractional covalent character of a single bond A-B can be estimated from the electro
negativities of species A and B (XA and XB)10):
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where f{ is called the ionicity of the bond.
As the intercalation process can be performed at temperatures where the host
lattice is kinetically stable against transformations that would involve bond breaking,
intercalation reactions may lead to metastable products. In this way intercalation reac
tions constitute a new synthetic route to phases that cannot be prepared by conven
tional high temperature techniques. This preparation method has been coined chimie
douce or soft chemistry. An example of a product synthesized this way is the layered
vanadium disulphide, VS3, a metastable analog to hexagonal titanium disulphide, TiS2,
which was prepared by extraction of lithium ions from the stable compound LiVS2
using iodine as oxidation agent11):
Livs2 + |i2

-*

Lii + vs2

(2)

In the same way a cubic modification of TiS2 has been prepared by oxidation of the
high temperature stable spinel phase CuTi2S4 with ferric chloride or bromine in
acetonitrile at room temperature15*14):
CuTi2S4 + ^Br2 -♦ CuBr + 2TiS2

(3)

In these reactions ions are extracted using a chemical oxidation agent, a convenient
technique for making larger quantities of a definite composition. Murphy12) has pro
posed a series of suitable agents with different redox potentials that can be used for
these reactions. A reagent often used to prepare fully lithiated compounds is n-buthyl
lithium (n-BuLi)1B).

External circuit
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Fig. 3. Schematic representation of electrochemical cell for the intercalation of lithium
ions in the layered host TiS2.
Alternatively, intercalation reactions involving ionic intercalates can be readily
controlled and studied by electrochemical techniques. In these cases the host material is
used as one of the electrodes in an electrochemical cell. As the other electrode a
suitable source or sink of the intercalate is used. For alkali metal intercalates, this elec
trode will typically be the free alkali metal, fig. 3. Under equilibrium conditions, the
open circuit voltage, emf (c) of such a cell will be determined by the difference in free
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energy of the metal in metallic state and in intercalated state ("the intercalation
affinity": -AGi):

where F is Faradays constant and n is the charge of the metal ions in the electrolyte.
Intercalation reactions have many scientific and technological applications,
including the possibility of "tuning" electrical or mechanical materials properties, the
development of new catalysts and sensors, and the use as electrode materials in
secondary (rechargeable) batteries. In this area the intercalation materials have paved
the way for a new battery concept the all solid •‘Stale battery.
In the present paper the main emphasis will be on ionic intercalates of transi
tion metal oxides and chalcogenides. It is not the intent to present an exhaustive review
of the field which is large and rapidly growing, but rather to exemplify important and
general features of intercalation systems. The reader is referred to recent reviews16’22)
and monographs22'24) for more comprehensive treatments and for information on the
important subjects intercalation in graphite, organic metals and clays.
2.

HOST MATERIALS AND STRUCTURES

The properties of host materials result from the interplay of chemical and
structural factors. As already mentioned, a certain degree of covalency is necessary to
impart to the host structure the required rigidity. The carbon based materials such as
graphite or the conjugated polymers are the most covalent host materials. These
materials are amphoteric, i.e. they are able to intercalate both anions and cations. The
oxides and chalcogenides of transition metals are partially ionic in character. Due to
differences in electronegativity (XG = 3.5, Xs ■ 2.5, Xs# - 2.42B)), the oxides will be
the most ionic, whereas the sulphides and selenides have sufficiently small net charges
on the chalcogec atozns to make van der Waals bonded layer structures possible. Due to
coulombic interactions only cations and electron donors (Lewis bases) can be interca
lated in these materials. Recently it has been reported26) that indium selenide, InSe, in
addition to various cations also is able to intercalate iodide ions. The amphoteric
behaviour is consistent with the highly covalent bonding in this material.
The most important of the structural factors is the number and size of sites
available for intercalation, and the features of the electronic band structure determined
by the coordination symmetry of the transition metals. The guest-host interactions are,
however, influenced by the host structure in many other ways, some of which are
exemplified in the following.
2.1

Three Dimeosiooa! Host Structures

Host structures strongly bound in three dimensions exhibit a high degree of
specificity with respect to the species inserted. This is due to the spatial restrictions set
by the geometry of the diffusion path in the host. The "bottlenecks" determine a maxi
mum size of the intercalant, but it also appears that ions too small to fit the channels
will experience a restricted mobility as they tend to stick to the channel walls. In the
molybdenum cluster compounds - "Chevrel phases" - the ions are inserted in intersect-

-

18

-

ing channels between Mo6X8 clusters, and an unusually wide variety of metal atoms
can be accomodated.
2.1.1
Bronzes. In analogy with the bronze colored NaW03» the term "bronze*27"50) is
used for ternary metal oxides of the general formula MxTyOg, where T is a transition
metal capable of being reduced, and M is another metal or hydrogen. The composition
parameter x varies in accordance with the reduction of Tf whereas y and z are con
stants. A further property which is normally only stated implicitly, is that the bronzes
are thermodynamically stable over a certain range of compositions x. As the composi
tion changes, variations in colour and electrical properties of the bronze are observed.
Most bronzes have a three dimensional framework structure, and though the composi
tion of the host corresponds to a binary oxide, the framework found in the bronze is
not necessarily stable in the unintercalated state. The formation of these compounds
can be regarded as crystallisation of a binary oxide in the presence of ions too large to
find suitable interstitial sites, therefore an entirely different structure is adopted. After
the host has been formed around the guest, it is possible to adjust the composition in
certain intervals especially in the case of the smaller cations (H, Li, Na, Ag, Cu),
whereas the ionic mobility in bronzes of larger cations is severely limited by intercavity bottlenecks. Titanium, vanadium, molybdenum and tungsten bronzes have been
extensively studied as these phases exhibit a series of unusual physical and structural
properties, and as they can be prepared with varying concentration of valence electrons
due to their wide stoichiometric ranges. Some features of this class of materials will be
illustrated using the vanadium pentoxide bronzes as examples:
The vanadium bronzes of composition MxV206 crystallize in different structures
depending on the concentration and size of the inserted species M. Some of these
structures are shown in fig. 4, and their composition intervals are given in table 1. It is
noteworthy that virtually identical a. and
structures are formed with all the listed
cationic intercalants.

Fig. 4.
Structure of vanadium pentoxide bronzes: (a) a-phase,
(c) £-phase. Circles mark possible sites of intercalated ions.

(b) a’-phase,

The a-phase is structurally closely related to V205 with layers made up of dis
torted V06 bipyramids forming double zig-zag chains and cross-linked through shared
corners. With only a weak V—0 interlayer bond this material has both been classified
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as three-dimensional and two-dimensional. Although the multiplicity of the interlayer
sites normally occupied by the inserted ions corresponds to a limiting composition
MV2O5, the a-phase is normally only formed with small concentrations of intercalant,
the concentration range decreasing with increasing ionic radius of M*. A similar phase,
o’, with decreased symmetry is however formed with high concentrations of sodium. In
the a’-phase there are two types of vanadium sites due to the presence of approxi
mately equal numbers of V+4 and V+5 atoms.

Table 1.
Composition intervals of MxV206 bronzes.
Intercalant

Phase

Composition range

H

a

0 < x < 3.8

Li

a
a
0
0'
0*0'
0
n

0 < x < 0.04
0<x<2
0.22 < x s 0.37
0.44 < x s 0.49
0.22 < x < 0.62
0 < x < 1.33
0.88 < x < 1
0.5 < x < 1
0.9 < x s 1

1

6
Na

0
0.22
0.65
0.70
1.28
1.68
0.30

a
0
0'
a’
V
K

Cu

Ag

•) Composition
phases

< x < 0.02
< x s 0.40
< x < 0.69
< x < 1.00
< x i 1.45
< x < 1.82
< x < 2.00

Ref
*)

31

*)
*)

32
33,34
32
32
35
36
35
37
38

*)

35
35
35
39
39
39
40

*)

*)

i

0 < x < 0.02
0.26 < x < 0.64
0.85 < x < 1

35
35
35

a
0+0'
i

0 < x < 0.01
0.29 < x < 0.41
0.67 < x < 0.86

35
35
35

a
0*0'

range

of

meiastable

low

temperature

At room temperature insertion of up to 3.8 H+ 22) and 3.30 Li+ S4) per formula
unit in a-V205 has been reported. At small degrees of intercalation, x » 0.33 in
H^Og”) and x < 0.9 in Li^^Og, intercalation causes only small changes in the host
lattice. In the interval 0.9 < x < 1 a new room temperature phase (5) is formed in the
lithium system. The a-6 phase transformation is accompanied by a decrease in sym
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metry like the or-o' transition in the sodium system, but structural investigations have
revealed that this transition is more extensive, involving relative displacement and
puckering of the layers63). On the insertion of more than 3.0 H+ or 2.0 Li+ the oxides
become amorphous as they loose coherence in the direction perpendicular to the layers.
The nature of the sites occupied by lithium in the composition interval 1 < x < 2 is not
known. Attempts to intercalate sodium in a-V206 at 80*C initially leads to the forma
tion of Q,-NaV206. Upon further sodium insertion, the host undergoes an irreversible
transformation to a phase capable of highly reversible sodium insertion over a wide
composition interval40) with a stoichiometric energy density of 430 Wh/kg, see fig. 5.

x in NajjVjOg
Fig. 5. Constant current current cycling of Na | NaC104-PE01 Q-NaxV206 cell (80°C).
Current density 25 /iA/cm2. First (heavy line) and second (thin line) cycles are
shown40).
The ^-structure is made up of double zig-zag ribbons of V06 octahedra joined
by corner sharing and further linked by additional chains of doubled V06 bipyramids.
The structure can be regarded as a tunnel structure, where the inserted ions reside at
sites in two rows along the tunnels. At high concentrations of intercalant a cooperative
displacement of inserted ions into alternative tunnel sites takes place, forming the
£'-phase of theoretical limiting composition
At room temperature the entire
composition interval from x = 0 to x ■= 2/3 can be covered by electrochemical inter
calation in /S-L^VjOg. The fi-f? phase transformation is highly reversible and proceeds
at a high rate, as it does not require structural rearrangements of the host lattice. On
further lithium intercalation, two new phases are obtained in the composition interval
up to x«1.33m). The nature of these phases has not been determined, but the ready
reversibility of the phase transitions at room temperature suggest that they must be
closely related to the 0- and ^'phases. Attempts to perform a similar expansion the
composition interval of ^-Na^VjOg at 80*C resulted in loss of crystallinity of the host
when the high temperature stability limit (x ■* 0.40) was exceeded40).
At high contents of intercalate, the bronze structures formed are dependent on
the inserted ion. The ^-phase formed in the lithium system is a layered structure quite
different from the a-phase. At room temperature up to 0.5 lithium can be extracted
from ^-LiVjOg, but attempts to increase the lithium content beyond x « 1.05 lead to
disproportionation of the bronze into V2O3 and LiVOs37).
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2.1.2 Framework structures: Lithium insertion in vanadium oxides. The
vanadium
oxides that have been shown to undergo lithium insertion are characterized by a high
degree of localization of the valence electrons in contrast e.g. to the cubic tungsten
bronze which is best described in terms of a model involving a degenerate free electron
gas41). The individual vanadium atoms can thus be assigned a formal valence or oxida
tion state, and oxides with all oxidation states between V+2 and V+5 are known.
Apparently the energy differences between oxidation states V+8f V+4, and V+6 are
relatively small, as evidenced by the wealth of oxides with two separate valence states
in the same phase, in some cases even coordinated to the same number of oxygens.
Also a phase with simultaneous occurence of V+s, V+4, and V+5, (Fe.VJjgOjg is
known42).
In order to facilitate lithium ion transport, continuous diffusion paths must be
present in the host lattice. It is therefore not surprising that all the vanadium oxides
showing lithium insertion are open structures with a relatively low density (Table 2)
compared to e.g. the rutile modification of V02 (p ■ 4.67 g/cm3) or to the Magneli
phases
(n * 2: p «* 4.84 g/cm3, n « 3: p « 4.76 g/cm3) into which lithium ions
are not inserted in appreciable amounts43).

Table 2
Physical properties of Lithium-Vanadium-Oxides.
Substance

Composition range

Density
(g/cm3)
3.49 (x-0.5)

a-LixV206

3.40 (x=0.0)

£-LixV20B
LixV206 (Xerogel)
J-ixV5Oi2
LixVs07
Li,V.09
Li*V5On
Li,V6013
LixV02(B)

3.65 (x=0.3)
3.58 (x*0.0)
3.92 (x-0.0)
4.05 (x-0.0)

Li.-.VO,

4 40 (x-0.0)

0.12 <x< 2
0 <x< 3
0 <x< 1
0 <x< 2
0 <x< 3
0 <x< 1.33
0 <x< 1.1
0.73 <x< 4.45
0 <x< 4
0 <x< 4
0 <x< 5
0 <x< 8
0 <x< 0.6
0 <x< 0.82
0 <x< 1

Energy density
Wh/kg
Wh/i

( 25 °C)
( 120 0C)
( 25 *C)
( 120 *0
( 120 *C)
( 25 *C)
( 120 *0
(n-BuLi)*)
(n-BuLi)’)
(n-BuLi)*)
(n-BuLi)-)
( 25 -C)
( 25 -C)
( 120 *C)
( 120 -C)

440
650
460
750
590
430

890
390
550
820

1240
1650
1300
1840
**)
1680

2150
1200
1560
2310"*)

lc these materials. the composition interval cited is determined from o--BuLi
intercalation. Cyclic voltammetry has shown, that Li • insertion is reversible in
the major part of this interval.
**) The host structure of these materials is not kinetically stable in the composition
interval cited. Thus, the stoichiometric energy density given in the table can not
be utilized in cycling.
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Fig. 6: Phase diagrams for lithium-vanadium(III, IV, V) oxides, (a) Thermodynamically
stable bronzes, (b) Composition interval of lithium insertion compounds at ambient
temperature. Solid lines are reversible composition intervals demonstrated by elec
trochemical methods at 25*C, broken lines indicate additional capacity at 120*C. Dotted
lines indicate composition intervals spanned by n-BuLi49).

o '' o

Fig. 7. Open circuit voltage of Li | LixV6012.78 versus degree of intercalation, xB°).
The thermodynamic stability limits of the lithium-vanadium bronzes are indi
cated on fig. 6(a). As shown in the previous section, these limits can often be exceeded
at ambient temperature without changes of the host structure. Several vanadium oxides,
that do not form stable bronze phases, may accomodate large amounts of lithium or
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other small cations anyway at temperatures where the oxide matrix is kinetically stable
against structural rearrangements, i.e. below 200-300'C, forming metastable insertion
compounds. The composition intervals for some of these compounds are indicated on
fig. 6(b). Many of the vanadium oxides have been studied with regard to their applica
tion as the active component of rechargeable lithium cells, and calculated
stoichiometric energy densities are collected in table 2. Most of these open host frame
works have rather large unit cells with more than one type of site for the inserted ions.
As these sites do not have the same affinity for inserted ions, the emf vs composition
curve will exhibit two or more steps, reflecting the sequential filling of inequivalent
host sites, as seen in the Li/Ve018 system, fig. 7.Due to the unavailability of single
crystals, information on the actual sites occupied by lithium in the thermodynamically
unstable lithium inserted vanadium oxides, usually can not be obtained from x-ray dif
fraction techniques. At the same time the large ratio between incoherent and coherent
scattering by vanadium atoms limits the usefulness of neutron diffraction. In these
cases one therefore has to rely heavily on inferences from model substances and
analogies with the stable bronze phases.

v

(a)
Fig. 8. Chains of cavities in idealized V02(B) (a) and V601S (b). Only the oxygen
atoms demarcating the cavities and the planes of the vanadium atoms are shown48).
In the three dimensional framework structure V601S and in the structurally
related compound V02(B)45), chains of interconnected oxygen lined cavities extend in
the direction of the crystallographic b-axis, as shown on fig. 8. AC-impedance
measurements on single crystals of V€0JS in conuct with lithium conducting electrolyte
have shown lithium diffusion in other crystallographic directions to be negligible44). It
is thus assumed that the lithium ions inserted into V6Oia and V02(B) are confined to
these channels. Cava ei o/46) have used neutron diffraction powder profile analysis to
determine the structure of lithium inserted FeVsOa. FeVs08 is a structural analog to
V02(B), and by reaction with n-BuLi it takes up 2 lithium per formula unit, and the
same number per cavity. These lithium were shown to occupy five-coordinated square
pyramidal sites, forming opposite apexes of the cavities in fig. 8(a). This coordination
is resemblant of the "Ml sites" in £-V2Ob47).
There are six square pyramidal sites per double cavity in VgOu (see fig. 8(b))
and one double cavity per formula unit. V601S can accomodate 8 Li per formula unit,
so other types of sites must be present in this structure. As coordination to oxygen is a
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critical factor in the stabilization of inserted lithium, these sites are most likely to be
the square faces joining the cavities, with the possibility of coordination to 4 coplanar
oxygens, a coordination also seen in Li036WO548). This leads to a total of 9 lithium
sites per formula unit. However, from intercalation experiments on a series of V60ls+y
(0.22 < y < 0.11) it was conduded that vanadium cannot be reduced beyond V+s
without destroying the host lattice80). The maximum lithium uptake is thus limited by
the number of "electronic sites".
Potential vs composition curves measured during electrochemical cycling of
Li^VgOij and V02(B) are shown on fig. 9. It is seen that the structural similarity
between Ve013 and V02(B) is reflected in the similarity between the voltage curves of
these materials. On this basis the following model for the sequential filling of the dif
ferent sites in V601S has been proposed81): The first plateau at 2.75 V, not present in
V02(B), indicates that a completed structure is present after insertion of 1 lithium per
double cavity. The square planar site joining the two parts of the double cavity is the
only site with this multiplicity, and it is situated as far as possible from the densely
vanadium populated "V02-layers". It is thus assumed that the first lithium entering the
structure occupies this site, and that further lithium insertion leads to occupation of the
two opposite square pyramidal sites, displacing lithium from the square planar site into
one of these sites too. This leads to a completed structure containing 2 Li per cavity as
in V02(B). Further lithium insertion results in an abrupt expansion of the unit cell80),
to accomodate a more dense population of the available lithium sites.
E / v

* ' v

3.00

3.00
2.75

2.50

2.50

2.00

2.00

-

1.75

Lithium per cavity.

Fig. 9. Potential vs composition calculated as lithium per cavity, (a) Li/LixV02(B) in
LiCF3S03/PE0 (120°C), constant current « 5 pA/cm2 (4 formula units per cavity),
(b) Li/LijfVgOjj in LiAsF6/PC (25*C), calculated from voltammogram, sweeprate « 5 jjV/s (2 cavities per formula unit).
Emf data for a number of the lithium-vanadium oxides are collected in fig. 20
as a function of the average oxidation number of V. The emf curves for the kinetically
stable compounds fall in a relatively narrow region, with some dependence on the
oxidation number. This demonstrates, that the magnitude of the emf is largely
governed by the "chemistry" of the Li-V-O-system, whereas the structure of the host
lattice determines the magnitude of the composition interval and the details in the
shape of the emf curve. Based on fig. 10 and assuming that the entire interval from
V(5) to V(3) can be utilized for Li insertion, the upper limit of the reversible
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stoichiometric energy density obtainable within the Li-V-O-system can be estimated to
1200 Wh/kg.
E (V

va.

beta-V.O

Li)

alpha-V 0
LiVO
Li VO
0(B)

OXIDATION NUMBER

Fig. 10. Emf-curves for lithium insertion in various lithium vanadium oxides (at 25°C
or 120°C) as function of the mean oxidation state of vanadium. Dotted lines indicate
that these reactions lead to changes in the host lattice39).
The electronic conductivity (ae) measured on compressed powders of a number
of Li inserted vanadium oxides is shown on fig. 11. The measured conductivities were
not corrected for porosity or intergrain resistances, but a general trend is clear from
the results: The electronic conductivity decreases by several orders of magnitude upon
Li insertion, except at oxidation states close to V4S where an initial increase is seen.
The decrease in ce shows that the electrons transferred to the oxide during intercalation
are localized at discrete vanadium atoms, and is perhaps a consequence of the increas
ing distance between these atoms. Because of the low electronic conductivity of the
fully lithiated oxides, conductive material must be added to electrodes with vanadium
oxides as active electrode material.
log (CONDUCTIVITY (ohm cm**))

beta-v 0
• IS

alpha-V 20 9
LIVO
OXIDATION NUMBER

Fig. 11. Electronic conductivity (ae) of compressed powders (at 70 MPa) of various
lithium vanadium oxides33).
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2.1.3
Molybdenum cluster compounds. The molybdenum cluster compounds - or
"Chevrel phases" MjfMogXg (X ■ S, Se) - are formed with a wide range of main group
and transition metal guests, table 3. The structure can be considered as a three
dimensional array of units consisting of a Moe octahedron surrounded by a X8 cube,
fig. 12. Six of the chalcogens form bridges between adjacent units, being coordinated
to three Mo in one unit and one Mo in the neighbouring unit. The two remaining chalcogens can be fully or partially substituted by halogen atoms, thereby increasing the
valence electron concentration on the Moe unit54). In the interconnected framework of
Mo6Xg units, a three-dimensional network of intersecting channels is formed, in which
the M atoms reside.

Fig. 12. Structure of molybdenum cluster compound MxMogXg.

Table 3.
Elements reported as ternary elements (M) in Chevrel phases MjjMogXg, X = S, Se55).
H
Li
Na
K
Rb

Mg
Ca
Sr
Ba
Pr

Ce
Th
Af
M

:

Al
Mn

Sc
Y
La
Nd
V

Sm

Eu
Pu

Cd
Am

Tb

Fe

Co

Dy

Ho

Ni
Pd

Cu
Ag

Zn
Cd
Hg

In
Tl

Er

Tm

Yb

Lu

Sn
Pb

Elements forming intercalation compounds MxMo6X8 with strongly bound or
nearly immobile intercalant.
Elements forming intercalation compounds MxMo6X8 with room temperature
mobility of intercalant.

There are two classes of Chevrel phases56). In compounds of the first type the
ternary element M is a small cation like Li+, Cu+ or Zn2+ distributed over two sets of
six-fold lattice sites. These sites are located slightly off the origin of the unit cell
("inner sites") and in the tunnels joining these sites ("outer sites"). For steric
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reasons67*68) only part of these sites can be occupied simultaneously, but it appears that
the number of guest ions is limited by the number of electrons that can be accepted by
the host. From band structure calculations it is concluded, that the Mo6 unit has 24
bonding electronic levels separated from higher levels by a 0.8 eV gap69), LL
assumed that insertion of M only adds electrons to an otherwise unchanged band of the
Mo6 unit {the rigid band model) a transfer of maximum four electrons per formula unit
is thus allowed in M^jMogXg, and two in the fully halogen substituted compounds.
These compounds often exhibit wide homogeneity ranges, and due to the large number
of equivalent sites high ionic mobilities are encountered60'61). Apparently there is a
critical upper limit for the radius, rj, of the inserted ion as sodium (rj ■= 0.95 A) can be
inserted in both the sulphide and the selenide while silver (t1 * 1.26 A) can only be
inserted in the selenide and potassium (rs « 1.33 A) in neither20). This type of Chevrel
phases is the only class of intercalation compounds where room temperature mobility of
divalent transition metal ions has been unambigously demonstrated. Chevrel phases of
the second kind, e.g. PbMo6Xg and SnMo6X8, are formed with larger or more charged
ions, situated at the origin of the unit cell. In this case the guest ions are essentially
immobile at ambient temperature, and only narrow composition intervals around
MjMOgXg are encountered.
The variations of voltage with composition for Li | L^MOgSg and Zn | Zr^MogSg
are shown in fig. 13. In most M^MOgSg phases with small ions a sharp potential step is
seen at x «= 1, propably due to a steric blocking of further insertion into the inner sites.
Lithium insertion into Mo6S8 has proven to be very reversible with no qualitative
change in the voltage curves during more than a thousand deep cycles62). Li | Li^MogSg
has thus attracted interest as electrode couple for secondary batteries, despite its rather
low energy density (>260 Wh/kg, 1050 Wh/£).

Fig 13. Potential vs composition for M | MyMo#X# cells (a)
Zn | Zn,MoeXe61).
2.2

Li | Li^Mo^Se^631, (b)

Layered Host Materials

When the dimensionality of the host structure is reduced, it becomes possible to
deform the lattice extensively during the intercalation reaction without rearranging
bonds in the host matrix. Low-dimensional host lattices are thus capable of intercalat
ing species of widely varying size.
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The layered host materials are sandwich structures of layers internally bound by
strong, predominantly covalent forces. The "vacant" planes between sandwiches are
called galleries or van der Wools gaps, indicating that the layers are held together only
by van der Waals forces, allthough weak covalent and ionic contributions also can be
present66). The weakness of the interlayer forces offers the possibility of introducing
foreign atoms or molecules into the van der Waals gap.
The layered intercalation hosts can be classified into three general categories
according to the rigidity of their layers with respect to distortions perpendicular to the
layer planes66). The three classes are exemplified on fig. 14.

Fig. 14. Examples of layered host structures, (a) The hexagonal arrays of carbon atoms
in graphite, (b) The octahedral coordination polyhedra of IT transition metal dichalcogenides. (c) Idealized structure of 2:1 sheet silicate (smectite) showing the oxygen
framework of the layers. Possible hydroxyl sites indicated as filled circles.
Class I is constituted by graphite, where the layers are atomic monolayers,
fig. 14(a). The screening of the coulomb repulsion between the inserted species is
modest, and strong guest-guest and guest-host interactions lead to intercalation
products with fixed compositions, where only a well defined fraction of the available
sites is occupied. The limiting compositions for the alkali metal intercalates are : MC6
(M Li, Na) or MC# (M: K, Rb, Cs). Due to flexibility of the layers, strong deforma
tions are seen at the boundaries between intercalated and unintercalated regions of the
crystal. In order to minimize the associated "boundary energy" these regions tend to
coalesce and due to interlayer interactions form stages - one dimensional superlattices,
in which domains with one monolayer of guest species are separated by n host layers,
giving the stage n compound, as illustrated on fig. 15.1n class II the layers are made up
of a single sheet of coordination polyhedra, fig. 14(b). This class includes the transition
metal dichalcogenides (TMD’s), the layered transition metal oxyhalides and the transi
tion metal phosphorous trichalcogenides. In these compounds the screening of the
repulsion between the intercalates is efficient, and continuous broad intercalation
ranges with a limiting composition corresponding to complete occupation of one type
of the available sites are generally seen. Staging is only seen in few of these com
pounds, and mostly in cases where the intercalation reaction involves a sliding of the
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layers relative to each other. Fisher and Kim67) have determined the average decay
length of layer distortions around lithium intercalates in graphite and titanium disul
phide, TiS2, to be 5 and 7 A, respectively. This illustrates that both class I and II have
flexible layers, but with different rigidity.

000)
OOQ)
V
OOP)
OOP)
X

Fig. 15.
pounds.

ooo

X
Schematic diagram showing staging (stage 3) in graphite intercalation com-

In the host structures of class III each layer is formed from multiple sheets of
coordination polyhedra. This class covers the phyllosilicate or clay minerals, where the
layers are build up as various combinations of tetrahedral and octahedral sheets.
Silicon ions are found in the tetrahedral sites, whereas the octahedral positions are
occupied by aluminium or magnesium ions. Homo- and/or aliovalent substitution in
both the anionic and the cationic networks yield a multitude of minerals with either
neutral or negatively charged layers. The negative charge is compensated by interca
lated cations located in the interlamellar space. As these minerals are not subject to
redox reactions, the charge on the layers remains fixed, but some groups of sheet sili
cates (especially smectites* fig. 14(c)) readily undergo ion exchange as well as intercala
tion of a number of neutral molecules. The smectites are able to take up more than a
single molecular layer in each gallery, in contrast to the intercalation in graphite where
each monolayer of intercalant is separated by one or more host layers. Intercalation of
multiple layers of solvent, which also can be seen in some cases with class II hosts, can
ultimately lead to exfoliation* when the layers become detached forming colloidal
suspensions. Due to the rigidity of the host layers of class III the intercalation reaction
often proceeds discontinuously as whole monolayers are absorbed in a single step. For
the same reason the interlayer spacing of smectites can be preserved - even when the
swelling solvent is removed - by pillaring* where large, thermally stable cations props
the layers apart68). The decay length of layer distortions in these materials is measured
in tens of Angstrom.
The continuous tnonophaiic intercalation of ions in layered hosts is thus only
observed with class II materials. Some pertinent features of these systems are
exemplified in the following:

2.2.1 The layered transition metal dichalcogenides. Intercalation in layered transi
tion metal dichalcogenides (TMD’s) was first reported in 1959 by ROdorff and Sick64),
reacting alkali metals dissolved in liquid ammonia with MoS2 and WS2. Since then a
rapidly growing number of guest-host combinations have been studied. In table 4 the
elements known to form layered dichalcogenides and to form intercalates with these
compounds are collected. It is however only the intercalation compounds with group 1
and lb elements that conform with our previous requirement of room temperature
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mobility of the intercalant. Most of the transition metal and post transition metal intercalants form partially covalent bonds with the hosts.

Table 4.
Elements known to form layered transition metal dichalcogenide intercalation com
pounds, MjjTXj.
H
Li
Na
K
Rb
Cs

Ca
Ti
Sr
iZr
Ba Eu,Yb Hf

T

:

M

:

M

:

V':
Nb
Ta

Cr
Mb

Mn

Fe

Co

w

Ni

Cu
Ag

Zn
Cd

Al
Ca
In
Tl

Si
Ge
Sn
Pb

Bi

Transition metals forming layered dichalcogenides TX2. The first row transi
tion metals are also known as guest species.
Elements forming intercalation compounds
with strongly bound or
nearly immobile intercalant.
Elements forming solvent free intercalation compounds
with room
temperature mobility of intercalant.

The structure of the TMD’s consists of sandwiches of a sheet of transition metal
atoms (T) between two close packed layers of chalcogen atoms (X). Depending on the
positioning of these sheets relatively to each other, two different coordinations around
the metal atoms are obtained: either trigonal prismatic or slightly distorted octahedral
(trigonal antiprismatic symmetry) as shown on fig 16.

van der Waals
gap

O s
• M

Fig. 16. Trigonal prismatic coordination (TP) and octahedral (O) coordination of tran
sition metal in TX2. Close packing of these layers leads to the 2H and IT polytypes,
respectively.

-

31

-

Furthermore, adjacent sandwiches may be packed in a number of different ways, lead
ing to a rich variety of possible structures (polytypes), differing only in stacking
sequence. During the formation of intercalation compounds, the structure may be
altered by displacement of layers relatively to each other. The coordination around the
transition metal is largely determined by the ionicity of the metal-chalcogen bond. The
strongest covalent bond can be formed in the trigonal prismatic coordination, whereas
the close packed anion array of the octahedral coordination is preferred if the bonds
are predominantly ionic or if the metal ion is very small compared to the chalcogens.
The same type of arguments can be used for the coordination of intercalated ions, and
Rouxel69) and Hibma66) have constructed ionicity-structure diagrams that unam
biguously relates the coordination to a size factor and to the charge on the chalcogens.
The general trend is that small ions and/or high charges on the chalcogen sheets favour
the octahedral coordination whereas the trigonal prismatic coordination is seen with
larger ions. These relations are illustrated by alkali metal intercalation into TiS2,
fig. 17:
_______________ 1,0
II,TP
IV
0

Li*TiS2

I,TP

Na*TiS2
I,TP

II
0.2

0.4

K*TiS2

0.6

O.S

1

Fig. 17. Phase widths of alkali metal intercalates in titanium disulphide: L^TiS^
NaxTiS270) and K^TiSj71). The staging is indicated by I, II and IV, and the coordina
tion is indicated by O: distorted octahedral (trigonal antiprismatic symmetry) and TP:
trigonal prismatic.
The small lithium ion (rj * 0.68 A) fits into the octahedral site in the van der Waals
gap with nearly no distortion, and the octahedral coordination is maintained through
the whole composition range 0 < x < 1. Intercalation of the larger sodium ion
(rj = 0.98 A) induces a shift of the layers relatively to each other, yielding the trigonal
prismatic coordination of sodium ions. As this process requires a relatively large
amount of energy, initially a stage 2 phase is formed. With high degrees of intercala
tion, the charge on the layers becomes so high that the octahedral coordination is stabi
lized. For small degrees of intercalation of potassium ions
• 1J3 A) both a stage 4
and a stage 2 phase have been identified7*). The potassium ion is too Urge for an
octahedral phase to be formed.
The stacking sequence interferes with intercalation reactions in several ways:
The coordination around the intercalant influences the kinetics of intercalation, as dif
fusion of larger ions may be severely restricted in octahedrally coordinated layers,
where the diffusion path passes through tetrahedral sites. Also phase shifts involving
relative displacement of layers may be kinetically slow processes. Repeated intercala
tion/extraction of Na in TiS2 is thus only possible at practical rates in the composition
interval corresponding to the I,TP phase of fig. 1772). The coordination around the
transition metal influences the electronic properties of the host material. This is
exemplified in TaS2 existing in both a IT (transition metal in octahedral coordination)
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and a 2H (transition metal in trigonal prismatic coordination) modification, see fig. 16.
The IT modification is stable above 750*C, and it is obtained by quenching from the
reaction temperature. In this modification periodic lattice distortions associated with
the electronic instability known as charge density waves (CDW’s) are present to
temperatures above 250°C. Under certain conditions low-dimensional conductors are
able to minimize their electronic band energy by undergoing a Peierls transition to a
distorted state with a spatially fluctuating charge density. At low temperatures the
CDW’s may be in registry with the crystal lattice (commensurate), whereas incom
mensurate lattice distortions occur at higher temperatures. The 2H modification of TaS2
is much more stable towards lattice distortions and only undergo CDW transitions well
below room temperature. The two TaS2 modifications also behave differently as host
structures for lithium intercalation as seen from the emf vs composition curves shown
in fig. 18.

Fig. 18. Potential as function of compostion parameter x for Li|LixTaS2 at room
temperature, (a) Modification with Ta in octahedral configuration (!T-TaS2)73).
(b) Modification with Ta in trigonal prismatic configuration (2H-TaS2)74).
In both materials lithium ions are inserted into octahedral sites of nearly equal
size. The higher initial voltage seen in the 2H-LixTaS2 system shows that this
modification takes up lithium ions more readily, despite the more ionic character of
IT-L^TaS^ These facts indicate that electronic factors in this case are determining the
intercalation affinity. Whereas the 2H-Li,TaS: system shows subtle features at x - 1/3
and x « 2/3 indicating the formation of ordered structures at these compositions74^, the
IT-Li3CTaS2 system undergoes a phase transition starting at x * 1/4. It has been sug
gested that the presence of CDW’s shows that the host is susceptible to distortions, and
that intercalation induces the lattice distortion responsible for the phase shift76). The
TMD which has attracted most interest as host for lithium intercalation is TiS2 (IT
modification) which has fast intercalation kinetics and high stability of the host lattice
that can withstand several hundreds of deep intercalation/extraction cycles without
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deterioration. The stoichiometric energy density calculated from the emf vs composi
tion curve on fig. 19 is 480 Wh/kg or 1190 Wh/£

2.5

2.0

x
1.5
0.0

.6

.2

.6

1.0

Fig. 19. Potential as function of composition parameter x for LilL^TiSj at room
temperature76).
Hydrogen intercalation is influenced by the stacking sequence in an unusual
way22). In compounds with the 2H structure (HxNbS2 and HxTaS2) nearly all hydrogen
atoms are located within the TX2 sandwich in the same plane as the metal atoms. A
hydrogen atom is thus closely surrounded by three metal atoms, and is immobile on the
NMR time scale. Only a small fraction of the hydrogen atoms (x < 0.1) enters the lat
tice as mobile protons, presumeably residing in the van der Waals gap. In compounds
with the IT structure (HjjTi^ and HXVS2), however, all the intercalated hydrogen
atoms are mobile and situated in the van der Waals gaps, clustered at adjacent
tetrahedral sites.
2.2.2 Transition metal phosphorous trichalcogenides. The structure of the transition
metal phosphorous trichalcogenides78) (TPXS, X * S, Se) can be regarded as a TMD in
which one third of the metal sites have been substituted with phosphorous pairs, P2,
giving the formula T2y3(P2)1/sX2. The intralayer bonding is however more involved
than suggested by this analogy, with predominantly ionic bonding between T2+ cations
and (P2X6)4“ anions. The (P2X6)4' anion consists of two flat PSs pyramids linked
through a phosphorous-phosphorous bond, the length of which is adapted to the cation
size7®). TPXa compounds are formed with T • Mn. Fe, Co, Ni, Zn, and Cd, but com
pounds with an additional cation or vacancies can be formed with V, Cr. Cu. and In.
The phosphorous trichalcogenides thus constitute a very rich class of intercalation host
materials. In accordance with the ionic character of the layers, most TPX3 compounds
undergo cation substitution reactions (ion exchange) as well as intercalation reactions at
room temperature. A quite original combination of these reactions has been reported80):
(5)
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where M+ is a large alkali cation (K+, Rb+, Cs4 or NH4+) or an organometallic species.
After reaction, the solvated cations are found in the van der Waals gap, leading to an
increased interlayer separation. Pure ionic intercalation has been demonstrated with
NiPS3, FePSs, FePSej, CoPS3, MnPSs, and MnPSe378) in reaction with n-BuLi. The size
of the van der Waals gaps expressed as sulphur-sulphur distance is fairly constantly
3.24 A in the TPS3 compounds. This is much larger than in the TMD’s and it does not
change upon lithium intercalation. The lithium uptake is found to be reversible up to
the composition Li^gTPSs - close to the theoretical maximum Li16TPS3 where all the
octahedral sites in the van der Waals gaps are filled. Further reaction with n-BuLi is
possible, but is propably associated with an irreversible destruction of the host. The
chemical shift of the 7Li NMR signal indicates that lithium is completely ionized
throughout the composition range 0 < x < 1.45 in L^NiPSs®1). The transferred electron
is considered to be accomodated at host levels of mainly transition metal d character76),
yielding the following redox scheme:
xLi + NiPS^

-

(Li+)x(Ni2+)1_x/2(Ni°)xPS3

(6)

involving the total reduction of part of the nickel ions. Electrochemical intercalation of
lithium into NiPS3 has been studied as a possible alternative to TMD’s as electrode
material for secondary and primary batteries85"66). The discharge behaviour is reported
to be dependent on the type of electrolyte used, and an unusually strong polarisation
leading to irreversible capacity loss is observed with higher current densities. The quasi
equilibrium voltage-composition curve shown on fig. 20 indicates that two sites are
involved in the intercalation reaction in the reversible range. These are propably the 2d
and 4h octahedral sites of space group C2/m. At high degrees of intercalation an irre
versible reaction takes place leading to destruction of the host lattice and the formation
of Li2S and non-miscible Ni/P phases84). The stoichiometric energy density calculated
from fig. 20 (0 < x < 1.5) is wSOO Wh/kg (1300 Wh/f). Due to the poor electronic con
ductivity of LixNiPS3 a conductive compound must be added to electrodes using this
material, but the lack of volume expansion on Li intercalation might compensate for
this by increasing electrode cycling performance. So far only little has been reported on
the reversibility of the Li/NiPS3 system.

Fig. 20. Variation of open circuit potential of the cell: Li | LiC104-PC | L^NiPSg82).
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2.2.3 Layered oxides Layered oxide hosts analogous to the TMD’s are not stable due
to strong repulsive coulombic interactions between essentially ionically bound oxygen
atoms. Stoichiometric MT02 oxides, where M is an alkali metal, are known as struc
tural analogues of the fully intercalated TMD’s, with octahedral coordination of the
transition matel (T) and either octahedral or trigonal prismatic coordination of the
alkali ion. By soft chemical or electrochemical methods the alkali ions can to a certain
extent be extracted from these oxides, demonstrating that these ions are mobile as in
the TMD’s. For sodium containing oxides only limited composition intervals (0.750.8 < x < 1) have been obtained86), whereas nearly all lithium can be extracted from
LiV0287) and LiCo0288). In LixV02 the electrochemical lithium extraction occurs at a
higher potential level than seen for other lithium-vanadium oxides within this range of
oxidation numbers, showing that lithium is strongly bound in this compound, fig. 10.
Structural investigations89) have demonstrated that when x is decreased below 0.3,
vanadium ions migrate to vacant positions in the lithium layer. In LixCo02 too, lithium
extraction proceeds at very high potentials. Compositions down to x = 0.07 have been
reported88), accompanied by a structural breakdown when x < 0.3.
Another type of layered oxide host lattices is exemplified by the Ml+xV808
(M = Li, Na) compounds. In these materials alkali metal ions are situated between
puckered layers of V06-octahedra, leaving 1 alkali metal ion per formula unit to stabi
lize the structure of the completely oxidized compounds. Reversible lithium and sodium
insertion have been demonstrated up to the limiting compositions Li4VsOg and
NagVjOg83,40'90) with good capacity retention when used in rechargeable electrochemi
cal cells.
2.3

One-Dimensional and Amorphous Hosts

The structures of one-dimensional solids are made up of chains of coordination
polyhedra extending in one crystal direction. The intrachain bonding is generally much
stronger than the bonding between individual chains. As a consequence, these materials
are susceptible to extensive lattice defects involving improper alignment of the individ
ual structure elements. There is no clear boundary between the crystalline one
dimensional materials with long-range ordering of the chains and the amorphous
materials in which the interchain coordination is relaxed and where long-range order is
lost. As host materials for intercalation these structures are characterized by a large
number of sites which are easily adapted to the size of intercalants. Due to the struc
tural instability, reactions between guests and host will often involve extensive struc
tural rearrangements of the host around the guest species. In this case the reactions are
therefore better characterized merely as topotaetic.
The transition metal trichalcogenides TXS are crystalline one-dimensional com
pounds made up of chains of face sharing trigonal TX( prisms The mdtMdual strings
are linked by loose T--X bonds. Two chalcogens in the basal plane of the prism are
closer together, showing that dichalcogen bonds X-X are formed. TiS3 and NbSes both
react with 3 lithium per formula unit18*91'92). Insertion of the first two Li result in
oxidtion of the dichalcogenide bond. In TiSs this leads to a shift in the Ti coordination
to the more stable octahedral configuration, while Nb remains trigonally prismatic
coordinated. In NbSe3 all Li can be extracted, but subsequent reintercalation proceeds
at a higher voltage, indicating some distortion of the host91’93). Only one Li can be
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extracted from the rearranged Li5TiS318'e2'M). Cointercalation of solvent leads to
deterioration of both materials upon extended cycling in organic electrolytes. At 280°C
two Na ions can be intercalated in TiSs, of these only one is reversible85).
Molybdenum trisulphide, MoSs, is amorphous to x-rays, but modern spectro
scopic techniques have shown its local structure to resemble NbSes, but with Mo-Mo
pairing along the chains86'89). MoSs can insert up to four alkali metal atoms per for
mula unit by reaction with n-BuLi or with sodium or potassium napthalide100). The
disulphide bonds are attacked during the insertion reaction, but electrochemical cycling
of MoSs in lithium cells101) shows that of the four lithium initially intercalated per
formula unit the three can be cycled reversibly with a stoichiometric energy density of
767 Wh/kg. Electrochemical cycling of sodium in MoSs is less reversible. In the first
discharge 1.5 - 2.5 Na/MoSs is inserted, depending on the details of the synthesis of
the host material100*102). With both ions the discharge curves are sloping smoothly,
showing that host sites are filled without ordering of the intercalants.
By polycondensation of decavanadic acid a gel of highly polymerized vanadium
oxide can be prepared (Mw > 106)103). After careful dehydration of this gel an amor
phous form of V205*nH20 (n < 0.1) is obtained. The structure of the oxide consists of
ribbons of corner and edge sharing V06 octahedra, between which ions and solvent
molecules can be inserted. By discharge in an electrochemical cell, this compound
accepts 1 Li/V206 with a smooth and featureless discharge curve without any of the
inflexions seen for crystalline o-L^YjOg, fig. 10. Surprisingly, this material shows
good capacity retention upon cycling49).
3.

THERMODYNAMICS OF INTERCALATION

In this section the factors influencing the variation of the equilibrium voltage,
e, of electrochemical cells with intercalation electrodes will be discussed. Generally, €
will depend on the concentration, x, of intercalant in the electrode(s). This variation is
often discussed in terms of dx/de curves where the fine structure of the potential
variation become evident, dx/de curves are either computed by numeric differentiation
of equilibrium voltage vs composition curves, or directly from linear sweep voltammograms at low sweep-rates, fig. 21. The cell considered will be of the type shown on
fig. 3, with a negative electrode consisting of pure intercalant, M, and a positive inter
calation electrode, H. The electrode reactions can be written in differential form as:
*♦
fH*

*

tfM4 + 6e“
«*• KXH

(7)
••

Kx+jH

(8)

and the electrode potentials will be given by the expressions:
(9)

('‘m+ " ',M(H))/P

(10)

where x is the Fermi potential of the electrode phase (x ■ -fie./F), 4> the Galvani
potential of the electrolyte phase and (H) and (M) indicate the host lattice and the pure
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intercalant, respectively. Under equilibrium conditions there will be no gradients in
electrolyte potential or electrolyte concentration, and the equilibrium voltage or emf, c,
is given by:
*

*

K

^C(H)),F

(11)

Whereas the chemical potential of M in the pure state,
independent on the
reaction parameter x, ^m(H)
generally vary with the degree of intercalation, result
ing in a composition dependence of c. Assuming that the host matrix is unchanged dur
ing the intercalation reaction, the chemical potential of the intercalant, Mm(H)* can be
written as the sum of three terms:
MK(H)

e
^(H)

TS

c

+

M(H)

(12)

a standard term accounting for the constant affinity between guest and host matrix, a
configurational molar entropy term accounting for the distribution of the guest over
the available sites, and finaly an excess interaction term accounting for the guest-guest
interactions.

e: 0.2 »nV»*' *
b: O.l mvi"'
e: 005 mV»**
d: 002 mVi-' .
«: 0005 mVi**
f: 0003 mV*-'

Fig. 21.
Single sweep voltammograms of (a) Li | Li^Tij 056S276) and
(b) Li |
The current (i) is normalized as dynamic capacity (Cdyfl - /7a,
o • sweep-rate). Sweep-rates are indicated in the figure.
As long as there is a close spatial correlation between the inserted ion and its
corresponding electron, and as only one type of sites for the intercalant is considered,
the configurational entropy term will be given by:
s

c

-R In

x_____

(13)

^ax “ x

where xmax is the limiting value of the composition parameter x in
Equation (13)
stresses the analogy between intercalation and adsorption: In both cases the reactant is
distributed over a limited number of sites, and very similar thermodynamic models can
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be used for these systems. In case the compensating electrons are distributed independ
ently of the inserted ions, an additional electronic term must be included in the con
figurational entropy. A detailed knowledge of the band structure of the host is needed
to determine this term, but here only two limiting cases will be considered: If the host
is metallic, and remains metallic throughout the entire composition interval, the elec
tronic contribution will be small. If the host is a semiconductor where electrons during
intercalation enters the empty conduction band, the electronic contribution to the con
figurational entropy will be of the same form as eq. (13), possibly with a different
value for xrotje. Often the entropy terms are only dominating the emf expression near
the limiting compositions x = 0 and x « xmax, and in most cases a single term as
eq. (13) will be a good approximation, taking xmax as the limiting number of ionic or
electronic sites. In cases where these numbers are equal or with semiconductors both
terms should be included.
The main contribution to the interaction term is the screened coulombic repul
sion between intercalated ions. Taking only nearest neighbour interactions into
account104) or using mean field theory106) this term will show a linear dependence on
the intercalation parameter x, giving the following expression for the chemical poten
tial of the intercalant:
PM(H)

M(H)

x_____

RT In

+ Ux

(14)

xmax “ x

or using eq. (11):
(15)

e

c vs x curves calculated from this expression are shown on fig. 22 together with cor
responding dx/de vs e curves. It is seen that smooth, symmetrical emf curves and bell
shaped dx/de curves are predicted by this model. Equation (11) has been found to des
cribe the emf vs composition behaviour of cubic LigTi^ (0 < x < 1, U/F * 0.423 V)14)
and LL^MogSg (0 < x < 1, U/F *= -0.0904 V)65) with good approximation.

-.25

Fig. 22. Compositon variation of cell voltage (e) as given by equation (11). (a) e vs x
for different values of the interaction parameter U/F as indicated, (b) Corresponding
differential capacity curves (-dx/de vs e).
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Several intercalation systems, however, require more elaborate models.
Jacobsen106) calculated the screened electrostatic interaction between point charges con
fined in layers of a homogeneous dielectric separated between conducting planes. This
model was found to account quantitatively for the overall interaction between lithium
ions in hexagonal LixTiS2, but excluded the possibility of local ordering of intercalated
ions. Details in the Sx/dc-curve indicate that some kind of ordering indeed does
occur107). Lattice gas models10®), space renormalisation group and Monte Carlo techni
ques105) have been used to describe the ordering of lithium in LixTiS2 (see McKinnon
and Haering19) for a review of these models). It appears that none of the proposed
models are able to fully account for both the thermodynamic and the structural data109'
112) accumulated on this subject.
In the expressions derived above it was assumed that the lattice was invariant
during the intercalation process, and consequently that the affinity between guest and
host was independent on composition. In practice the host is always to some degree
perturbed by intercalation, and it may be necessary to include a term to account for
the changes in guest-host interactions. Whereas guest-guest interactions and the entropy
term are always "repulsive" and tend to distribute the intercalated species evenly over
the available sites, guest-host interactions may result in condensation of intercalant in
domains of high concentration in equilibrium with diluted regions. Phase separations of
this type are seen when the energy gained by a cooperative lattice distortion is large
enough to overcome the electrostatic repulsion between the participating ions. As long
as the changes in guest-host interactions can be approximated by a linear term in the
concentration of intercalant, the *-x expression will retain the form of eq. (11). With
this extension both positive and negative values of the interaction parameter U are
possible. By inclusion of non-linear interaction terms the particle-hole symmetry is
lost, and emf curves not symmetrical around x = 0.5 can be described. A model of this
type has ben proposed to account for the elastic energy associated with intercalation
into a layered host lattice118).
Many host materials offer more than one type of sites for the intercalant, and
in these materials the emf vs composition curve will exhibit two or more steps, reflect
ing the sequential filling of inequivalent host sites. Also ordering of the intercalants,
and break-down of the rigid band model may invalidate the simplistic models outlined
above for the composition dependence of the emf.
4.

APPLICATIONS

Apart from the many scientifically interesting properties of intercalation com
pounds. these materials have also found a range of practical applications, of which
some are bneflv mentioned in the following
The unique properties of intercalation compounds can be exploited in several
ways in the field of catalysis6®-114). Due to the inherent reversibility of intercalation
reactions, these materials can be used as sources or sinks of molecular species or ions at
controlled chemical activities as well as they can be used as mediators of redox reac
tions. In this way hydrogen bronzes like HXV205 or H^MoOg have been showed to
catalyze hydrogenation of alkenes115). Intercalation compounds can also be used as
medium for the catalysed reaction. Instead of promoting reactions at a solid/gas or
solid/liquid interface as in conventional heterogeneous catalysis, this type of catalysts
act upon intercalated reactants. The host lattice presents a specific chemical and physi
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cal environment where favourable transition states can be achieved. With this type of
catalysis high selectivity and stereospecificity can be obtained. The high degree of con
trol that can be imposed on the chemical and physical environment of the intra
molecular sites of the sheet silicates or zeolites used for this purpose, allows ample
room for tailoring of new catalysts.
Several intercalation compounds exhibit electrochromism, a reversible change in
the optical properties of the host upon ion insertion. Such compounds can be used in
passive displays, i.e. display devices modulating ambient light116). Displays based on
proton or alkali metal insertion into materials like tungsten trioxide or iridium oxide
have excellent visual contrast with wide viewing angle and good temperature stability.
In some of the systems satisfactory switching times and cycle lives have been demon
strated, allthough corrosion problems still persist.
The use as reversible battery electrodes has prompted most of the research in
intercalation systems. In batteries of the type shown on fig. 3 no new compounds or
phases are created during cell operation, and the electrolyte is only required as an ioni
cally conducting electronic barrier separating the electrodes. This is in contrast to for
instance the lead/acid battery in which the electrolyte participates in the cell reaction
and the discharge involves the formation of a new, incompatible solid phase (PbS04).
The more simple cell reaction in intercalation systems imply that highly reversible bat
tery systems may be attainable. The use of the highly electropositive alkali metals as
intercalated species in these batteries makes high energy densities possible. Several bat
tery systems using lithium and liquid electrolyte are on the treshold of commercializa
tion: These cells are using MoS2117) or TiS2118) as active material in the positive elec
trodes.
In systems using liquid electrolyte there is a possibility of solvent cointercala
tion leading to electrode deterioration, and of parasitic reactions between cell com
ponents and the electrolyte. These problems are avoided by using a solid electrolyte the all solid state battery concept as first proposed by Hever119). The generally inferior
interfacial contact properties of solid phases may be offset by the higher structural
stability and the possibility of operation at higher temperatures (up to «170°C). Several
types of solid ionic conductors have been employed in all solid state battery designs
with intercalation electrodes. Of these systems can be mentioned: Polymer electrolytes
based on polyethylene oxide) in contact with V6013120), glass electrolytes in contact
with TiS2121) (this battery is being developed at Eveready Corp. - at first only as a pri
mary cell, but the performance as secondary system is also being investigated), and
crystalline Li3N in contact with TiS^22). An "all-plastic" battery based on
polyfvinylidene flouride) electrolyte and poly(acetylene) as positive electrode has also
been considered129). Lateh it has been demonstrated that solid state batteries with
sodium instead of lithium are feasible40), and it is likely that other systems will be
developed in the future, for instance based upon hydrogen intercalation using the
newly developed polymeric proton conductors124).
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ABSTRACT
Results from experiments on five rechargeable solid
state sodium battery systems:
NaxMoS3, Na^KCrgOg, a-Na^V^Oj, p-NaxV2O5 and Waj+j-V^Og
indicate the possibility of making batteries with cyclability and rate capability comparable to the better known
solid state lithium based systems.
Sodium based battery system have the advantage of the
lower price of sodium and perhaps also with respect to the
availability of high conductivity solid electrolytes. The
main disadvantage is that the theoretical energy density
is typically only about half that of the corresponding
lithium system.
INTRODUCTION
The development of solid electrolytes with high alkali metal ion
conductivities and the discovery of a growing number of insertion
(intercalation) compounds have made the construction of high energy
density 'all solid state' batteries possible. Up to now. the main
thrust of the work in this area has been directed towards systems
based on lithium, perhaps mainly because of the larger number of avai
lable lithium insertion materials with well described properties.
After working on a number of lithium systems we hare started
using the experience and insight gained to investigate analogous or
similar sodium systems with the aim of making laboratory cells that
can prove that the development of sodium systems is a realistic goal.
Apart from scientific interest, sodium based battery systems
could have advantages over their lithium counterparts: Sodium is much
more abundant and lower priced than lithium, it may be easier to find
solid electrolytes of sufficiently high conductivity and sodium forms
no alloy with aluminium making it possible to use this metal for cur
rent collectors instead of the costlier and heavier nickel. Further
more, the softness of sodium metal may make it easier to achieve and
maintain contact to other components in the battery during repeated
cycling.
The sodium positive electrode materials we have studied up to now
are transition metal sulphides and oxides. The mam emphasis has beer,
on the vanadium oxide family of compounds that has previously yielaed
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so aany candidates for electrode aaterials to be used in combination
with lithium
EXPERIMENTAL
All the reported experiments have employed poly(ethylene oxide)
containing dissolved sodium salt both as separator electrolyte and as
part of a composite positive electrode. The salt used for the M0S3
system was Nal, whereas NaC104 was used in combination with the vana
dium oxides and KCrjOg as the iodide containing electrolyte will de
compose. forming iodine at the higher potentials of the oxide systems.
The salt concentration in the electrolyte . given as the ratio of
ethylene monomer units to sodium atoms was 10-12. The polymer electro
lyte sheets and the electrodes were made by evaporating acetonitrile
solutions/suspensions of the components. The resulting thicknesses
were "SO pm. Because most poly(ethylene oxide) electrolytes show a
sharp decrease in ionic conductivity below ~65°C. the cells were ope
rated at elevated temperatures - usually 80°C. The electronic conduc
tivity of M0S3 is high enough by itself, but the oxide systems re
quired the addition of conductive carbon (acetylene black. Shawinigan)
in order to retain electronic conductivity during discharge. A typical
electrode composition is 64 w/o insertion compound, 9 w/o acetylene
black, 19 w/o PEO and 8 w/o NaC104. Metallic sodium was used as nega
tive electrode in all cases and spring pressure was employed in the
cell design to ensure contact despite the volume changes during char
ge/discharge cycling. The cycling was performed between voltage limits
determined from published data or from preliminary experiments and
used galvanostatic discharge together with current limited potentiostatic charge. The current densities were chosen so that most of the
active material was utilized - at least in the first few cycles.

E/V vs Na

Figure 1. First two cycles of a Na/NaI-PE0/MoS3+NaI-PE0 cell. x-Na/Ho.
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Figure 2. Discharge capacity of a Na/NaI-PE0/MoS3+NaI-PE0 cell as a
function of cycle number.
CYCLING RESULTS
Amorphous M0S3
This positive electrode material was known from experiments with
liquid electrolyte to be a usable candidate ^]. Discharge in a solid
state cell with 15 jiA/cm2 yielded the first two cycles shown in figure
1. The stoichiometric energy density calculated from the first dis
charge is 290 Wh/kg. The charge factor is seen to be considerably lar
ger than 1.0 because of some parasitic process - possibly the forma
tion of iodine. Figure 2 shows the discharge capacity as a function of
cycle number. The initial cycle corresponds to the insertion of 1.4
sodium atoms per formula unit M0S3, but the utilization decreases
rapidly to only -0.4 Na/Mo and thereafter drops to zero after 30
cycles. All the available sodium could be cycled showing that the
Na/PEO interface functioned with reasonable reversibility.
The main conclusion of this experiment was that sodium solid
state systems are feasible, but that the reversibility of amorphous
M0S3 is not sufficient
NaxKCr30g
The series of compounds MC^Og (M=Li,Na.IO has been shown
to
be able to insert a large amount of lithium (corresponding to more
than 4 Li atoms pr. formula unit). One of the series. KC^Og has also
been tested as electrode in a solid state sodium cell. The first and
second cycles at 80°C are shown in figure 3. As can be seen, only
about 2 sodium atoms can be inserted leading to a much lower stoichio
metric energy density than that of the corresponding lithium compound.
From the changes in the discharge curves, it can be seen that the
structure is irreversibly changed on sodium insertion. This does not
necessarily licit the usefulness of the material as electrode since
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E / volt vs Na

y in Na KCr 0

Figure 3. First two cycles of a Na/NaC104-PE0/NayKCr30g+NaC104-PE0
cell.
the new phase formed can be cycled and has a higher energy density
than the initial phase. This compound has not yet been sufficiently
investigated to draw any final conclusions.
Sodium Vanadium Oxides
The vanadium oxide group of compounds has structures that can
often be regarded as derived from the cubic ReOj structure which con
tains cornersharing MOg octahedra ^1. a large number of crystallo
graphic shear structures can be derived from the parent structure by
the removal of one or more types of oxygen atoms and the subsequent
sliding of MOg layers relative to each other *>1. In this way. a whole
homologous series of structures can be formulated with varying formal
oxidation number of the central vanadium atom. The sizes and the in
terconnectedness of the cavities in which inserted ions must reside
and move also show a variety of types from framework structures with
single or double channels to layered structures with layers bound
together only by rather weak (long) V-0 bonds.
About 10 different candidates for electrode materials have been
found as yet in the Li-V-0 system
and therefore the Na-V-0 system
is a natural choice for sodium intercalation electrodes. Since the
sodium ion is considerably larger than the lithium ion (0.99 vs 0.59
angstrom) it is less easy to find suitable combinations of cavity and
bottleneck sizes. This leads to a somewhat smaller range of structures
being likely candidates for having high ionic mobility and it also
increases the likelihood of the insertion process causing major struc
tural changes in the host. This principle is exemplified by KxTiS2 in
which lithium insertion proceeds as a single phase reaction with
distorted octahedral coordination around the Li* ion in the whole
interval from x«0 to x-1. The corresponding Na* Insertion proceeds in
a more complicated manner and involves the phenomena of staging and of
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changes in coordination front trigonal prismatic to octahedral
At the present, three sodium vanadium compounds have been in
vestigated - a channel structure and two layered structures.

p-NaxV205
The structure of this vanadium bronze has wide channels with suf
ficient room for sodium ions. The sodium content can onlv be varied
between x*0.22 and xb0.40 in thermodynamic equilibrium
but the
practical stability interval of insertion compounds is often much lar
ger than that derived from thermodynamic considerations, at least for
lower temperatures. This is because the activation energies for major
rearrangements of the host lattice are too high for the reactions to
proceed at appreciable rates below ~200°C. p-LixV2C>5 is an example of
this as the lithium content at room temperature can be reversibly
varied through the interval 0<x<1.33 without major structural changes
9^. The sodium content of 0-NaxV2C>5 can be varied between x*0.25 and
x*1.6. A discharge curve is compared in figure 4 to the corresponding
lithium EMF-curve. The structure of the curves show no great similari
ty, and sodium intercalation proceeds at considerably lower potentials
than lithium. For the sodium system there are indications that the
original structure of the host breaks down during the first discharge
as the thermodynamic limit is exceeded. After this, the material
probably becomes amorphous. This loss of crystallinity does not appear

1.5
Figure 4. Comparison of voltage (relative to metallic lithium and
sodium respectively) vs degree of intercalation for p-LijfV^Oj
(EMF-curve. heavy line) and P-NaxV205 (first cycle, thin line).
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Figure 5. Discharge capacity as a function of cycle number for two
Na/NaClO4-PEO/0-NaxV2O5+NaClO4'PEO cells at 75 nA/cm2.
to have deleterious influence on the cycling ability as can be seen in
figure 5 which shows the results of two cycling experiments. The cyc
ling efficiency for the first 20 cycles or so is very close to 100%
which indicates that the intrinsic reversibility is high. The capacity
thereafter decreases slowly for one of the cells whereas the other
shows the phenomenon of 'soft dendrites' that cause temporary partial
or total short circuits. In contrast to the situation in crystalline
solid electrolytes, cells using polymer electrolytes can often regain
almost all their original capacity after experiencing soft dendrite
formation since the polymer is able to flow and thereby self heal.
This phenomenon is well known from lithium cells with polymer electro
lyte.
c-NaxV205

The structure of the unintercalated parent compound contains a
set of weak V-0 bonds that makes it relevant to regard it as a layered
material. When sodium is inserted, the thermodynamic stability range
is very narrow (0<x<0.02). A related o’ structure is stable for
0.7<x<1.0
and when insertion is performed electrochemically at 80°C
the lattice undergoes two sequential irreversible phase transforma
tions - first to the o' phase and then to a structure containing two
sodium atoms pr. V2O5 unit. Although the final phase cannot be strip
ped completely of sodium (it always contains at least 0.3 Na strongly
bound to the lattice) 1.7 sodium atoms can be inserted/extracted in
this new phase with high reversibility.
Figure 6 shows the first and second cycles of an a-Naj^Oj cell
compared with the EMF-curve of the analogous lithium compound. When
about one sodium atom has been inserted, there is a slight minimum in
the discharge voltage followed by a period of almost constant voltage.
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Figure 6. Comparison of voltage (relative to metallic lithium and
sodium respectively) vs degree of intercalation for e-LijVjOj
(EMF-curve. heavy line) and a-NaxVjOs (first two cycles, thin line).
The sodium compound shows the effect of structural rearrangement
during the first discharge.
The minimum in the discharge curve is caused by the delay required for
the nucleation of a new phase and the plateau corresponds to the gra
dual transformation of the lattice in a two-phase reaction
. As
shown in the figure the new phase formed intercalates Na at a higher
potential with respect to metallic sodium than the original a phase.
This is the case in general when a new reversible phase is formed
since the formation is a spontaneous process corresponding to a lower
free energy of the system. The increase in the potential more than
compensates for the slightly decreased width of insertion, and the
calculated energy densities from the second discharge curve are 430
Wh/kg and 1040 Wh/1 (the corresponding lithium values are 750 Wh/kg
and 1840 Wh/1). The discharge curves after the structural rearrange
ment show a close relationship to the a-LixVjC^ EMF-curve.
The discharge capacities of two a-NaxV2C>5 cells cycled with
different current densities are shown in figure 7. The high reversibi
lity is shown by the fact that only 0.9% of the capacity is lost per
cycle during the first 100 cycles. This is still not sufficient to
achieve a useful battery lifetime of more than 500 cycles but is com
parable to the results obtained for lithium-vanadium oxide systems at
a similar stage of development.
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CYCLE

Figure 7. Discharge capacity as a function of cycle number for two
Na/NaC104-PEO/e-NaxV205+NaC104-PEO cells, x: 75 tiA/ca2. «■: 6 uA/cm2.

This substance is also a layered structure which is stabilized by
interlayer sodium ions. The amount of sodium can never be less than
one per formula unit since that would correspond to a vanadium oxida
tion number higher than 5. Somewhat more than two extra sodium atoms
can be inserted and extracted reversibly. A discharge curve is com
pared to an EMF-curve obtained by equilibration for 4 hours after each
partial discharge in figure 8. The EMF-curve has several plateaux cor
responding to two-phase regions as is also the case with several
lithium vanadium oxides. In contrast to e-NaxV205 there are no irre
versible changes during cycling - the original structure is retained.
The EMF-curve of Li1+xV30g is also shown on the figure - it bears
little resemblance to that of the sodium system.
Figure 9 shows the cycling behaviour for two different cells. The
lower trace shows the usual steady capacity decrease, whereas the up
per trace shows a more erratic behaviour. The upper trace corresponds
to a cell with a smaller percentage of active material in the compo
site electrode. This seems to improve the cycling capability somewhat,
perhaps because the smaller amount of vanadium oxide leads to a smal
ler overall relative change in volume upon cycling. Therefore the po
lymer might be able to absorb and compensate for the volume changes
more easily. The reversibility of these experimental cells is not yet
satisfactory but the results indicate that the intrinsic reversibility
of the system may well be satisfactory.
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Figure 8. Comparison of voltage (relative to metallic lithium an$
sodium respectively) vs degree of intercalation for Lii+xV30g
(EMF-curve. heavy line) and Na1+xV308 (dots: EMF-curve. thin line:
first cycle).

Figure 9. Discharge capacity as a function of cycle number for two
Na/NaC104-PE0/Na1+xV308+NaC104-PE0 cells, x: 100 pA/cm2. ♦: 50 >iA/cm2.
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COMPARISON OF Na AND Li SYSTEMS
When comparing sodium systems with the lithium analogues, it
should be borne in mind that work on lithium based solid state secon
dary cells has been going on considerably longer and with much greater
effort. It does seem possible, however, to draw some general conclu
sions from the work done so far.
Rate capability: The ionic conductivity of PE0-NaCl04 film is at
least as high as that of PE0-LiC104 and does not limit the rate as
long as the temperature is above -^5°C. A passivating layer seems to
form at the metal/electrolyte interface, but when current is passed
through the cell, the layer breaks partially down and the resistance
becomes smaller H). The chemical diffusion coefficients of Na'*' in the
various structures are not known, but the cycling experiments show
that diffusion in the oxide grains is not a limiting factor with the
grain sizes used (~1 pm). The kinetics of the nucleation and growth of
new phases also seems to be rapid enough not to be a limiting factor.
In general the rate capabilities seem to equal those of the lithium
systems.
Energy density: The theoretical energy densities of all the sodium
systems we have investigated up to now have been considerably inferior
to those of the lithium analogues. The energy densities are lower for
three reasons: The average potentials are lower (figures 4,6 and S),
perhaps because the larger sodium ion is not as strongly stabilized by
the negative counterions in the lattice. The reversible insertion
intervals are sometimes smaller (this may also be due to the larger
size which makes it more difficult to accomodate the sodium ion).
Lastly, the masses and volumes of the sodium couples are larger. Data
for the oxide systems are collected in table 1. For structures under
going rearrangement during the first cycle, the values are calculated
from the second discharge.
TABLE 1
Energy densities of comparable lithium and sodium electrode couples.
The difference in mass energy density is distributed among 3 contribu
tions. A is the amount that sodium values are lowered relative to
lithium values.

Compound

MvKCriOa
P-mxv2o5
q"hxv2°5
m1+xv3°8

Mass
Average voltage Insertion width
%
%
(V)
(Ax)
(g)
A
A
Li
Na
Li
Na
Li Na

%

2.78
3.16
2.74
2.50

5
14
16
14

1.85
1.57
2.15
2.13

33
50
22

15

4
1.3
2
3

2
1.3
1.7
2.1

50
0

15
29

351
191
196
309

369
219
228
352

-

Energy density
(Wh/kg)
%
Li Na
A

A

56

850
590
750
650

-

271
245
430
340

68

58
43
48

85
The very large difference between the LiKCrsOg and NaKCrjOg
systems is caused mostly by the two times larger width of intercala
tion
. it oust be taken into consideration that the
sodium system is not as well investigated as the lithium system.
The vanadium oxides show a more complicated picture: A much lower
potential for the sodium couple is the dominating factor in p-MxV205
whereas all three causes contribute in a significant way in
and Ki+xVjOg. The total energy density one should expect from a sodium
system seems to be about half that of the corresponding lithium sys
tem. The theoretical energy density of the Na/a-VjOj couple is. how
ever. close to that of the Li/TiSj <470 Wh/kg) couple and is far
higher than that of the Pb/PbOj couple (170 Wh/kg). Similar considera
tions apply to the volumetric energy densities.
CONCLUSION
The main conclusion is that 'all solid state' sodium secondary
battery systems are not just feasible but could be a realistic alter
native to lithium based batteries. The practical reversibilities of
the systems are probably about the same as the more well known lithium
systems, and the best electrode material considered here, c-Naj^Og,
has excellent rate capability and a theoretical energy density compa
rable to LixTiS2.
Although lithium based systems have about double the mass energy
densities of sodium systems, this disadvantage of using sodium may be
partially offset by the cheapness of sodium. If batteries using cry
stalline electrolyte are considered, it may be possible to manufacture
thicker electrodes because of the high ionic conductivity of the best
sodium solid electrolytes. This would make fabrication easier and the
smaller number of cells in a stack would lead to a higher packing
efficiency and thus to a practical energy density closer to the theo
retical value. Sodium polymer electrolytes too, often have larger
conductivities than their lithium counterparts
The possibility of
using aluminium as current collectors works in the same direction, and
for these reasons sodium based solid state battery systems deserve a
larger experimental effort.
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SOLID-STATE SODIUM CELLS - AN ALTERNATIVE TO LITHIUM CELLS?

K.West, B. Zachau-Christiansen, T. Jacobsen and S. Skaarup
The Technical University of Denmark, DTH 206
DK-2800 Lyngby, Denmark.

ABSTRACT
The cycling properties of laboratory cells based on inser
tion of sodium into vanadium oxides using polymer elec
trolyte at 80*C are reported. In the best system:
Na | PEO, NaC104 | V2O5 (modified), C
high reversibility, and an energy density comparable to
the Li/TiSg system have been obtained.

1.

INTRODUCTION

Solid-state lithium batteries with polymer electrolyte is by now
a well established experimental concept, moving into the stage of
technological development for commercial applications. We have taken
interest in extending this battery concept. One of the possibilities
investigated is the use of sodium instead of lithium as negative elec
trode material. This takes advantage of the higher abundance and lower
price of sodium and of the generally higher conductivity of sodium
conductors compared to lithium conductors. It is also important that
sodium does not form alloys with aluminium, making it possible to use
this lighter and cheaper metal instead of nickel as current collector
in bipolar cells.
In a first series of experiments using amorphous molybdenum
trisulphide, M0S3, as positive electrode material [1], it was found
that the sodium electrode in contact with an electrolyte based on
poly(ethylene oxide) was practically reversible - a fact that is
attributed to the formation of a passivating film on the sodium/poly
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mer interface [2]. The experiments with M0S3 also showed that positive
electrode materials with higher reversibility were needed if the
solid-state sodium battery was to be of any technological interest. A
search for new sodium insertion materials was therefore initiated,
starting with the family of vanadium oxides in which many candidates
for lithium electrode materials are found [3]. The present paper
reports the results of cycling of cells using three of these
materials. As sodium ions are larger than lithium ions, materials with
relatively large cavities were initially chosen for investigation: A
channel structure: ^-NaxVgOs, and two layered structures: Nai+xVsOg
and q:-V205.

2.

EXPERIMENTAL

The preparation of oxides, and the method used for making
poly(ethylene oxide) sodium perchlorate electrolyte films has been
reported previously [2,4]. The concentration of salt in the elec
trolyte films used in this work corresponds to 12 monomer units per Na
([E0]/[Na] = 12). Composite electrode films containing by weight 64%
vanadium oxide, 9% acetylene black (Shawinigan, 50% compressed), 19%
PEO, and 8% NaC104 were cast on aluminium or nickel foil from suspen
sions/solutions of the compounds in acetonitrile. The thickness of the
electrode films used in this study was 60-70 (m.
Cells containing a sodium foil (100-200 /im) on metal support, a
polymer electrolyte film (50 /im), and a composite electrode film were
assembled inside an argon-filled glovebox and mounted with spring
loading to ensure good contact between cell components in 0-ring
sealed containers. All cells were operated at 80*C.
The amount of oxide present in the cells was determined by
weighing the composite electrode films prior to cell assembly. Due to
the small mass of active material (*=1 mg) and to inhomogeneity of the
films, the amount could only be determined within ±10%.

Cycling was performed with constant-current discharge to 1.0 V,
followed by current-limited potentiostatic recharge to 3.5 V. The rate
of discharge is given as the time it would take to charge the overall
composition of the vanadium oxide with 1 Na per formula unit.
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3.

RESULTS AND DISCUSSION

The vanadium bronze 0-NaxV2O5 has a structure with wide chan
nels, where sodium ions can be accommodated at different sites. In
thermodynamic equilibrium, the sodium content can only be varied
between 0.22 and 0.40 [5], but the corresponding lithium-compound
which has nearly the same small thermodynamic stability interval can
reversibly accommodate as much as 1.33 Li per formula unit at room
temperature [6]. In solid-state sodium cells the sodium stoichiometry
can be varied between 0.25 and 1.6 in the voltage range from 3.5 to
1.0 V, giving a stoichiometric energy density of 245 Wh/kg or 590 Wh/z
for this couple. The corresponding values for 0-LixV2O5 are 590 Wh/kg
or 1680 Wh/Z. There are however strong indications that the original
host structure breaks down during the first discharge as soon as the
thermodynamic limit is exceeded, after which the material becomes
amorphous. Fig. 1 shows the capacity as function of cycle number for
cells using this material as positive electrode. Despite the loss of
crystallinity of the host material, these batteries can be cycled 50
to 100 times before half the initial capacity is lost. One of the
cells represented in fig. 1 shows the recovery from temporary internal
short circuits ("soft dendrites"), a phenomenon also known from
lithium cells.
Layered materials such as Naj+^Og offer another possibility of
finding open structures. This structure consists of puckered layers of
VOg-octahedra stabilized by interlayer sodium ions. Nai+xVgOg can take
up slightly more than 2 additional sodium ions in the potential range
from 3.5 to 1.0 V vs sodium, giving a stoichiometric energy density of
340 Wh/kg or 850 Wh// (the values for Lii^VgOg are 650 Wh/kg or
1650 Wh/*). The structure of the host lattice is retained upon
cycling, although a steady capacity decrease is observed * fig. 2,
lower curve. The cycling performance can however be improved if the
amount of active material in the positive electrode is reduced and the
amount of conductive diluent correspondingly increased, as shown on
fig. 2, upper curve. The capacity increase observed here after «30
deep cycles can be ascribed to an improved particle-particle contact
and a decrease in the internal cell resistance induced by viscous
creep of the polymeric electrode component. The sudden drop in cell
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capacity after cycles 85 to 90 is probably due to failure of the
sodium electrode. Although the loading of active material in this cell
is too low for practical purposes, the many cycles without capacity
loss is evidence of the inherent reversibility of sodium insertion in
this material.
a-V205 can also be considered a layered material, with only weak
interlayer V--0 bonds. The a!-NaxV205 is only thermodynamically stable
in a narrow composition interval (0 < x < 0.02), but a closely related
a'-phase with decreased symmetry is stable at higher sodium concentra
tions (0.7 < x < 1) [5]. When sodium is intercalated in cr-V205 elec
trochemically at 80“C, the host lattice is continuously and irreversi
bly transformed into the o'-phase, from which sodium cannot be
extracted electrochemically. Upon further sodium insertion the host
undergoes a further irreversible transformation to a phase with 2
sodium per formula unit. The new phase formed contains «0.3 Na
strongly bound to the lattice, but the additional part of the sodium
content can be reversibly cycled. The stoichiometric capacity calcu
lated from the second discharge is 430 Wh/kg or 1040 Wh/*, showing
that this system has an energy storage capacity comparable to the
celebrated Li/TiS2-system, although below that of <*-LixV205 (750 Wh/kg
or 1840 Wh/< at 120*C). Fig. 3 shows the capacity as function of cycle
number for cells using this material in the positive electrode. The
rate capability of these cells is very good, and only small dif
ferences are seen between the capacity curves at the 6 hours and the
15 hours load. The average capacity retention per cycle during the
first 100 cycles is 99.1%, which is as good as most results reported
for lithium-vanadium oxides.

4.

CONCLUSION

In terms of cycling capacity and rate capability, solid-state
sodium cells with polyethylene oxide) based electrolyte have been
demonstrated to be comparable to solid-state lithium cells. The
stoichiometric energy densities are typically only about half of the
corresponding lithium systems, but this disadvantage may be offset by
the lower price and perhaps also by the fact that the higher elec
trolyte conductivity of the sodium systems may make thicker electrodes
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feasible. This should result in both cheaper manufacturing and higher
packing efficiency, giving practical energy densities closer to the
theoretical values. The modified
material appears at present to
be the best choice, but all materials investigated deserve further
development in terms of electrode formulation and preparation techni
que.
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LEGENDS:
Fig 1: Cell capacity as function of cycle number for cells of the com
position:
Na | PE0-NaCl04 ([EO-units]/[Na] =12)

| ^-NaxV205, C, PEO, NaC104.

The discharge rates are indicated on the figure.

Fig 2: Cell capacity as function of cycle number for cells of the com
position:
Na | PEO—NaC104 ([EO-unite]/[Na] = 12)

| Na1+xV3O0, C, PEO, NaC104.

The discharge rates are indicated on the figure. The posi
tive

electrodes

x: standard

used

composition

had
(see

different
text),

+: 17%

compositions:
Na1+xV308,

21%

acetylene black (by weight).

Fig 3: Cell capacity as function of cycle number for cells of the com
position:
Na | PE0-NaCl04 ([EO-units]/[Na] = 12)

| a-NaxV205, C, PEO, NaCl04.

The discharge rates are indicated on the figure.
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sodium with thicknesses between
and 100 ^m were obtained.

INTRODUCTION

Secondary lithium cells with intercala
tion or insertion materials as positive
electrodes are now an extensively stu
died subject. However, only few papers
covering the corresponding sodium sys
tems have yet appeared. Ostensibly this
is due to the lack of reversible sodium
/electrolyte half-cells functioning be
low 200°C. At higher temperatures most
electrode materials will react via
displacement reactions, which generally
have lower electrode potentials and do
not possess the inherent reversibility
of intercalation reactions.
Liquid organic electrolytes consisting
of Nal dissolved in propylene carbonate
have been used for electrochemical pre
paration of sodium intercalated TiS2
(1,2). The Exxon group has cycled both
Na/TiS^ and Na/MoS-j using sodium trie
thyl (N-pyrrol) borate dissolved in
1.3-dioxolane as electrolyte (3,4).
Most other groups have chosen to use
two-electrolyte systems with an ionic
conducting ceramic membrane. This mem
brane separates molten sodium from the
liquid electrolyte forming contact to
the active material in the positive
electrode (5).
In this communication cycling of a cell
with solid sodium in contact with a
polymer electrolyte and with amorphous
HoSj as positive electrode is reported.

50 11m

Polymer electrolyte sheets (=30 tim)
were prepared by evaporation of aceto
nitrile solutions of poly-Cethylene
oxide) (PEO) and the proper amount of
Nal, recrystallized from acetonitrile
and vacuumdried at lfiO°C. The PEO (WSR
301 Polyox, MW = 4*10 , BDH) was
used
as received. The films were prepared
and handled in an argon filled dry box.
The Nal concentration in the films used
corresponded to a Na/0 ratio of 1:10.
With this electrolyte, the operating
temperature of the cell is confined to
the interval between 98°C (melting of
sodium) and 65°C, as the electrolyte
conductivity decreases rapidly below
this temperature.
Composite M0S3 electrode films (=50 pm)
with the overall composition: 72 w/o
M0S3, 20 w/o PEO, and 8 w/o Nal were
prepared by evaporating acetonitrile
suspensions/solutions of the ingredi
ents onto nickel foils. In some cases
graphite was added as conductive
diluent, but no improvement of cell
performance at these very low current
densities was achieved.
The cell was mounted with spring load
in a Ni-plated brass container sealed
with a viton 0-nng. This container was
heated in air to 90 °C in a Buchi TO-5C
oven.
RESULTS

EXPERIMENTAL

Amorphous M0S3 was prepared by thermal
decomposition of (NH^MoS^ as des
cribed by Jacobson et aj (3).

The first two cycles of the cell

Sodium electrodes were made by pressing
a layer of sodium onto a Ni foil, using
polyethylene sheets to aid the sprea
ding. In this way smooth layers of

are shown in fig. 1. The current densi
ty used for discharge and charge was 15
pA/cm^ in these cycles, corresponding
to a stoichiometric discharge time of
45 h. The cell was discharged to 1.5 V

Na / PEO-Nal (10:1) / M0S3
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Fig. 1. Initial cycles of the cell Na/
N a I -PEO (10:1) /MoSo at 15
yA/cm . Charge recalculated as
X = Na/Mo based on total Moanalysis of cell.

Fig. 2. Discharge capacity as function
of cycle number. The total
number of Na cycled per Mo is
also shown.

and recharged to 2.6 V vs Na. It is
seen that the coulombic cycling effi
ciency (the ratio between discharge and
charge capacity) is considerably less
than unity, possibly due to dispropor
tionation of the electrolyte. An advan
tage of using iodide-containing elec
trolytes in alkali metal batteries
might be that the iodine liberated
during overcharge recombines with the
alkali metal and thereby scavenges the
negative electrode of developing den
drites .

stable interface with a PEO-electrolyte
to allow reversible operation of this
electrode. Possibly the formation of a
passive sodium ion conducting film on
the interface is responsible for this
stability.

The discharge curve is smooth as expec
ted for an amorphous electrode mate
rial, and 1.4 Na/Mo is inserted during
the first discharge. Previously dis
charge capacities of up to 3 Na/Mo have
been achieved (4), but the capacity has
been shown to be sensitive to the de
tails of the M053 synthesis (6). The
stoichiometric capacity calculated from
the first discharge is 290 Wh/kg.

It is thus concluded that solid state
sodium batteries might be feasible by
extension of lithium battery technolo
gy, especially when electrolytes with
better conductivity and more reversible
electrode materials are developed.
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Lithium and sodium insertion in MCr]Ol (M = Li, Na, K) has been investigated by cycling of Li and Na cells at 80-125'C
using PEO polymer electrolyte cells and by chemical reaction with n-buthyllithium at room temperature. Methods used for further
characterisation of chemically and electrochemically prepared materials include X-ray powder diffraction and infrared spectros
copy. At elevated temperature the number of Li atoms insened per formula unit exceeds four for all materials while only one Na
atom is insened per formula unit. At room temperature only one alkali metal atom is accepted per formula unit. The higher
capacity at elevated temperature is due to a phase change upon Li insenion. The specific energies calculated from the first dis
charge to 1.5 V versus Li. are 850, 975 and 1100 Wh/kg oxide for Li/KCrjO*. Li/NaCrjO„ and Li/LiCrjO, respectively, and 175
Wh/kg oxide for discharge to 1.0 V versus Na of Na/KCrjO* cells.

1. Introduction

structure. The lithium ions are distributed randomly
over all the octahedral sites, rendering this material
a framework structure rather than a layer structure.
Structurally, the (Na, K)Cr308 structure provides
possibility for lithium diffusion paths in two dimen
sions between the chromium-oxygen layers. How
ever, within the layers and parallel to them, are one
dimensional channels with diameters (% I A) larger
than the average interlayer spacing. In LiCr308 these
channels are the only diffusion paths left in the struc
ture. In the channels, four 4-coordinated empty sites
per formula unit can be identified.
The observed average chromium-oxygen dis
tances in the octahedra and tetrahedra are 2.05 and
1.65 A, respectively, in LiCr308 and 1.92 and 1.63
A in KCr3Og. The chromium-oxygen distances in
octahedra and tetrahedra expected from standard
ionic radii for Cr(III) and Cr(VI) are 1.96 and 1.61
A Similarly, the lithium-oxygen distance for octa
hedral coordination ofhthium is expected to be 2 II
A [ 1PJ This is »n good agreement with the values
observed fo' tetrahedral coordination tr both struc
tures and for octahedral coordination in KCr,0,.,
whereas the octahedral chromium-oxygen distance

Several binary chromium oxides, e.g. Cr20} and
C^Og [1-6], have been investigated as active ma
terials in rechargeable lithium batteries. This group
of materials has attracted attention due to high spe
cific energies (Cr308: sc 1200 Wh/kg oxide). In this
paper, results are presented on lithium insertion into
another series of chromium oxides, MCr308 (M = Li,
Na, K). These oxides have open structures as seen
from their low densities (LiCrjOg: 3.46 g/cm3,
NaCr308: 3.23 g/cm3, KCr308: 3.02 g/cm3) com
pared to other crystalline chromium oxides, e.g.
Cr203 (5.21 g/cm3).
According to Wilhelmi [7,8] the isostructural
compounds NaCr308 and KCr308 are constructed of
CrC6 octahedra and Cr04 tetrahedra arranged in
layers by corner sharing. The layers are held together
by interlayer alkali metal ions coordinated to ten ox
ygen atoms
The structure of L«Cr,0, f8.9] is closcl\ related to
that of (Na. KlCfiO, B> packing the lavers of the
latter closer together, the coordination numoer of the
interlayer tons is reduced to six, as tn the LiCriOu

0 167-2738/88/$ 03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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flourad FC 124) in acetonitrile (Merck, analyse), cast
on an inert substrate. The thickness of the films dried
in vacuum at 60°C overnight was 50-60 pm. Com
posite cathodes, containing 50-60 wt% MCr30K, 510 wt% Shawinigan black, the remaining part being
(PE0)9LiCF3S03, were cast on Ni-foil and dried at
120®C in vacuum overnight. The thickness of the
cathodes was a 50 pm.
Cells with the configuration

in LiCrjO* is intermediate between the values ex
pected for Cr(III) and Li{I) octahedrally coordi
nated to oxygen. This indicates the presence of
Cr(III) and Cr(Vl), coordinated octahedrally and
tetrahedrally respectively, in the compounds. From
these observations, and measurements of the mag
netic susceptibility of KCrjOg [ 11 ], it is concluded
that chromium is essentially present in the trivalent
and hexavalent oxidation states in the ratio 1:2.
In chromium oxides the observed oxygen coordi
nation is tetrahedra! for Cr(VI) and Cr{V), tetra
hedral and octahedral for Cr(IV) and octahedral for
Cr(III) [12].
From a structural point of view, it is therefore pos
sible to reduce the tetrahedral Cr(VI) to Cr(IV),
corresponding to insertion of four lithium per for
mula unit, without changing the chromium coordi
nation. Further reduction of chromium must lead to
structural breakdown.

Li | (PEO )9 LiCFjSOj | MCr308 cathode
were mounted with spring load between Ni-plated
brass discs and housed in a sealed brass container.
The cells were discharged and charged galvanostatically at I25°C, or discharged potentiostatically to a
preset voltage level after which the cathode materials
were investigated by X-ray and IR analysis.

3. Results and discussion
Constant current discharge and charge curves of
LiCr308, NaCr3Og and KCr3Og at 125°C are shown
in fig. 1. It is seen that for NaCr308 and KCr308 the
lithium insenion takes place at a virtually constant
voltage, a2.75 V for x<2, indicating a two-phase
reaction. At higher rvalues (2<x<3) the lithiation
of KCr308 and NaCr308 proceeds as a single-phase
reaction. There is indication of a further two-phase
reaction for jo 3.
Despite the structural similarities between LiCr3Og and (Na, K)Cr308, the former produces a
quite difTerent first discharge curve. Three plateaus
are observed, the largest existing at a: 2.25 V in the
range 0.65 <*<2.5. The fully discharged materials
could only be partially recharged and the following
discharge curves show only little or no resemblance
to the first discharge curves. These observations in
dicate that the reaction which takes place during the
first discharge, involves an irreversible structural
change of the positive materials. At 125°C. the max
imum number of lithium inserted per formula unit
exceeds four for al! materials The specific enerpes
calculated from the first discharge are 851 <}**5 and
! I(K Nkh kf oxide fo* LrkCf.O, Li'NaCr.O. and
Li'LiCt.O. respccti>el'>
Discharge of Na;kCr.O» cells at 80" C (fig 3 j. us
ing PEO-NaCIOj (O/Na =12) electrolyte, shows that

2. Experimental
LiCrjOg, NaCr308 and KCrjOg were prepared as
described earlier [7,9,13]. Mixtures of M2Cr307
(M = Li, Na, K, Merck analyse) and Cr03 (Merck,
analyse), in the molar ratio 1:2 were placed in quartz
crucibles and slowly heated in air to 350°C, where
they were kept for 2 h. The excess M2Cr207 was used
to prevent formation of CrjOj, one of the chromium
suboxides formed during thermal decomposition of
Cr03 [ 14-16]. Non-reacted M2Cr207 was extracted
with distilled water. The black MCr308 compounds
are insoluble in water. X-ray powder patterns were
in good agreement with literature data [7-9]. No
traces of Cr2Oj or other phases were observed. The
alkali content of the compounds was determined by
flame photometry and the chromium content by
atomic absorption. The analysis confirmed the stoi
chiometric nature of the compounds reported earlier
[7,9,13],
The maximum lithium uptake of the oxides at
room temperature was determined b> reaction with
n-buth'.llithium for twc weeks [ P] The products
were m^esugaied b> X*ra' and IF technioues
Polymer electrolvtc films with the composition
I PEOl^LiCF.SO,. were prepared from a solution of
PEO (BDH, MW 600000) and LiCF,S03 (3M.
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Fig. 3. X-ray diagrams of LiCrjO*. KCfjO* and of positive elec
trode materials obtained from potentiostatically discharged cells,
(a) LiCr,0,.(b) LijLiCrjO., (c) Li0KCr,0,. (d) Li:,KCr,0„.
(e) KCr30*.

discharged to -c-values in the range 0.5<x<5 show
identical diffraction patterns indicating that the
structure breaks down already at the insertion of a
small amount of lithium
In figs. 3c-3e similar X-ray patterns are shown for
Lu.jKCrjOg, Li2.5KCr30g (approximate composi
tions) and KCrjOg. By electrochemical insertion of
2.5 Li/KCrjOg only minor changes are observed. Ex
cept for a few weak lines appearing at a:40oC. the
diagram is in agreement with that of KCrjOg. Con
tinued lithiation apparently leads to more severe
structural changes. The X-ray diagram of the new
phase shows some similarity to that of LULiCrjO*
but also differences. Neither of the new phases have
been identified and no agreement with the powder
patterns of Li20, Cr2Oj, LiCrOj or other chromium
oxides was found.
At room temperature only one lithium is insened
per KCrjOg by reaction with n-buthyllithium. X-ray
diagrams of this compound show no changes com
pared to that of the pristine material. Interestingly,
the potassium ions in KCr,0> seems to be mobile
Chemical analysis of the chemically hthiated kCr.O,
showed it to have the composition Lt. , ♦k..„,Cr.O>
tn which pan of the potassium ions have been ion
exchanged with lithium.
Since the Cr( VI )-0 bonds are considerably shoner

Fig. 1. Constant current discharge and charge curves (125’C)
for (a) Li/LiCrsOt. J.5-3.5 V versus Li. 0.25 mA/cnr. (b) Li/
NaCrjO*. 1.5-3.4 V versus Li. 0.1 mA/cnr; (c) Li/KCrjO*. 1.53.4 V. 0.1 mA/cm:. Cycle numbers are indicated in the figure.

only one sodium is inserted per formula unit at po
tentials above 1 V versus sodium. Sodium insertion
too leads to an irreversible structural change. The
specific energy is 175 Wh/kg oxide for the Na/
KCrjOg couple.
Comparison of X-ray diagrams of LiCrjOg and
LijLiCrjOg from potentiostatically discharged cells
shows that the reaction involves structural break
down of the pristine material (figs. 3a and 3b). Fur
thermore, all X-ray diagrams of LirLiCr3Og cells
E / volt vs Ms

Fig ' Constant current cvcl« I «nd 5 of Na/kCf.0. crll (80'C)
Current densin 35 |iA/cnr\
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mA/cm: was used in both charge and discharge. Un
der these conditions the capacity decreases fast and
eventually levels off at approximately one lithium
per formula unit.
A Li/NaCr^Og cell was recharged to 3.8 V (fig. 5b).
The initial capacity was the same as in the previous
experiment (fig. 5a). However, up to 85% of the ini
tial capacity was recovered despite the inefficient re
charge of the cell caused by the electrochemical
instability of the electrolyte at the working temper
ature [20]. More than 50% of the initial capacity was
retained after 50 cycles, corresponding to a specific
energy of = 500 Wh/kg.

and stronger than the Cr(III)-0 bonds, they have
higher vibrational stretching frequencies [18,19].
The progressive reduction of Cr(VI) to chromium
in lower oxidation states should, therefore, result in
a gradual lowering of the Cr-0 vibrational stretching
frequencies, and an attempt was made to follow it by
means of infrared spectroscopy. It proved difficult to
obtain usable spectra of the electrochemically lithiated compounds, but the spectrum of pure KCr308
is compared with that of Li1.12Kc.91Cr3O7.86 in fig. 4.
KCr^Og contains one very short (1.53 A) free Cr-O
bond in each tetrahedron (two per unit cell). This
bond corresponds formally to a double bond, and the
two bands at highest frequencies (954 and 986 cm"')
are associated with this free bond. All the other ox
ygen atoms are shared between tetrahedra and octahedra and together these complex Cr-0 vibrations
give rise to the broad absorption with a maximum at
811 cm-1. On insertion of 1.12 lithium, the weak
ening of the bonds can be seen in a decrease of the
highest frequency (to 945 cm*1) and the appear
ance of an absorption shoulder al a 700 cm-1. At
this low degree of reduction, the vibrational fre
quencies are still considerably higher than in C^Oj
(640 and 580 cm"1).
In fig. 5a the development of the discharge capac
ity is shown as a function of cycling of a Li/KCr^O*
cell between 1.5 and 3.4 V. A current density of 0.1

4. Conclusion
It has been shown that the maximum number of
lithium inserted per formula unit exceeds four for
MC^Og (M = Li, Na, K) at 125DC, while only one
lithium is inserted per KCr3Og at room temperature
by reaction with n-buthyllithium. The discharge
curves show that lithium insertion at elevated tem
perature proceeds as two-phase reactions. The phase
transition is irreversible and the new phase formed
is able to accommodate more lithium than the pris
tine materials. It is furthermore believed to be struc
turally different although it has been impossible to

Fig 4. Infrared spectra (absorption peaks downwards) in the Cr-(> stretching region t’ure k( r.O. (upper tracci compared wiih
Li, 17K,, W|Cr>0'
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Fig. 5. Discharge capacity versus number of cycles for (a) Li/
KCr,0*. 1.5-3.4 V and 0.25 mA/cmJ;(b) Li/NaCrjO* for which
charge and discharge currem were 0.1 mA/cm2 with voltage
ranges: (1) [.5-3.5 V, (2) 1.5-3.7V, (3) 1.5-3.8V, (4) 1.5-3.6
V, and (5) 1.5-3.6 V with 0.1 mA/cnr and 0.25 mA/cnr in dis
charge and charge, respectively.

idenlify the phase(s). Some of the inserted lithium
ions are tightly bound and cannot be removed except
at potentials above 3.6 V versus lithium. However,
more than 50% of the initial capacity was retained
after 50 cycles.
Discharge of a Na/KCr30B cell at 80°C shows that
only one sodium per formula unit can be inserted at
potentials above 1 V versus sodium. Sodium inser
tion also leads to irreversible structural changes.
The specific energies calculated from the first dis
charge curves to 1.5 V versus lithium are 850, 975
and 1100 Wh/kg oxide for U/K.Cr3Og, Li/NaCr308
and Li/LiCrjOg, respectively, and 175 Wh/kg oxide
for discharge to 1 V versus sodium of Na/KOjO*
cells.
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SODIUM INSERTION IN VANADIUM OXIDES
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Sodium insertion in three vanadium oxides is studied with regard to their use as cathode materials in solid-state sodium batter
ies. One channel structure (P-NarV,05) and two layered structures (Na,. .V,0, and a-VjO,) are investigated. The stoichiomet
ric energy densities calculated from the first discharges were 245. 340. and 430 Wh/kg. respectively. Both Na^.V^O,, and PNa,V20) degraded gradually during cycling. The structure of a-V:Os changes after the first discharge, but the new phase exhibits
excellent capacity retention upon cycling.

1. Introduction

NarMo6Yg (0<.x<4, Y = S, Se) [13] very little is
known about electrochemical sodium insertion into
three-dimensional structures.
The present paper deals with sodium insertion into
three crystalline vanadium oxides, a-VjOj, (3Na.vV2Os and Nai+^VjOg, as it is known that the
lithium analogs to these oxides perform favourably
in solid-state lithium cells [ 14]. At high temeprature
(600°C) five “bronze” phases with variable sodium
stoichiometry and the general composition Na^YjOj
are known: a (0<jt<0.02), P (0.22<jt<0.40),
a'(0.70<jr<1.00), ti ( 1.45<j:< 1.8), and k
( 1.68<jc< 1.82) [15]. Only the structures of the a,
P, and a' phases have been determined. The struc
ture of the two a-phases is closely related to the
structure of V2Oj, with a prevailing layer character.
The main difference between these phases is caused
by the localized reduction of VJ* to V4*, changing
some of the V-0 distances and thereb> decreasing
the svmmetn. {16] The P-phase is a three-dimennonal structure with wide channels containing three
noneouivalen: sites for sodium ions [1"| The sc*dium analog of Li,. .V*©! is desenbed here for the
first time. This structure consists of puckered V-0
layers stabilized by interlayer alkali metal ions. At

The feasibility of cycling sodium in solid-state cells
with poly(ethylene oxide)-based electrolyte has pre
viously been demonstrated using amorphous MoS3
as the active component in the positive electrode [ 1 ].
The cycling performance of these cells was however,
rather poor, presumably due to degradation of MoS3.
In order to evaluate the full potential of solid-state
sodium batteries, more suitable sodium insertion
materials must be identified.
A number of layered transition metal dioxides [ 25], disulphides [6-10], and diselenides,[11] have
previously been demonstrated to be able to insert so
dium reversibly in electrochemical cells. The oxides
are however, only stable within a limited range of
sodium composition: if they become too depleted of
sodium, extensive structural rearrangements occur,
resulting in poor cycling performance. In most of the
layered sulphides, sodium insertion is accompanied
b> shifting of the layers relative to each other and
these phase changes limit the stoichiometric range in
which the materials can be cycled With the notable
exceptions of iron(III)molybdate Na,Fe2(Mo04)3
(1.1 < x < 1.6) [12] and the sodium Chevrel phases

0 167-2738/88/$ 03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division )
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least one alkali metal ions per formula unit will al
ways be present.

2. Experimental
a-V 0 was prepared by thermal decomposition of
ammonium metavanadate (NH4VO3) in oxygen at
2

5

4250C.
P-Na.fVjOs was prepared by heating a mixture of
NaV03 and V20} in the molar ratio 2 : 5 to 700eC
in air, followed by slow cooling. X-ray powder dif
fraction showed the product to be a single phase with
lattice parameters in good agreement with published
values [18].
Na, + rV}Og was prepared either by quenching a
melt (700°C) of NaV03 and V205 in the molar ra
tio 1 : 1 or by ion exchange of LiV3Og in molten
NaN03 (320°C). The compositions of these prod
ucts as determined by wet chemical analysis were
Nao.97V3O7.85 and Lio.l9Na0.86V307.M, respectively.
The X-ray powder patterns of both products could
be indexed in a monoclinic unit cell with peak in
tensities similar to those of LiV3Os [ 19J. A few ad
ditional weak lines indicated that the product from
the high temperature synthesis also contained traces
of p-Na^VjOs, whereas the product from ion ex
change showed an extra, diffuse line possibly origi
nating from unconverted LiVjO*. The unit cell
parameters of the products are compared to those of
UV3Og in table 1. As expected, the main difference
is an increase in interlayer spacing when Li is re
placed by Na.
Electrolyte films were prepared by casting aceton
itrile solutions of poly (ethylene oxide) (PEO;
Mw = 4x 106, BDH) and recrystallized NaC104
(Merck) on an inert substrate. After solvent evap-

Table 1
Unit cell parameters of MV jO, {M e Na. Li).
Na#«»V ,0» 1,
direct trtufeetn

Ll©
mV ,0» «4
KM CXCtUAIt

UV.O.
|l«}

a
»
c
P

* ItO(fe)A
3 tot(S > A
1: i4<:»a
107.4(1)*

e ta.:>'a
3 601 1 1 A
12 03(2) A
107.8*

' J1111 a
3 6K 11 X
107.0(2)*
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oration the films were dried in vacuum ( < 0.01 Ton)
at 120°C overnight. The thickness of the electrolyte
films was = 50 pm. The concentration of salt in the
films given as the molar ratio between sodium and
oxygen was Na : 0= 1 : 12.
Composite electrode films containing ca. 60 w/o
vanadium oxide, 10 w/o acetylene black (Shawinigan, 50% compressed), 20 w/o PEO, and 10 w/o
NaC104 were cast on nickel or aluminium foil from
suspensions/solutions of the constituents in aceton
itrile. The thickness of the electrode films used in this
study was 60-70 pm.
Cells of the general composition:
Na|PE0-NaC104 (Na:0=l : 12)|
| oxide, C, PEO, NaCKX
were assembled inside an argon filled glovebox and
mounted with spring load to secure good contact be
tween cell components in O-ring sealed containers.
The amount of oxide present in the cells was de
termined by weighing the composite electrode films
prior to cell assembly. Due to the small amount of
active material (a 1 mg) and to inhomogeneity of
the films, the amount could only be determined
within ±10%.
Cycling was performed with constant-current dis
charge, followed by current-limited potentiostatic re
charge. The rate of discharge is given as the lime it
would take to change the overall composition of the
vanadium oxide with 1 Na performula unit. All cells
were operated at 80°C.

3. Results and discussion
3.1. a-V05
Results from electrochemical insertion of sodium
into Vj05 are reported in fig. 1. In the first discharge
curve the potential is seen to decrease steadily with
increasing values of the composition parameter x (in
Na.VX)' l until x a 1.0 The insertion in this imenal
is however not reversible and upon currem revenj
the potential will immediate!) nse 10 the cuiofl ie«e!
(3.5 V ) with virtual!) no Na extraeied This behav
iour indicates that Na insertion into q-V;Oj initially
is accompanied by a non-reversible lattice defor-
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Fig. I. Constant current dischargc/rcchargc curves of Na/a-V20>
cell. Current density: 25 ua/cm2 (C/25 h). First (heavy line)
and second (thin line) cycles are shown.

Fig. 2. Constant current discharge/recharge curves of Na/PNa.VjOs-cell. Currem density: 25|iA/mr (C/20h). First (heavy
line) and second (thin line) cycles are shown.

mation, possibly a relaxation of the oxygens around
reduced vanadium atoms as seen in a'-NaAV:05.
Upon further Na-insertion a local minimum in the
potential/composition curve is seen, after which the
potential is nearly constant over a large composition
interval. This indicates the nucleation of a new phase,
and that the lattice is gradually transformed into this
new structure in a two phase reaction. In the exper
iment illustrated in fig. 1, the current was reversed
after completion of the two-phase reaction. The re
charge curve is quite difTerent from the initial dis
charge curve, showing that the new phase does not
reven to the original structure as sodium is ex
tracted. At potentials up to the cut-off potential, 3.5
V, only 1.7 Na could be extracted, leaving ca. 0.3 Na
per formula unit apparently tightly bound in the new
phase. In the subsequent cycles, the potential/composition curves are similar to the first recharge, and
the capacity retention is good: In low-rate experi
ments (C/25 h, 25 pA/cnr) virtually no capacity
loss is seen during the first 50 cycles. The stoichio
metric energy densities calculated from the first and
the second discharge curves are 380 and 430 Wh/kg.
respectively. The nature of the new phase has not yet
been determined.

composition is the thermodynamic stability limit of
the (J-phase at high temperature. The remaining part
of the discharge curve is less steep, and no inflexion
point marking the structural composition limit of the
P-phase (jcss0.66) is seen. In the following cycles,
the discharge curves are smooth and featureless, in
dicating that the long-range order of the host struc
ture has been lost after the composition Nao4ov205
is reached. It has been demonstrated previously, that
p-Li.rV205 is kinetically stable at ambient tempera
ture in the composition interval 0<jc<1.33 [20],
but apparently the analogous low temperature ex
tension of the composition interval of the (3Na.VjOj phase is not feasible. Nevertheless these
electrodes have a fair capacity retention, allowing
more than 30 low-rate cycles (C/25 h) with a ca
pacity larger than 1 Na/V;Oj to be obtained. The
stoichiometric energy density calculated from the first
discharge is 245 Wh/kg.

3.3.
Discharged down to 1 V versus Na. NaV^O# is able
to accommodate slightly more than 2 extra Na per
formula unii (fig. 3). As often seen with alkali metal
insertion into oxides, the discharge curve exhibits
pronounced plateaux, showing that the insened ions
interact stronglv with the host lattice Also shown m
fig 3 is a senes of potentials measured alter an equi
libration period of four hours at each composition,
It is seen that the constant current discharge curve
is close to the equilibrium curve, and that the EMF

j 2 p-Sa.i'-O*

Potential /composition curves for Na insenior, into
(WNa
.0* are shown in fig - Initials thr poten
tial decreases rapid!) with increasing Na content un
til the composition NaUJ(,V;0> is reached. This
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materials for solid-state sodium cells. Upon sodium
insertion a-V,Oj undergoes a phase change resulting
in a new structure with energy density and cycling
properties comparable to the Li/TiS2 system.
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VO

Fig. 3. Firsl constant currem cycle of Na/Nal.1V,0,-cell. Cur
rent density: 25 tiA/cirr (C/80 h). Potentials measured at nearequilibrium indicated by markers.

is independent of composition in the intervals
0.4<x<0.7 and 1.0<x<1.6. Sodium insertion in
Nal + vVjOg thus proceeds as a multi-phase reaction
in the sense of the phase rule. As the same plateaux
are also seen in the following discharge curves, the
host lattice must be left intact by these phase changes,
which can therefore be regarded as consecutive con
densations of a lattice gas consisting of inserted ions
into more dense structures. The fact that the pla
teaux are not seen in the recharge curve could be due
to slow kinetics of Na extraction. Upon prolonged
cycling the features of the discharge curves are grad
ually obliterated, accompanied by a steady capacity
decrease. The mean capacity retention for three cells
(C/5h—C/7h) during the first 100 cycles was 98.698.8%. The stoichiometric energy density calculated
from the first discharge is 340 Wh/kg.

4. Conclusion
The three vanadium oxides a-VjOs, (S-Na^Oj,
and Na,«..tVjOj have been investigated as electrode
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LITHIUM AND SODIUM INSERTION INTO
LAYERED POTASSIUM VANADATES

The possibilities of obtaining very high energy densities with respect to intercalation in
vanadium oxides (>1000 Wh/kg for lithium intercalation [1]) are not fully exploited in
the presently known materials. The highest reversible capacity obtained is 890 Wh/kg
for lithium intercalation into the one-dimensional channel system of V6013, but other
lithium - vanadium oxide systems have lower energy densities, typically in the range
450 - 650 Wh/kg. The stoichiometric energy densities of the sodium systems investiga
ted up to now have been inferior to their lithium analogues, usually by a factor of
about 2. This is only to a small degree caused by the higher mass of sodium compared
with lithium, but mainly due to lower potentials and smaller reversible insertion inter
vals. These last factors are partially caused by the larger size of sodium ions, restricting
the number of low energy sites that can be occupied, thereby causing higher lattice
strains upon insertion, and reducing the stabilization by negative counterions in the lat
tice. Some of these constraints could be expected to be mitigated in layered host
materials due to their more flexible structure. As elaborated in previous sections,
simple oxides analogous to TiS2 are not stable due to coulombic repulsion between
adjacent layers of oxide ions. There exists however a number of more complex oxides
with stable layer-structures as exemplified by the M1+XV308 (M = Li, Na) compounds,
see fig. 1. In these materials alkali metal ions are situated between puckered layers of
V06-octahedra, with one alkali metal ion per formula unit in the fully oxidized com
pound stabilizing the structure. Reversible lithium and sodium insertion have been
demonstrated up to the limiting compositions Li4V308 and Na3V308 with good capacity
retention when used in rechargeable electrochemical cells.
A

Fig. 1. Structure of M1+xV308 (M = Li, Na) compounds, space group P2l/m [2]. The
figure shows the oxygen coordination polyhedra around vanadium atoms. Filled circles
represent alkali metal ions. A: View almost normal to the (010) plane.

81

Fig. 1 (contd.). Structure of M1+xVsOg (M = Li, Na) compounds. B: View normal to
the (100) plane.
In this project two other layered vanadium oxides, stabilized in the same manner by
interlayer alkalimetal (potassium) ions have been studied: KV3Og and K3V6014.
Structures of K3V5O14 and KV30g. K3V6014 was selected for these investigations
on the basis of its unusually low density: 3.01 g/cms [3], compared to e.g. 3.92 g/cm3
for V6013 or 3.40 g/cm3 for a-V205. A low density is taken as an indication of an
open crystal structure, possibly with sufficient room for intercalated species as lithium
or the more bulky sodium ions. The literature contains only sporadic references to
K3V50i4 [Ml with only a short communication dealing with the unusual structure of
this material [3]. Representations of the crystal structure based on data from this paper
are depicted in fig. 2.

Fig. 2. Structure of K.3V5014. Space group P31m^ a = 8.6796, c = 4.9914 A [3]. The
figure shows the oxygen coordination polyhedra around vanadium atoms. Closed circles
are potassium ions. A: View normal to the (001) plane.
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Fig. 2 (contd.). Structure of K.3V6014. B: View nearly perpendicular to the c-axis.
The five vanadium atoms lie roughly in the same plane forming an almost regular
pentagon. The fourteen oxygen atoms form nearly ideal square pyramids around V(2)
atoms and trigonal pyramids or tetrahedra around the V(I) atoms. The pyramids are
joined by basal corners, with their apices all pointing in the same direction along the
c-axis. Each cavity resulting from the five-ring configuration is occupied by a potas
sium ion situated about half way between the layers. The V-0 distances in the cdirection may be compared with those along the b-axis in a-V205, where a very short
V-0 distance of 1.5 to 1.6 A (sometimes referred to as a V=0 double bond) and a
long distance to the neighbouring layer is observed. In a-V205 this distance (2.81 A) is
still short enough to act as a weak bond, while the V-O distance along the c-axis in
K3V5014 (»3.4 A) is too long to be regarded as a bond. The vanadium-oxygen
polyhedra thus form a purely two-dimensional network, held together by interfoliated
potassium ions.
The V-0 coordination in K.3V5014 could be expected to limit the reversible intercala
tion interval, as V tetrahedrally coordinated to oxygen is only known for vanadium in
the highest oxidation state, V(5). Vanadium ions in lower oxidation states are larger
and require a higher oxygen coordination. Reduction of the tetrahedrally coordinated
vanadium might thus lead to disruption of the host structure.
The trivanadates MVjOg1 of the larger alkali metals (M = K, Cs, NH4, Rb) are
isostructural [5], but with a structure entirely different from the trivanadates of lithium
or sodium shown on fig. 1. The crystal structure which consists of corrugated sheets of
distorted, edge sharing VOe octahedra was elucidated by Evans and Block (6). and is
represented in fig 3.
Of particular interest with respect to the possible use of KV3Og as electrode material in
practical batteries is the simple synthesis of this material. In contrast to virtually all
other oxides used as insertion electrode materials, KV308 is not synthesized in a high
temperature process, but is precipitated from an aqueous solution in a process that is

1.

Sometimes referred to as hexavanadates, M2V6016 [5].
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easily modified to include the purification steps necessary when inexpensive starting
materials are used.

Fig. 3. Structure of KVjO#. space group P2x/m |6) The figures sho* the oxygen
coordination polyhedra around vanadium atoms, potassium ions are shown as closed
circles A: View into the space between (100) lasers. B: View slight!) off the normal to
the (100) plane showing an arrangement of V06 octahedra in the layers very different
from o-V205 or LiV308.

The packing density of oxygen in the layered oxides can be calculated as the volume of
oxygen relative to the unit cell volume using a fixed oxygen ion radius, and comparing
this quantity to the theoretical value for close packed spheres: 74.05%. From the values
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in table 1 it is seen that all the layered oxides studied here can be considered as rela
tively open structures with K^VgO^ being the most notable example.

Table 1
Unit cell volume per oxygen for vanadium oxides.
Compound

Volume/O

LiV3Og
NaVjOg
kv3o8
k3v5o14

*) Calculated assuming r0 = 1.40

Synthesis.

(A3)

Packing density*)

17.2
19.6
19.8
23.3

67
59
58
49

%
%
%
%

Ref.
2

7
6

3

A.

Potassium metavanadate, K.VO3, is used as starting material for both

KsV50i4 and KVs08. KVOs was prepared by dissolving V2O5 in KOH at a 1:1 molar
ratio of potassium to vanadium or with a slight excess of alkali. A small amount of
H202 was added to assure complete oxidation of vanadium to V(5). Excess of peroxide
was removed by boiling until the red-brown color of the vanadium-peroxide complex
disappeared. Any undissolved solid was removed by filtering, and K.V03 was t*160
salted out by the addition of ethanol.
K.3V5014 was prepared by melting and cooling of KVOs and V2O5 in 3:1 molar ratio as
described by Kelmers [4]. Weighed and carefully mixed samples were placed in an open
nickel crucible, which was rapidly heated to 850°C and then allowed to cool in the
furnace. The resulting product was ground and analyzed for potassium and vanadium,
including determination of the mean oxidation state of vanadium. The overall composi
tion was found to be K.3
g with a purity better than 96%2.
X-ray powder diffraction patterns of the product showed 21 lines with a relative
intensity exceeding 5% and d-values higher than 1.4 A. All these lines could be
indexed in a hexagonal unit cell with a « 8.682(2) A and c = 4.995(3) A showing fair
agreement both with the relative intensities reported by Kelmers [4], and with the unit
cell reported b> BystrOm |3|. a ■

8

679(2) A and c * 4 9914(8) A

The preparation of KVsOg involves the digestion at elevated temperature and constant
volume of acidified metavanadate solutions according to Kelmers [5]. The precipitation
reaction was carried out in a flask equipped with a refluxing condenser, where the
metavanadate solution was heated to 80-85°C before addition of the amount of sul
phuric acid required for the reaction:

2.

The main impurity is suspected to be interfoliated water, as the product was not
kept under dry conditions.
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3KV03 + 2H+ == KVgOg + 2K+ + H20

0)

Immediately after the addition acid a voluminous dark red precipitate was formed. The
resulting slurry was stirred for 24 h at 80-85°C. During this period the precipitate
slowly turned orange. The precipitate was then vacuum filtered, washed with distilled
water and dried at I10°C to remove occluded water. The resulting product was a
voluminous, opalescent orange powder.
X-ray powder diffraction patterns of the product could be indexed in a monoclinic
unit cell with lattice constants and relative peak intensities showing good agreement
with literature values, see table

.

2

Table 2
Unit Cell Parameters of KV308
Synthesis**)

a

b

c

P

Ref [6]:
B880929
AN890124
M890313

1.640(2)
7.628(2)
7.58(1)
7.605(5)

8.380(3)
8.373(6)
8.35(2)
8.341(7)

4.979(2)
4.967(2)
4.946(5)
4.959(4)

96.95(9)
96.81(5)
96.5(2)
97.07(7)

*) Compositions of the products are given in table 3

Both K3V5014 and KV308 become clay-like when washed with water, possibly due to
the ready uptake of water into interlayer spaces. Prolonged drying of KV308 in vac
uum (<10"2 torr) results in weight loss («2% after 2 days) accompanied by a slight
change in the colour of the product. Chemical analysis showed that this treatment
resuts in a minor reduction of vanadium to a mean oxidation state 4.93, and x-ray
powder difraction patterns of the product showed line broadening accompanied by a
drastic decrease in peak intensities.

Chemical Lithiation

The amount of lithium taken up at room temperature b> the

layered potassium vanadates was investigated b> chemical lithiation of the compound'
*ith

n*buth>l

lithium

(n-BuLi).

followed

b>

chemical

analysis

of

the

reaction

products. The results are collected in table 3. It is seen that the lithium uptake of
K3V5Oi4 is rather limited at room temperature (<0.1 Li/V) whereas KV308 is able to
take up 1.2 - 1.4 Li/V, which is close to the maximum lithium uptake of V6013
(1.33 Li/V). Prolonged exposure to n-BuLi leads to contamination of the product with
lithium oxide (or some other lithium containing by-product), possibly due to side reac
tions with solvent or glovebox atmosphere.
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Table 3
Chemical Lithiation of Layered Vanadates using n-Buthyl Lithium.
Synthesis

Initial Composition+)

Reaction Period

Final Composition+)

BP880919
BP880929

^■8.12^5^14.05
^0.98^^7.98

» 2 weeks
» 2 weeks

^*0.4^2.8^5^14 ^
^13.70^1.02^'3®7.98
+ 0.10 Li20

BP881109
BP890113

^0.94^3^7.98
^0.90^3^7.86

cs 5 weeks

AN890124

^1.00^3^8.00

» 5 weeks

^1.01^8^8.00

« 2 weeks

M890313

-

^*4.11^0.93^sO7.86
+ 0.79 Li20 **)
+ 0.35 Li20 **)
L^.sgK-i.oo'VsOs.oo

+) The compositions are determined within an accuracy of 2-5%.
*) This sample could only be dissolved with the aid of H2O2’ resulting in decreased accuracy.
**) An increase in oxygen content compared to the starting material is expressed as if the sample contains a
corresponding amount of lithium oxide.

Electrochemical Lithium and Sodium Insertion in K3V50]4.
cycling performed on cells of the type:

Constant current

Li | PE0-LiCFsS03, x = 12 | K3V5014, C, PEO (100 - 120°C)
in the potential interval 1.7 to 3.5 V resulted in the insertion of an amount correspond
ing to 0.3 - 0.5 Li/V. At the cut-off potential the discharge curve was still rather flat,
indicating that the limiting composition was not reached yet. The reduction of all
vanadium in square pyramidal oxygen coordination to V(4) would correspond to the
insertion of 0.6 Li/V. From the discharge curve shown on fig. 4 the stoichiometric
energy density for the Li/K3V6014 system is calculated to be 145 Wh/kg or 390 Wh/£
The low value of the stoichiometric energy density is a result of the combination of a
narrow composition interval and an unusually low-voltage potential curve for a highly
oxidized vanadium oxide. Repeated cycling of Li/K3V5014 leads to featureless, smooth
discharge curves indicating either loss of crystallinity or that an irreversible structural
change has taken place in the host material during the first discharge. The reason for
the low potential and the lack of stabilitv of this lattice towards lithium intercalation
could be a relative!) poor screening of intenomc electrostatic forces in the ver\ open
space between the layers in the undistorted host material. Although the capacity is
rather low, electrodes with KsV5014 cycle well: In one example a cycling efficiency of
99.7% was maintained over 70 cycles. At this point the experiment was terminated, but
the charge factor was constantly below 1.03 during the last 20 cycles, proving that the
cell was still in a very good condition.
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x in UxK3Vs014
Fig. 4. First cycle of cell CC880928.010:
Li | PEO-LiCFgSOg (x = 12) | L^KgVgO^, C, PEO
Temperature: 120°C, current density: 51 /iA/cm2, stoichiometric discharge time: 11 h/x.

Similar results were obtained using K3V5014 in cells with sodium electrodes. From the
discharge curve shown on fig. 5 the stoichiometric energy density for the Na/KjVgO^
system is 110 Wh/kg or 290 Wh/£. In this material, which offers very large interlayer
sites for inserted ions, the reduction in energy density when lithium is substituted with
sodium is less than in most of the other materials investigated. The main reason for this
is that sodium is inserted at potentials only »500 mV below the lithium system. The
corresponding value for most of the other systems investigated is closer to 1 V.

1 .5 -

x in NaxK3V5014
Fig. 5. First cycle of cell KVO2909B:
Na | PEO-NaCI04 (x - 12) | NaxK3V&014, C, PEO
Temperature: 80°C, current density: 26 /xA/cm2, stoichiometric discharge time: 16 h/x.
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Electrochemical Lithium and Sodium Insertion in KV3O8.
cycling performed on cells of the type:
Li | PE0-LiCF3S03 (x = 12) | KV308, C, PEO

Constant current

(100 - 120oC)

or:
Li | PE0-LiC104 (x = 12) | KV308, C, PEO (100 - 120°C)
in the potential interval 1.7 to 3.5 V resulted in the reversible insertion of an amount
corresponding to 1.2 - 1.3 Li/V, in good agreement with the observed room tempera
ture capacity for lithium uptake from n-BuLi. From the first discharge curve shown on
fig. 6 the stoichiometric energy density for the Li/KV308 system is 645 Wh/kg or
1555 Wh/£ which is among the highest values ever observed for reversible lithium
insertion in vanadium oxides (890 Wh/kg, 2150 Wh/£ for Li/V6013; 650 Wh/kg,
1650 Wh/i for Li/LiV308).

x in LixKV308
Fig. 6. First two cycles of cell CC890405.010:
Li | PE0-LiCF3S03 (x = 12) | LixKVs08, C, PEO
Temperature: 120°C, current density: 51 /iA/cm2, stoichiometric discharge time:
5.6 h/x.
The first discharge proceeds through two two-phase regions evidenced as voltage
plateaux on the discharge curve (0 < x < *1 and 1 < x < 2.5), or even more pronounced
as narrow peaks in the derivative curve (dx/dE vs E) on fig. 7. During recharge and
the subsequent discharges these features rapidly disappear. This behaviour is normalls
interpreted as due to loss of crystallinity of the host lattice. Seen together with the
observed loss of crystallinity during heating in vacuum, this indicates that the crystal
structure of KV308 is only marginally stable. Also attempts to exchange the inter
foliated potassium ions with lithium or sodium ions lead to amorphous products.
Whether the structure can be stabilized by partial substitution of vanadium atoms with
other transition metal atoms remains to be investigated.
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(dx/dE)
-5.0

10.0

-

E / V vs Li
Fig. 7. Differential capacity curves (dx/dE vs E) of the cycles shown on fig. 6.

Fig. 8 shows the potential curve obtained from constant current cycling on an equi
valent cell with sodium anode:
Na | PEO-NaC104 (x = 12) | KV308, C, PEO

(80°C).

In the potential interval between 1.0 and 3.5 V, 2 - 2.5 Na per formula unit can be
inserted into this structure. Based on the first discharge curve the stoichiometric capa
city of Na/KV308 is determined to be 310 Wh/kg or 765 Wh/£

1.5 -

x in Na KV„0
Fig. 8. First cycle of cell CX881006.B05:
Na | PE0-NaC104 (x = 12) | NaxKV308, C, PEO
Temperature: 80°C, current density: 26 /iA/cm2, stoichiometric discharge time: 24 h/x.
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The multi-phase behaviour observed for lithium insertion also at higher rates of inser
tion is not seen here, although features in the discharge curve indicate that some
ordering of the inserted ions takes place. As it is the case with lithium insertion, these
features disappear during recharge and subsequent discharges. The apparent loss of
crystallinity of the host lattice does not influence the capacity of the electrode, as
shown on fig. 9. The cell capacity remains nearly constant during the first »20 cycles,
except for cycles 9-10 where the capacity temporarily was limited by soft dendrites.
The sudden drop in capacity after cycle 20 is probably due to the failure of the sodium
electrode. This failure mode is common in cells with KVjOg electrodes investigated so
far, but it is not yet well understood.
2.5
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Fig. 9. Discharge capacity as function of cycle number for cell KV32301Q.001:
Na | PE0-NaC104 (x = 12) | NaxKVs08, C, PEO
Temperature: 80°C, current density: 51 /iA/cm2, stoichiometric discharge time: 8.5 h/x.

Conclusion Two new layered potassium vanadates. KsV(Ou and KV908. have been
studied as electrode material for rechargeable solid state sodium or lithium cells
K3VsOJ4 is a very open structure with ample room for inserted ions, but the very open
interlayer space does not offer the shielding for interionic electrostatic forces necessary
for stabilizing the structure with an appreciable amount of ions intercalated. K.V308
offers very high stoichiometric capacities for both lithium and sodium insertion, but
the structure is only marginally stable, and cycling rapidly leads to loss of crystallinity
of the host lattice. Apparently the cycling properties of electrodes using this material is
not limited by this property.
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LITHIUM AND SODIUM INSERTION INTO C112V2O7

This compound was investigated as an example of an electrode material with more than
one type of transition metal ion. The prototypes of this class of materials are the mixed
vanadium-molybdenum oxides, where both transition metals occupy the same type of
lattice positions leading to a continuous solid solution series. In the compound studied
here the two types of metal ions occupy very different lattice positions, providing this
material with some rather remarkable properties.
Structure. The structure of Q-CU2V2O7 was determined in 1973 by Mercurio-Lavaud
and Frit [1]. The vanadium atoms in this structure are coordinated to 4 oxygen atoms,
forming nearly ideal tetrahedra (mean V-0 distance: 1.72 A). The tetrahedra are joined
in pairs through apices forming separate pyrovanadate groups [V2O7]4'. These groups
are arranged in parallel layers as illustrated on fig. 1. The copper atoms are found
between these layers, surrounded by 5 oxygen atoms forming distorted trigonal
bipyramids. As these oxygen atoms belong to two pyrovanadate layers, the structure
can be considered as a three dimensional framework lattice (fig. 1).
The density of the oxygen packing can be illustrated by comparing the unit cell volume
per oxygen in this structure with the same quantity calculated for other vanadium
oxides, table 1. In these calculations the radius of the oxygen anions is taken as half
the mean oxygen-oxygen distance of the pyrovanadate groups (r0 = 1.40 A). In the
rutile form of vanadium dioxide VOz(R), the 0-0 distance is somewhat smaller than in
a-Cu2V207, corresponding to an oxygen radius, r0 = 1.36 A. Using this value, a pack
ing density of 73%, close to the theoretical value for close packed spheres: 74.05%, is
calculated for V02(R). The packing density of a-Cu2V207 is only 58%, indicating that
this structure has an unusually open lattice. It should be noted, that tetrahedral coor
dination of oxygen to vanadium is only known for vanadium in oxidation state 5. The
more bulky vanadium ions in lower oxidation states are normally coordinated to 5
(V+4) or 6 (V+4, V+s) oxygen atoms [2].

Table 1
Unit cell volume per oxygen for vanadium oxides
Compound

Volume/O (A5)

CU2V2O7

20.03
17.92
16.80
17.11
14.79

*-v2o5
VeOjs
V02(B)
vo2(R)

Packing density*!
58
65
69
68
78

*) Calculated assuming r0 = 1.40 A.
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%
%
%
%
%

Ref.
1
3
4
5
6

Cu2V207 also exists in a high temperature /?-form, which was not investigated in this
project.

Fig. 1. Structure of Cu3V207 [I]. The joined tetrahedra are pyrovanadate groups
[VjO?)4', and the trigonal bipyramids are copper coordination polyhedra In the right
hand part of the drawing these are omitted for ciantv

Earlier work on lithium intercalation: Yamaki et al. reported studies of lithium inter
calation into Cu2V207 in a number of papers [7-10]. They found lithiation with n-BuLi
to result in the insertion of 4 Li per formula unit, whereas the discharge capacity (to
1.0 V) obtained in cells with liquid organic electrolyte corresponded to 6 e'/Cu2V207.
The high discharge capacity is a remarkable result implicating that both the copper and
the vanadium atoms are reduced during discharge. Raising the minimum discharge
potential to 2.0 V limits the discharge capacity to 4 e'/Cu2V207. Cells cycled in this
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capacity interval showed excellent capacity retention up to 100+ cycles.
Synthesis. The oxide is synthesized by heating cupric oxide and vanadium pentoxide
in air (650°C), according to [7,10]:
2 CuO + V205 - Cu2V207

(1)

The composition of the product was checked by chemical analysis for the content and
oxidation state of vanadium.
X-ray diffraction proved the prevailing phase in the product to be a-Cu2V207. Of 43
lines (6O<20<75°) only 5 could not be indexed in the orthorhombic unit cell of the aphase - these lines could be due to traces of CuV206 or Cu2V40li. The relative
intensity of the indexed lines were in good agreement with those reported earlier [1].
The refined unit cell parameters are given in table 2, from which the density can be
calculated as p = 4.05 g/cm2.

Table 2
Refined unit cell parameters of a-Cu2V207
Space group: Fdd2.
From ref 1:
a = 20.68(1)
Observed:
a = 20.653(5)

b = 8.411(5)

c = 6.448(5)

b = 8.405(2)

c = 6.448(1)

Results.
Chemical Lithiation. Reaction of Cu2V207 with n-BuLi for two weeks results in the
uptake of at least 6 Li per formula unit. Chemical analysis showed the product to con
tain 3.33 Li/V, but some of the Li may be present as non-intercalated hydrolysis
products of n-BuLi. The reducing power of the product towards KMn04 corresponds
to 3.1 equivalents/V or 6.2 equivalents per formula unit. The analytical method used is
not able to tell whether the reduction of the host partially is manifested as expulsion of
metallic copper from the oxide, or whether all the electrons are accommodated in elec
tronic states of the host structure.
Electrochemical lithium intercalation. Constant current cycling were performed on
cells:
Li | PE0-LiCF3S03 (x=12) | LixCu2V207, C, PEO
at 120°C. When discharged to 1 V, the capacity of the cell corresponded to insertion of
somewhat less than 6 Li per formula unit, fig 2. The first discharge curve is very
similar to those reported by Yamaki [10] using liquid organic electrolyte (1 M LiC104 /
PC + DME, 1:1 vol.) at room temperature. Some of the capacity obtained below 1.7 V
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in the present work, could however be due to parasitic reactions with impurities or
electrolyte components, as seen with other cells using lithium based polymer elec
trolytes.

1

2

3

4

5

6

x in Lixcu2v207
Fig. 2. First two cycles of cell K880610/14:
Li | PEO-LiCF3SOs (x=12) | LixCu2V207, C, PEO
Temperature: 120°C, current density: 51 ^A/cm2, stoichiometric discharge time: 12 h/x.

In the composition interval 0 < x < 3 the decrease in cell voltage upon lithium insertion
is small compared to other vanadium oxides at the same degree of reduction, and an
unusual high potential of the reduced oxide is seen. This results in a very high
stoichiometric energy density, as shown in table 3. It should be noted that the sloping
part of the discharge curve at voltages below 2 V only gives a very small contribution
to the (volumetric) energy density. As deep discharge furthermore is believed to con
tribute substantially to the irreversible processes limiting the cyclability of this material
(see below), care should be taken to avoid discharge of practical rechargeable cells with
Q-LixCu2V207 electrodes beyond 2 V in practical applications.

Table 3
Stoichiometric energ> densits of A o-AICu2V207
A

Emin (V)

*max

W (Wh/kg)

W (Wh/£)

Li
Li
Na

1.0
2.0
1.0

5.59
3.45
3.90

880
700
450

2120
1970
1100
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Although the potential variation in the composition interval 0 < x < 3 is relatively
modest, the discharge curve nevertheless exhibits several distinct and reproducible fea
tures in this interval, as seen on fig. 2 and more clearly on fig. 3. Of these features the
most remarkable is the potential minimum observed just after insertion of 1.5 Li per
formula unit. This behaviour is most likely due to an overvoltage associated with the
nucleation of a new phase, but the exact nature of this phase change is not known. It
should however be noted that the recharge curves shown on fig. 2 has an inflexion in
the high voltage plateau at the same relative position as the step in the discharge curve.
This indicates that the phase change is at least partially reversible.

Q / C
Fig. 3. Details of the potential variation at the upper potential plateau of a cell similar
to that described in fig. 2. Current density: 25 jiA/cm2, the loading of active material
in the cathode is unknown.

In the second discharge, the gross features of the first discharge curve are retained, but
the cell capacity has deteriorated significantly (27% to 2 V). Whether this is intrinsic to
o-LijC^VjOy or is due to lack of optimization of electrode formulation is not known,
but the results of Yamaki [10] cited above indicate that o-LilCu}V307 can be cscled
reversibly provided the cut-off voltage during discharge is not less than 2 V.
Electrochemical sodium intercalation. Constant current cycling were performed on
cells:
Na | PE0-NaC104 (x=12) | NaxCu2V207, C, PEO
at 80°C. When discharged to 1 V, the cell capacity corresponds to insertion of slightly
less than 4 Na per formula unit, fig. 4. From previous experience the electrolyte used
is known to be reasonably stable at cell voltages between 3.5 and 1 V. The discharge
curve is rather featureless except for a potential step close to x = 0.75. The
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stoichiometric capacity calculated from the first discharge is given in table 3. The dif
ference between the energy density of lithium insertion contra sodium insertion
originates from the higher mass or volume of a sodium equivalent and from the lower
potential («1 V) of the sodium system.

x in Na CuoV„0
Fig. 4. First two cycles of cell K880809/14:
Na | PEO-NaClOs (x=12) | NaxCu2V207, C, PEO
Temperature: 80°C, current density: 25 /jA/cm2, stoichiometric discharge time: 17 h/x.

The hysteresis between discharge and charge seen on fig. 4 is much more pronounced
than is the case with lithium insertion, indicating that the sodium insertion process is
less reversible.

Cycling experiments. The electrodes used in these experiments are not optimized
with respect to materials utilization or cycling. These results are thus to be considered
as preliminary.
Sodium cetli Fig 5 shows the result of two cycling experiments. ImtialK the capacit>
rapidly decreases to *2Nabut from cycle 10 to 50* the mean capacit) reten
tion stabilizes around 98.6%. In cycle 25 the capacity corresponds to 2 Na per formula
unit, reducing the stoichiometric energy density to half the initial value.

Conclusion. a-Cu2V207 shows intrinsically very high stoichiometric energy densities
for lithium or sodium insertion due to a high voltage and a moderate slope of the dis
charge curve. Presumably fair cycling properties can be obtained provided the degree
of insertion is limited to 3 or 4 guest atoms per formula unit.
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The structural chemistry of this material is different from the other vanadium based
host materials previously studied. In a-Cu2V207 the vanadium-oxygen coordination is
tetrahedral, which probably prevents vanadium from being reduced without imposing
major rearrangements on structure. It is therefore likely that the electrons accom
modated by the host in the plateau region: 0 < x < 3 in LixCu2V207 are located in
states of predominantly copper origin. This assumption is further corroborated by the
fact that the copper-oxygen coordination is very flexible and can be adjusted to dif
ferent sizes of the copper ion merely by small twists of the pyrovanadate groups.

Cycle no.
Fig. 5. Discharge capacity vs cycle number of cell K.880809/14 (o) and K880809/2 (x).
For details see fig 4.
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Section II
SODIUM CONDUCTING
POLYMER ELECTROLYTES

SODIUM CONDUCTING POLYMER ELECTROLYTES

INTRODUCTION
Polymer electrolytes based on polyethylene oxide) (PEO) has been extensively studied
since Armand and coworkers described the conditions for their formation, and pro
posed their use as electrolytes in solid state cells in 1978 [1]. The majority of this work
has been concerned with lithium conducting electrolytes, whereas sodium based analo
gues has been less thoroughly investigated. At the onset of the present project it was
anticipated that the electrolyte conductivity might be a major limiting factor with
sodium cells, as the upper limit to the operating temperature for these cells is
determined by the low melting point of sodium (97.8°C). Also the reactivity between
PEO based electrolytes and metallic sodium was unknown, and an investigation of a
few PEO based sodium conducting polymer electrolytes was therefore undertaken.
Results from these investigations will be summarized in this chapter.
The composition dependent properties of polymer electrolyte systems have been
rationalized in terms of phase diagrams constructed on the basis of informations
derived from thermal analysis, x-ray diffraction, NMR, and conductivity measure
ments. For a recent review see ref. [2]. These phase diagrams are not to be applied in
the same stringent manner as phase diagrams for inorganic, low molecular weight
systems. The phase equilibria in polymer - salt systems are of a very sluggish nature
due to impeded movement of the polymer chains involved. The border lines in the
phase diagrams are thus indications of regions in which the corresponding phase
changes occur, often with a marked dependence on the thermal and compositional his
tory of the sample (hysteresis). Taken with some precaution phase diagrams are
nevertheless very useful tools in the investigation of polymer electrolytes.
Below the melting point («65°C) pure PEO is a partially crystalline polymer always
containing an appreciable amount of amorphous material. These amorphous regions owe
their existence to kinetic effects rather than to thermodynamics, and they are believed
to be composed of segments of polymer backbone extending from one crystallite
(spherulite) to a reentry either in the same or in a neighbouring crystallite. Further
crystallization is thus hindered by kinetic and steric reasons. As the proportion of the
amorphous regions is pretty reproducible, the semicrystalline PEO can be considered a
single effective phase for the purpose of the phase diagram. When alkali metal salts are
added they initially dissolve in the semicrystalline PEO, probably only in the amor
phous domains. Addition of more salt leads to the formation of one or more crystalline
PEO-salt complexes. In contrast to what was originally believed [1], it is now generally
accepted that the crystalline domains do not contribute significantly to the ionic con
ductivity [3). The major part of the conduction occurs within elastomeric or amorphous
regions where the segmental motion of the polymer backbone is liquid-like in charac
ter. This change in point of view was caused by the realization that polymer elec
trolytes are not pure cation conductors, but conducts both cations and anions as is the
case with typical liquid electrolytes [4].
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The mixed conduction behaviour has important consequences for the use of polymer
electrolytes in batteries. The passage of current will cause a concentration gradient
between cathode and anode, causing increased overvoltages and eventually leading to
current limitation. The transport number thus becomes an important parameter
determining the performance of polymer electrolytes in batteries. Experimentally and
theoretically the transport number of these electrolytes is a difficult quantity to evalu
ate, as the conduction process in these highly concentrated systems involves a number
of charged and uncharged ion aggregates. The quantity of interest is what could be
called the gross transference number, tA+, giving the ratio of the flux of alkali metal
(A+) species to the total current. For lithium conducting PEO-based electrolytes cation
transport numbers in the range 0.2 - 0.7 have been reported. The highest value (0.7) is
for PEO-LiCFjSOj [5], although lower values also have been cited for this system [6,7].
Values around 0.3 have been reported for PE0-LiC104 [5,8,9].

EXPERIMENTAL
Electrolyte films were prepared by casting acetonitrile solutions of PEO (Mw=4xl06,
BDH) and sodium salt on an inert support. The sodium salts used were: Nal recrystall
ized from acetonitrile, NaC104 (Merck) recrystallized from water, vacuum dried
(ss200°C), and NaCFgSOs (Alfa) used as received. After solvent evaporation in a fume
cupboard, the NaC104 and NaCFgSOg films were dried in fine vacuum (<0.01 torr) at
120°C overnight. This drying procedure of the cast films is more important to the elec
trolyte performance than the initial dryness of the materials used. Nal films are very
sensitive towards traces of water as evidenced by discolouring of the films by liberated
iodine. These films were prepared and dried in the glovebox. The thickness of the
electrolyte films was =£50 ^m. The concentration of salt in the films is given as the
molar ratio of monomer units to sodium salt: x = [EO unit$]/[Na].
Mixed phase electrolytes have been made with NASICON and Aerosils as the solid
phase. These films were made by addition of a suspension of the solid phase to the
polymer dissolved in acetonitrile under vigorous stirring. The solutions were then cast
and dried as conventional polymer electrolyte films. NASICON was obtained as a
micro-crystalline powder and as suspensions (in methanol, 20.7% by volume) from The
Institute of Mineral Industry (IMI, The Technical University of Denmark). Details of
the synthesis are given in table 1. The particle size distribution of NASICON in the
suspension measured on a Sedigraph is given in figure I. The average equivalent
spherical diameter of the powder is \-Z pm
B\ hydrolysis of volatile silane compounds in an oxygen-hydrogen gas flame an
extremely fine particle size silicon dioxide powder can be obtained. This product can
be produced with a variety of physical properties, and are marketed under the brand
name AEROSIL by Degussa. Three samples were obtained by courtesy of Superfos
Kemi A/S. The properties of these are summarized in table 2. Stable suspensions of
these solids in acetonitrile (lg/50ml) could be prepared by the use of a Jetstream mixer
(Ystral X20, 25.000 r.p.m.) for 5 minutes.

104

Table I
Conditions for preparation of NASICON suspensions,
NZPS-85-16 (IMI, DtH)
Calcination:

550°C, 5h.

Firing:

1200°C, lOh.

Grinding:

5 minutes in agate ring mill.

Dissolution of
glass phase:

Suspended in 4M NaOH, 90°C, 14 days. Washed in
absolute ethanol. Ground 60 minutes in abs ethanol.

Final suspension:

Dried and suspended in methanol. Ground in ball mill
72h (6.8 mm Zr02 balls).
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Figure 2. Particle size distribution of NASICON particles in methanol suspension.
Measured on Sedigraph using n-buthanol + 1% TEA medium.
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Table 2
Properties of AEROSILS [10).
Property

AEROSIL 200

AEROSIL 380

Behaviour towards water:

hydrophilic

hydrophilic

BET surface area (m2/g):

200±25

380±30

260±30

12

7

7

Average particle diameter (nm):

AEROSIL 812
hydrophobic* )

*) The surface of this AEROSIL is chemically modified by treatment with silane.

Composite electrode films containing by weight 64% a-V206, 9% acetylene black
(Shawinigan, 50% compressed), 19% PEO, and 8% NaC104 were cast on aluminium foil
from suspensions/solutions of the compounds in acetonitrile. The thickness of the elec
trode films used in this study was 60-70 nm. a-V2Os was prepared by thermal
decomposition of ammonium vanadate (NH4V08) in oxygen at 425°C.
Cells were assembled inside an argon-filled glovebox and mounted with spring loading
to secure good contact between cell components in O-ring sealed containers.
Cell impedance measurements were carried out with a Solartron 1174 frequency
response analyzer controlled by a micro computer. In the case of symmetrical cells, the
frequency response analyzer was coupled directly to the cell, and the measurements
were performed in the frequency range 1 MHz to 1 mHz. In order to apply a control
led bias to the unsymmetrical cells, these measurements were performed with the aid of
a laboratory constructed potentiostat, and the maximum frequency was then limited to
16 kHz to avoid phase shifts.

CONDUCTIVITY MEASUREMENTS
The ionic conductivity of PEO - NaX (NaX: Nal, NaCFjSOs, NaCI04) films was
measured at different salt concentrations as a function of temperature, using $>mmetncal cells with blocking electrodes
SS

PEO - NaX

SS

0)

where SS are stainless steel electrodes. In some cases nickel was used instead.
A quantitative description of the temperature dependence of the conductivity of most
polymer electrolytes can be obtained by application of the free-volume model. This
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model assumes the conduction to proceed only when sufficiently large voids are created
locally, allowing segmental motion of the polymer backbone and correlated jumps of
the charged species. If the proportion of the conducting phase is constant, this would
then result in the Vogel-Tamman-Fulcher (VTF) equation for the conductivity:
o(T) - a0 • T'1/2 • exp[-B/k(T-Te)]

(2)

where B is proportional to a characteristic hard sphere volume of the moving polymer
chain segments and T0 is the temperature where the free volume vanishes.
An equation of the form (2) can also be derived from a configurational entropy model
- see ref. [2]. In this model T0 is the temperature of zero configurational entropy,
predicted by the theory to be about 50 K below the glass transition temperature, 7^.
Also the constant B can be related to directly measurable quantities and to quantities
related to the rearrangement of polymer segments involved in the conduction process.
This model has proven to be a better tool in gaining insight in the physical basis of the
transport process than the free-volume model, and has in some cases been able to
predict values of transport parameters.
The VTF treatment of polymer dynamics has been extended by William, Landel and
Ferry (WLF) to give an "universal" equation for the reduced dynamic properties, e.g.
the conductivity:

' o(T)

Cj ■ (T - Tg)

log

(3)-

C2 + (T - Tf)

where the parameters Cj and C2 are remarkably constant (Cj
for a large number of materials [11,12].

10 - 20, C2 = 50 K)

In cases where the relative proportion of the conducting phase changes with tempera
ture, the conductivity equation should be modified accordingly - a fact that is too
often overlooked, see however the treatment by Lee and Crist of the PEO-NaSCN
system [15].
As the phase diagrams of the polymer electrolyte systems investigated in the present
work are not known, a detailed analysis of the temperature dependent conductivity is
not attempted. In the composition intervals investigated, the temperature dependence of
the conductivity have be tentatively approximated by two or three connected regions,
each following the Arrhenius equation [16]:
o(T) = A • T'1 • exp(-Ea/kT)

(4)
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Sudden changes in the apparent activation energy, £a, are taken as indications of the
occurrence of phase transitions.

1.1.1. Sodium Iodide (Nal). The ionic conductivity measured on PEO-Nal films of
six compositions (x - 4, 6, 8, 10, 12 and 15) are shown in figure 2. For some of the
samples the measured values show erratic behaviour at temperatures above 60°C. This
might be caused by poor chemical stability of this electrolyte system.
Within the experimental error, the samples more diluted than 1:4 show composition
independent conductivity at temperatures below 60oC (Ea
1.3 eV). Around this
temperature a first order phase transition is evidenced by an abrupt change in activa
tion energy (to Ea s 0.4 eV) and a jump in conductivity level. The highest con
ductivity is obtained with the most diluted film (x = 15). The film with the highest salt
concentration (x » 4) show a conductivity about two orders of magnitude inferior to
the other films and with a different temperature dependence. The phase transition at
57o-60°C is also absent with this composition. These measurements are consistent with a
phase diagram similar to that previously reported for PEO-NaSCN [15], figure 3. The
phases present in this diagram are:
SPEC Semicrystalline PEO which is able to dissolve some salt in the amor
phous regions between the lamellar PEO crystals.
CC
L

A crystalline polymer salt complex with a stoichiometry: PE03 5NaSCN.
A PEO melt with dissolved salt.

S

Free salt.

It should be noted that the abscissa X on figure 3 is mol percent, and is related to
x = [EO units]/[Na] by: X(mol%) = l/(I+x).

108

150

125

100

75

50

25°C

1 12
:

1: 15
-3 o

1000 K/T

Figure 2. Temperature dependence of ionic conductivity a for six PEO - Nal com
positions (x = [EO units]/[Na] = 4, 6, 8, 10, 12 and 15). The conductivities were calcu
lated from impedances of cells with blocking electrodes. Measurements were performed
both during heating and cooling of the cell. Loci of constant a are indicated as dotted
lines, labeled at left with conductivity values.
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I + CC

i ♦ SPCO

SPEC + CC

X (mol s)
Figure 3. Phase diagram of the PEO-NaSCN system. Reprinted from ref. [15].

The composition independent conductivity below the transition:
SPED + CC — L + CC

(5)

show that the amount of amorphous material is independent on the ratio between PEO
and CC crystallites. As the amorphous phase is saturated with salt throughout the
SPEO + CC region, the conductivity will then be composition independent in this
region. Above the first order transition (5), where the PEO crystallites melt, the
amount of conducting phase will be very dependent on overall composition - the larger
amount at lower compositions At very low salt concentrations, however, the number of
charge carriers goes down, and a maximum in isothermal conductivity will be seen For
the PEO-Nal system this maximum is at concentrations more dilute than 1:15
The deviation of the conductivity curve for the concentrated sample (x=4) from the
other curves indicate that this sample is from the CC + S part of the phase diagram.
The absence of elastomeric phase suggests that the CC complex is formed already in
the solution during film fabrication and precipitates as crystallites more perfect than
seen with SPEO+CC mixtures. The CC complex must then contain at least 4 EO-units
per Nal. In a number of previous investigations the stoichiometry of PEO-Na+ com
plexes have been determined as 3 [13,14] or 3.5 [15]. The origin of this discrepancy is
not understood, but it is very likely that the preparation methods effects the perfection
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of CC crystallites and thereby the overall stoichiometry.

Sodium Trifluoromethane Sulphonate (NaCT^SC^).
The ionic conductivity
measured on PE0-NaCF3S03 films of five compositions (x = 4, 7, 10, 20 and 32) are
shown on figure 4. The more concentrated composition x = 4 could not be fabricated
with this salt due to precipitation of an insoluble PEO-salt complex prior to solvent
casting.
With this salt a behaviour very similar to that described for the PEO-Nal is observed,
except for a much better stability at high temperatures. The melting transition (5)
occurs in the temperature interval 56o-60°C. At lower temperatures the conductivity
curves nearly coincides, with apparent activation energies in the interval 1.0-1.2 eV.
Above the transition the curves are virtually parallel (Ea 0.36 - 0.39 eV) but at levels
varying more than one order of magnitude. The maximum conductivity is obtained
with the composition x = 20, with lower values for the more diluted film (x = 32).

Sodium Perchlorate (NaC104). The ionic conductivity measured on PE0-NaC104
films of six compositions (x = 4, 5, 8, 10, 12 and 16) are shown in figure 5. Good
agreement between values measured during heating and cooling cycles was obtained,
except at temperatures just below the 570-58°C transition for the composition x=12.
The phase behaviour of the equivalent lithium system PEO-LiC104 is more complicated
than the systems described above. X-ray diffraction indicates the formation of at least
three different crystalline complexes. The phase diagram suggested for this system [17]
is shown in figure 6. The two different sets of low temperature activation energies and
transition temperatures found for the PE0-NaC104 system (see table 3) suggests that
this system exhibits the same type of behaviour, although the crystalline phases must
be of different compositions. The films with compositions corresponding to x = 12 and
x = 16 have the same type of composition independent low temperature conductivity as
seen with PEO-Nal and PE0-NaCF3S03, indicating a constant proportion of
elastomeric phase. With higher salt concentrations the conductivity has the same com
position dependence in both temperature regions. The amount of conducting phase in
this composition interval is probably linked in some way to the intermediate PEO-salt
complex (see figure 6), and is decreasing with increasing salt concentration. The films
with compositions corresponding to x ■ 4 and 5 are believed to be close to or beyond
the composition of the crystalline complex with the highest sodium concentration, and
the change in apparent activation energ> is rather continuous, probably reflecting the
VTF behaviour of this complex, with no phase transitions in the temperature interval
investigated.
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Figure 4. Temperature dependence of ionic conductivity a for six PE0-NaCF3S03
compositions (x = 5, 7, 10, 20 and 32). The conductivities were calculated from
impedances of cells with blocking electrodes. Measurements were performed both dur
ing heating and cooling of the cell. Loci of constant a are indicated as dotted lines.
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Figure 5. Temperature dependence of ionic conductivity a for six PEO - NaC104
compositions (x = [EO units]/[Na] = 4, 5, 8, 10, 12 and 16). The conductivities were
calculated from impedances of cells with blocking electrodes. Measurements were per
formed both during heating and cooling of the cell. Loci of constant o indicated as
dotted lines.
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Table 3
Apparent Activation Energies (Ea) for PE0-NaC104 System.
Composition
X

16
12
10
8

5
4

Ea (low temp.)
eV

°c

Ea (high temp.)
eV

1.87
1.85
1.05
1.02
1.11
0.97

57
58
77
77
67
69

0.55
0.55
0.48
0.51
0.67
0.61

*) Tm is the temperature where the regression lines intersect.

Influence of conductivity on cell performance.
In this project the operating
temperature for sodium cells was chosen as 80°C. The conductivities determined at this
temperature for the electrolytes investigated are given in table 4 for selected composi
tions. It is seen that conductivities around S-IO"4 (Ocm)-1 can be obtained with all these
systems in composition intervals around x 22 10 - 20. In order to avoid electrolyte
depletion, the optimal composition for use in batteries is in the more concentrated part
of this interval. The composition x = 12 was used in most of the work presented in this
report.
A typical thickness of the electrolyte layer of 100 /xm and a current density of
0.1 mA/cm2, would then result in an ohmic potential drop across the electrolyte
amounting to only 2 mV. It can thus be concluded that the observed conductivities are
sufficiently high for use in this type of batteries, but it should be noted, that a
decrease in the operating temperature to e.g. 50oC would lead to serious ohmic losses in
the electrolyte, augmented by a rapidly developing concentration polarization.

Table 4

Conductivity of PEO based electrolytes at 80#C.
Salt

X

c / (O-cm) 1

Nal

15
12

4.3-I0*4
2.6-10'4

NaCFgSOs

10
20
32

1.6*1 O'4
6.8-10"4
5.510-4

NaC104

10
12
16

3.510-4
6.410-4
4.4-10'4
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Phase diagram of Ihe PEO-L.CIO, system Repnmed from ref 17
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MIXED PHASE SOLID ELECTROLYTES
The best crystalline lithium and sodium ion solid electrolytes have room-temperature
conductivities superior to those of presently known polymer electrolytes. Crystalline
electrolytes also have the advantage of having unity cation transport number whereas
most polymer electrolytes have cationic transport numbers less than 0.6. As mentioned
above this phenomenon defines a limiting current density [18]:

I

2*FC

D
(l-t).d

(6)

where F is the Faraday constant, C the concentration of salt, D the diffusion coeffi
cient, t the cation transport number and d the thickness of the electrolyte. Attempts to
increase the cation transport number of PEO-based electrolytes have so far resulted in
very low total conductivities [19].
Polymer electrolytes have, on the other hand, far better properties than crystalline ones
with respect to fabrication in large, thin sheets and to achieving and retaining
solid/solid interfacial contact.
Mixed phase solid electrolytes attempt to combine the advantages of both types of elec
trolytes. Previously it has been shown [20] that mixed phase electrolytes of PEO LiCF3S03 and the crystalline lithium conductor Li3N can be made with roomtemperature conductivities far higher (about a factor of 1000) than those of the pure
polymer although still below that of the pure crystalline electrolyte. They are easier to
fabricate than sintered LisN, are more flexible and have superior contact properties.

Polymer Electrolytes with NASICON.

The ceramic sodium conductor NASICON
(Na1+xZr2P3_xSix012) can be made with room-temperature conductivities up to MO-3
(fl-cm)"1. The effect of the addition of this powder to PEO - NaC104 electrolytes
(x * 12) on the conductivity of the films is shown on figure 7. It is seen that the addi
tion of 60 - 80 % by weight of NASICON powder to the film results in an overall sup
pression of the conductivity curve corresponding to a factor of 500 - 1000.
The film with only 38% NASICON added also show a decrease in conductivity at
higher temperatures, although less severe It is interesting to note, that the phase
transition at 58*C apparently is suppressed in this film, resulting in a lower activation
energy at lower temperatures. Extrapolating the conductivity curves to room tempera
ture indicates that a modest increase in ambient temperature conductivity can be
obtained by this addition. In order to disclose the reason for the dramatic reduction of
overall conductivity in the films with the higher NASICON content, several experi
ments aiming at the characterization of the NASICON /polymer interface were carried
out. From impedance measurements on cells with NASICON discs in contact with pure
polymer electrolyte films it was concluded that under the experimental conditions used
in the preparation of the mixed phase electrolytes an insulating layer is build up at the
polymer/ceramics interface. The nature of this layer is not known, but it has been sug
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gested [23] that the use of more dry conditions during film preparation could prevent
formation of the insulating layer.

Polymer Electrolytes with AEROSILs (tm).

In order to investigate further the
apparent structure breaking effect of the addition of intermediate amounts of
NASICON to polymer electrolyte films, films were fabricated with addition of a com
pletely inert solid phase, silicium dioxide in the form of highly dispersed fumed silicas
(AEROSIL, Degussa). Some of the physical properties of these materials are given
above in table 2, and the measured conductivities of these films are shown on figure 8.
It is seen that the addition of AEROSIL has the same effect that the addition of inter
mediate amounts of NASICON: The phase transition observed at 58<,C in the pure
polymer electrolyte is suppressed, resulting in a decrease in activation energy at lower
temperatures.
It is believed that the affect of the addition of a highly dispersed solid to the polymer
electrolyte films is to prevent the formation of crystallites of polymer-salt complexes,
and thereby increasing the relative proportion of elastomeric phase. Further experi
ments are required to optimize the addition of inert material, and it is still unclear
whether it will be possible to obtain attractive room temperature conductivities by this
route.

STABILITY OF SODIUM/POLYMER INTERFACE
In this section the behaviour of polymer electrolytes in solid state sodium cells will be
discussed with regard to the compatibility between polymer and metallic sodium and to
the stability of the interface between these phases. The primary tool used in these
investigations was electrochemical impedance spectroscopy, as this method is able to
probe the state of electrode/electrolyte interfaces in fully assembled and operational
cells.
Results of AC impedance measurements on a symmetrical cell, with sodium electrodes
on both sides of the polymer film:
Na | PEO - NaC104 (x = 12) | Na

(7)

are shown in figure 9. Figure 9(A) shows the impedance of this cell shortly after
assembly and heating to 80#C. The bulk resistance determined as the high frequenc>
intercept with the real axis (45 fl) is somewhat larger than expected from geometrical
parameters (22 fi), but the cell impedance is totally dominated by the large interfacial
impedance. Two different relaxation arcs can be identified. The impedance of the cell
is however not independent of time, as can be seen from the sudden decrease in low
frequency impedance (points shown as dots in figure 9(A)).
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Figure 7. Temperature dependence of ionic conductivity a for PEO - NaC104 elec
trolytes (x = [EO units]/[Na] = 12) with NASICON powder added - the amount of
NASICON is given as percentages by weight. The conductivities were calculated from
impedances of cells with blocking electrodes. Loci of constant a indicated as dotted
lines.
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Figure 8. Temperature dependence of ionic conductivity a for PEO - NaC104 elec
trolytes (x = [EO units]/[Na] = 12) with AEROSIL powder added - the amount of
AEROSIL is 25% by weight, the types are indicated on the figure (see table 2). The
conductivities were calculated from impedances of cells with blocking electrodes. Loci
of constant a indicated as dotted lines.
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Figure 9. Impedance of Na | PEO - NaC104 (x=12) | Na (80°C) cell. Electrode
area = 0.7 cm2, electrolyte thickness 100 pm. (A) immediately after assembly; (B) after
equilibration.

The cell impedance stabilizes after a few hours, and the impedance measured the day
after cell assembly is shown in figure 9(B). The interfacial impedance has now
decreased considerably, and three distinct arcs are seen in the impedance plot. Tenta
tively the arcs can be ascribed to three different phenomena:
I, resistance of an ionically conducting film on the sodium surface (220 ftcm2);
II, transport in an inhomogeneous, porous layer of corrosion products dispersed in
electrolyte. Heterogeneous systems of this type have previously been
demonstrated to give rise to broad impedance arcs (21).
111. a diffusion arc caused by simultaneous transport of anions and cations in the
bulk electrolyte
From extrapolations to determine the width of arc III (/^m), and the value of the high
frequency intercept (/^oq), the transport number of Na+ in the electrolyte is estimated
[4] to t+ ■ I/U+Rju/RoJ := 0.2. This value is lower than the values normally
determined for Li-electrolytes [22].
The symmetrical cells were found to be very prone to dendritic shorting, and failed in
all cases after a few days. In order to monitor the long term stability of the sodium-
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polymer interphase, AC impedance measurements were performed on cells with a
sodium negative electrode and an a-V205 positive electrode:
Na | PEO - NaC104 (x = 12) | a-V206, C, PEO, NaC104

(8)

These cells were more stable towards dendrites, and could be cycled for months
without shorting. In some cases dendrites formed, especially during the first few
recharges, but they caused only temporary drops in cell voltage and vanished without
causing any discernible decrease in cell performance. This phenomenon, often called
"self healing" or "soft dendrites", is also known for lithium-conducting polymer elec
trolytes.
The impedance of an unsymmetrical cell was followed over a period of two months at
SOX without load. Just after assembly, the impedance spectrum has a high frequency
arc similar to that seen in the symmetrical cells, figure 10(A). Calculated on basis of
sodium electrode area an initial surface resistance of 1.8 kn-cm2 is measured in both
cell types. The low frequency pattern is however different, as this part of the
impedance spectrum is dominated by the diffusion-controlled capacity of the porous
positive electrode. During the initial potentiostatic equilibration (2.5 V) a small current
is drawn from the cell , and the day after assembly, the interfacial impedance has
dropped to =90 ftcm2. The width of the high frequency arc changes with time, figure
10(B), but the overall shape of the impedance spectrum is virtually unchanged, showing
that the impedance of these cells is dominated by the surface resistance of the sodium
electrode and diffusion in the porous positive electrode, whereas the electrolyte
resistance only plays a minor role. The evolution of the surface resistance with time is
summarized in figure 11. At the two points indicated, current was drawn from the cell.
At point 1 the cell was shorted for
a
few seconds, and at point 2 the potential was
changed to 1.85 V, allowing an amount of Na corresponding to 0.4 Ccm"2 to flow
from the negative to the positive electrode. In both instances the current flow resulted
in an immediate drop in surface resistance, but shortly afterwards the resistance
increased again. Assuming that the build-up of interfacial impedance is caused by cor
rosion of the sodium electrode, the growth would be expected to approach a %/t
dependence as indicated on figure 11.
Using this assumption, theinterfacial resistance
is expected to reach the level where
it
would cause a 0.1 V dropin cell voltage at the
normal discharge current (0.1 mA-cnr2) after 28 months storage at SOX. Storage at
room temperature must be expected to lead to much larger lifetimes.
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Figure 10. Impedance of Na | PEO - NaC104 (x-12) | o-V206 (80*C) cell. Electrode
area * 0.2 cm2, electrolyte thickness 100 nm. (A) immediately after assembly; (B) +
24 h, O 115 h, * 960 h, x 1480 h after assembly, respectively; (C) after O 15, + 69,
and a 128 deep cycles.
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Figure 11. Evolution of surface resistance (Rjnt) as function of time. + cell without
load, ■ after 15, 69, and 128 deep cycles. Current is drawn from the cell at the points
indicated by 1 and 2, dashed line representss a \/t dependence.
A second cell was cycled with a current density of 0.1 mA*cnr2 to a depth correspond
ing to uptake of 1.5 Na per V2O5. The cell impedance was measured when the cell was
completely recharged (to 3.5 V) after cycle 15, 69, and 128, figure 10(C). At these
points the total amount of sodium cycled corresponded to a layer with a thickness of
48, 168, and 220 ^m, respectively. The high frequency part of the impedance spectrum
changes upon cycling, and eventually a very broad, diffuse arc is seen, indicating that
the sodium electrode is now covered with a porous layer of corrosion products. The
estimated surface resistances are marked with squares on figure 11. It is seen that the
build up of surface resistance is accelerated when the cell is cycled.
In order to investigate the electrolyte/sodium interface stability for mixed phase elec
trolytes. ac-measurements were performed on symmetrical cells (7). but with AEROSIL
containing electrolytes. Measured impedances are shown on figure 12. The behaviour
seen here is very similar to that observed for the pure PE0-NaC104 system, figure 9.
taking the lower conductivity of the AEROSIL containing electrolyte into account.
There is a tendency for the films with hydrophobic AEROSIL to develop higher sur
face resistance and less stable interfaces compared to films with hydrophilic silica.
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Figure 12. Impedance of Na | PEO - NaC104 (x=12), AEROSIL 200 (25%) | Na
(80°C) cell. Electrode area = 0.7 cm2, electrolyte thickness 100 /xm. (A) immediately
after assembly; (B) after equilibration.

It can thus be concluded, that when properly prepared, PEO - NaCl04 film can be
used as electrolyte in secondary all-solid*state sodium cells allowing a reasonabl) large
number of deep cycles to be obtained The high impedance of the sodium electrohte
interface seen just after assembl) drops off to a value where it onl> gives a small con
tribution to the overvoltage during ceil operation Upon cycling or prolonged storage at
the operating temperature an increase in the interfacial impedance is seen, possibly due
to the formation of a corrosion layer on the sodium/electrolyte interface. Whether these
problems can be alleviated by using truly hermetical cells and cleaner cell components
remains to be seen.
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Abstract: The behaviour of polyethylene oxide)-sodium perchlorate as electrolyte
in solid-state batteries was characterized by impedance spectroscopy with respect to
the conductivity and chemical reactivity of the sodium/polymer interface.
Formation of a corrosion layer on the sodium electrode was found, and the growth
of this layer was followed during open circuit and cycling conditions. It is concluded
that the surface resistance is a major contribution to the cell impedance.
Key words:

Poly(elhy!ene oxide), solid-state battery, sodium conduction, stability.

1 INTRODUCTION
Solid-state batteries with lithium and an insertion
material as active electrode components, and a
polyethylene oxide)-based electrolyte, have proven
to be feasible alternatives to the classical secondary
battery systems.1,2 We have demonstrated that
sodium can also be used as the negative electrode in
this type of battery.3 The main incentive to replace
lithium with sodium is the generally higher conduc
tivity of sodium electrolytes, and the fact that
sodium does not form alloys with aluminium,
making it possible to use this lighter meul instead of
nickel for current collectors in bipolar cells Fur
thermore, sodium is more abundant and less
expensive than lithium. These advantages will,
however, be partially offset by a decrease in energy
density due to the higher molar mass of sodium and
the generally lower stoichiometric capacity of
sodium insertion materials. In the present paper the
behaviour of polyfethylene oxide)-sodium perchlo
rate electrolyte in all-solid-state cells will be
discussed with special regard to the compatibility
between polymer and metallic sodium and to the
stability of the interface between these phases.
British Polymer Journal

a-V205 is used as active component in the positive
electrodes, because good cycling lives can be
obtained with cells using this electrode material.

2 EXPERIMENTAL
Electrolyte films were prepared by casting aceto
nitrile solutions of polyjethylene oxide) (PEO;
A/W = 4xl06; BDH) and recrystallized NaC104
(Merck) on an inert support. After solvent evapor
ation the films were dried in vacuum (<001 torn at
120X overnight This drying procedure of the cast
films i». more important to the electrolyte perfor
mance than the initial dry ness of the materials used
The thickness of the electrolyte films prepared was
=x50/im. The concentration of salt in the films is
given as the molar ratio of monomer units to sodium
salt: x — [EO units]/[Na].
Composite electrode films, containing by weight
64% c£-V205, 9% acetylene black (Shawinigan, 50%
compressed), 19% PEO, and 8% NaC104, were cast
on aluminium foil from suspensions/solutions of the
compounds in acetonitrile. The thickness of the
electrode films used in this study was 60-70 fim.
ct-V205 was prepared by thermal decomposition of
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ammonium vanadate (NH4V03) in oxygen at
425°C.
Ceils were assembled inside an argon-filled
glovebox and mounted with spring loading to secure
good contact between cell components in O-ring
sealed containers.
Cell impedance measurements were carried out
with a Solartron 1174 frequency response analyser
controlled by a micro-computer. In the case of
symmetrical cells, the frequency response analyser
was coupled directly to the cell, and the measure
ments were performed in the frequency range 1 MHz
to 1 mHz. In order to apply a controlled bias to the
unsymmetrical cells, these measurements were
performed with the aid of a laboratory-constructed
potentiostat, and the maximum frequency was
limited to 16 kHz to avoid phase shifts.
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3 RESULTS AND DISCUSSION
The ionic conductivity of PEO-NaC104 films was
measured at different salt concentrations as a
function of temperature, using symmetrical cells
with blocking electrodes:
NilPEO-NaClOJNi
The results are shown in Fig. 1. In the composition
interval investigated, the temperature dependence of
the conductivity can be adequately described in
terms of two or three connected regions, each
showing Arrhenius behaviour. Good agreement
between values measured during heating and
cooling cycles was obtained, except at temperatures
just below the 57-58°C transition (see composition
.x = 12 in Fig. 1). This transition can be ascribed to
the melting of a crystalline PE0-NaC104 complex,4
and the hysteresis observed may thus be due to
supercooling of the melted phase. Robitaille and
Fauteux4 found two different crystalline regions
in the PEO-LiC104 phase diagram (PEO +
PEO-LiC104 (x = 6), and PE0-LiC104 (x = 6)-f
PEO-UOO* (x * 3)1, and the two sets of activa
tion energies and transition temperatures seen
here indicate that this ts also true for the PEONaO04 system. More detailed measurements are.
however, necessary to determine the details of this
phase diagram. As the a: = 12 electrolyte has the
highest conductivity, this composition was chosen
for further experiments. For this electrolyte compo
sition an ionic conductivity of 6*5 x 10“4Scm_1
was found at SOX.
Results of a.c. impedance measurements on a
symmetrical cell, with sodium electrodes on both
sides of the polymer film
Na|PEO-NaC104 (*= 12)|Na

Fig. 1. Ionic conductivity a of four samples of PEO-NaCIO*
(jc = [EO units]/[Na] = 4, 8, 12 and 16) versus 1000/r. The
conductivities were calculated from impedances of cells with
blocking electrodes. Measurements were performed both during
healing and cooling of the cell. Loci of constnt a are indicated
as dotted lines.

are shown in Fig. 2. Figure 2(a) shows the impedance
of this cell shortly after assembly and heating to
SOX. The bulk resistance determined as the high
frequency intercept with the real axis (45 Q) is
somewhat larger than expected from geometrical
parameters (22 f2), but the cell impedance is totally
dominated by the large interfacial impedance. Two
different relaxation arcs can be identified. However,
the impedance of the cell is not independent of time.
i<. can be seen from the sudden decrease in low
frequence impedance tpoints shown as dots m f-ip
2ai The cell impedance stabilizes after a few hours
and the impedance measured the da> after cell
assembly is shown in Fig. 2(b). The interfacial
impedance has now decreased considerably, and
three distinct arcs are seen in the impedance plot.
Tentatively the arcs can be ascribed to three different
phenomena: I, resistance of an ionically conducting
film on the sodium surface (220 D cm2); II, transport
in an inhomogeneous, porous layer of corrosion
products dispersed in electrolyte (heterogeneous
systems of this type have previously been demon
strated to give rise to broad impedance arcs5); III, a
. BRITISH POLYMER JOURNAL VOL. 20, NO. 3, 1988
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Fig. 2. Impedance of Na|PE0-NaCI0, (jr=I2)|Na (80‘C)
cell. Electrode area e07cm2, electrolyte thickness 100/jm. (a)
Immediately after assembly; (b) after equilibration.

diffusion arc caused by simultaneous transport of
anions and cations in the bulk electrolyte. From
extrapolations to determine the width of arc III (^lu),
and the value of the high frequency intercept (./?„),
the transport number of Na + in the electrolyte is
estimated6 as /+ = 1/(1 +
This value
is lower than the values normally determined for Li
electrolytes.7
The symmetrical cells were found to be very prone
to dendritic shorting, and failed in all cases after a
few days. In order to monitor the long-term stability
of the sodium-polymer interphase, a.c. impedance
measurements were performed on cells with a
sodium negative electrode and an a-V205 positive
electrode:

Z-lkQ

Fig. 3. Impedance of Na|PEO-NaCI04 (x~]2)| a-VjOj
(80°C) cell. Electrode area—0-2cm2, electrolyte thickness
100 pm. (a) Immediately after assembly; fb) +24h, O 115 h. A
960h, x 1480hafterassembly,respectively;(c)afterO 15. + 69,
and A 128 deep cycles.

and the day after assembly, the interfacial im
pedance has dropped to ^90Dcm2. The width of
the high frequency arc changes with time (Fig. 3b),
but the overall shape of the impedance spectrum is
virtually unchanged, showing that the impedance of
these cells is dominated by the surface resistance of
the sodium electrode and diffusion in the porous
positive electrode, whereas the electrolyte resistance

Na|PE0-NaCI04 (*= 12)|a-V205,
C, PEO, NaC104
These cells were more stable towards dendrites, and
could be cycled for months without shorting. In
some cases dendrites formed, especially during the
first few recharges, but they caused only temporary
drops in cell voltage and vanished without causing
any discernible decrease in cell performance. This
phenomenon, often called 'self healing' or ‘soft
dendrites', is also known for lithium-conducting
polymer electrolytes
The impedance of an unsymmetrical cell was
followed over a penod of 2 months at 80”C without
load. Just after assembly, the impedance spectrum
has a high frequency arc (Fig. 3a) similar to that seen
in the symmetrical cells. Calculated on the basis of
sodium electrode area an initial surface resistance of
1 -8 kft cm2 was measured in both cell types. The low
frequency pattern is different however, as this part of
the impedance spectrum is dominated by the
diffusion-controlled capacity of the porous positive
electrode. During the initial potentiostatic equilib
ration (2-5 V) a small current is drawn from the cell,

4f
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12
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Fig. 4. Evolution of surface resistance (/?,„,) as function of
time. + Cell without load, ■ after 15, 69, and 128 deep cycles.
Current is drawn from the cell at the points indicated by 1 and 2;
dashed line indicates a ,/r dependence.
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surface resistances are marked with squares in Fig. 4.
It is seen that the build-up of surface resistance is
accelerated when the cell is cycled.

only piays a minor role. The evolution of the surface
resistance with time is summarized in Fig. 4. At the
two points indicated, current was drawn from the
cell. At point 1 the cell was shorted for a few seconds,
and at point 2 the potential was changed to 1-85 V,
allowing an amount of Na corresponding to
0-4Ccm*2 to flow from the negative to the positive
electrode. In both instances the current flow resulted
in an immediate drop in surface resistance, but
shortly afterwards the resistance increased again.
Assuming that the build-up of interfacial impedance
is caused by corrosion of the sodium electrode, the
growth would be expected to approach a y/t
dependence as indicated in Fig. 4. Using this
assumption, the interfacial resistance is expected to
reach the level where it would cause a 01V drop in
cell voltage at the normal discharge current
(0-lmAcm-2) after 28 months storage at 80°C.
Storage at room temperature must be expected to
lead to much larger lifetimes.
A second cell was cycled with a current density of
0T mA cm-2 to a depth corresponding to uptake of
1*5 Na per V205. The cell impedance was measured
when the cell was completely recharged (to 3-5 V)
after cycle 15, 69, and 128, Fig. 3(c). At these points
the total amount of sodium cycled corresponded to a
layer with a thickness of 48, 168, and 220
respectively. The high frequency part of the im
pedance spectrum changes upon cycling, and
eventually a very broad, diffuse arc is seen, indicating
that the sodium electrode is now covered with a
porous layer of corrosion products. The estimated

-

4 CONCLUSION
When properly prepared, PE0-NaC104 film can be
used as an electrolyte in secondary all-solid-state
sodium cells allowing a reasonably large number of
deep cycles to be obtained. The high impedance of
the sodium/electrolyte interface seen just after
assembly drops off to a value where it only gives a
small contribution to the overvoltage during cell
operation. Upon cycling or prolonged storage at the
operating temperature an increase in the interfacial
impedance is seen, possibly due to the formation of a
corrosion layer on the sodium/electrolyte interface.
Whether these problems can be alleviated by using
truly hermetical cells and cleaner cell components
remains to be seen.
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DESIGN AND INTERPRETATION OF CYCLING EXPERIMENTS
ON SOLID STATE BATTERIES
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ABSTRACT
A solid state rechargeable battery is a complex system
consisting of a number of components, and the design and
interpretation of cycling experiments must be done with
regard to this complexity. The results may depend on a
mixture of thermodynamic and transport properties as well
as on macroscopic physical properties such as grain sizes,
interfacial contact areas and volume fractions of compo
nents in composite electrodes.
The amounts of active materials and the dimensions of
the electrodes should be chosen with regard to the rela^
tion between current density and electrode utilization in
order to obtain reasonable electrode utilizations at the
desired discharge times. The possible limiting processes
during the discharge must be taken into consideration in
order to prepare experiments that will enable conclusions
about the possible use in a practical battery system to be
drawn.
INTRODUCTION
Solid state battery research can be divided into two areas: Basic
research into the synthesis and the fundamental structural and elec
trochemical properties of pure materials - and investigations invol
ving complete cell systems directed towards a possible future manu
facture of commercial batteries. Whereas the synthesis and the struc
tural investigations present straightforward problems and solutions
(although the actual problem solving may be very difficult), determi
ning the electrochemical and the transport properties of even well
characterized pure substances can be very difficult, inis is exem
plified by the disagreement about the chemical diffusion coefficient
of lithium in titanium disulphide which has been measured by different
groups to be -10"® cm^/s ^ or -10"^®cm^/s
This difference of two
orders of magnitude in a fundamental property of one of the most well
known intercalation compounds reflects the complexity of electrochemi
cal experiments involving even the minimum number of components.
The problem of interpreting electrochemical experiments becomes
even more difficult when dealing with the second type of research. A
prototype battery rarely uses single crystalline components, but an
stead, the electrodes as well as the electrolyte may be complex mix
tures; Solid electrolyte material may be added to the electrode ir
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order to enhance the ionic conductivity - special forms of conducting
carbon may be added to increase the electronic conductivity. Both the
electrochemical and the physical properties, such as grain sizes and
shapes, determines the response of the battery to an applied current.
This means that the results of an experiment often depend in a compli
cated way on a mixture of thermodynamic, kinetic and macroscopic phy
sical parameters. In order to derive useful information from cycling
experiments one must design and interpret the results with regard to
this complexity.
This article describes the experimental techniques that we have
found to be useful in our work on secondary lithium and sodium solid
state batteries. The emphasis will be on experiments involving com
plete cells.
FUNDAMENTAL MATERIAL PROPERTIES
Before combining a number of components into a cell it is usually
necessary to know some of the equilibrium properties of the pure mate
rials if one is to be able to design cell configurations that will
yield the desired information. The important parameters for the elec
trode materials are: Electronic and ionic conductivity and electro
motive force (EMF) as a function of the degree of electrode reaction.
The most important parameter for the electrolyte is the ionic conduc
tivity. For all the compounds in a cell, chemical and physical compa
tibility with respect to each other and interfacial contact properties
are also of the utmost importance.
All of the properties above will be functions of temperature.
This is especially Important in solid state batteries since ionic con
ductivities increase strongly with temperature compared with liquid
electrolytes. The ease of transferring ions between solid phases is
also strongly enhanced by raising the temperature. On the other hand
the speed of destructive reactions between non-compatible components
will increase too.
Electronic Conductivity
If the negative electrode material is a metallic compound, such
as lithium, sodium or an alloy, the electronic conductivity will usual
ly be more than sufficient for the current densities expected in solid
state batteries, and no knowledge of the exact value is needed for
battery purposes.
The electronic conductivities of the positive electrode materi
als, which are often insertion (intercalation) compounds, are not
always large enough to be used in electrodes without requiring the
addition of some form of conducting carbon. The critical electronic
conductivity depends on the thickness and current densities envisaged
in practical batteries. The required minimum conductivity is given by:
oe * d’I/10AV where ee is the electronic conductivity (fl'^cnT*), d the
electrode thickness (mm), I the current density (mA/cm2) and AV the
resulting potential drop (mV). An acceptable value of the electronic
conductivity is ICT^-IO-1 0"1co"1. but when the material is used mixed
together with a solid electrolyte in a composite electrode the morpho-
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Figure 1. Electronic conductivities of pressed powders (at 70 HPa) of
selected lithium vanadium oxides as a function of the formal vanadium
oxidation number.
logy of the grains is also important since it determines how effec
tively they form electronically conducting paths.
The electronic conductivity of titanium disulphide is high enough
to allow it to be used without any carbon added (although carbon may
be added to increase the cyclabillty). but the widely used vanadium
oxides have less favourable values.
Figure 1 shows the electronic conductivity of a number of lithium
vanadium oxides as a function of the formal vanadium oxidation number.
As lithium is intercalated, lowering the vanadium oxidation number,
the conductivity drops by several orders of magnitude to values unac
ceptable for battery purposes. Cycling of these compounds therefore
requires the addition of some form of carbon. The measurements de
picted in figure 1 were performed on pressed powders and do not repre
sent true bulk values since they were not corrected for porosity or
intergrain resistance, but they do show the important general trend
and also correspond to the way the substances are used in pressed
powder electrodes. The measurements also illustrate that properties
may vary strongly with the degree of insertion.
Ionic Transport
Electrolyte: The ionic conductivity of the solid electrolyte may be
known from published data, but the practically obtainable values may
be considerably lower than single crystal bulk values from AC-measurements because of intergrain and charge transfer resistances. AC and DC
measurements should be used to supplement and check each other since
this is better than relying on just one type. DC-measurements are more
directly relevant to battery use since ions actually move through the
system whereas AC-measurements yield the more detailed information.
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Figure 2. DC cycling of a symmetrical solid state cell:
Li/lithlum sulphide glass * polyethylene/Li
+ : Charge, - : Discharge.
Figure 2 shows the results of cycling a sulphide glass * polymer
mixed phase electrolyte in a symmetrical cell with lithium electrodes
at a current density of 65 jiA/cm^, The charge and discharge periods
are 20 min, and the temperature is varied in steps of 5 degrees in
order to measure the activation energy also. The DC experiment yields
the total conductivity but does not contain information about the
various possible processes contributing.
Figure 3a shows the AC-impedance spectrum measured for the same
cell in the frequency range 1-10^ Hz. The total resistance at low fre
quencies is close to the DC-value, but the AC-impedance spectrum shows
that the resistance is divided into a major contribution, attributed
to bulk resistance, and a minor part - seen clearly in the expanded
view on figure 3b - attributed to the charge transfer resistance of
the two interfaces. The estimated value of this important parameter is
-25 0-cm2 showing that the interface functions well.
Electrode material: The transport of ions in electrode materials is
usually several orders of magnitude slower than in the best solid
electrolytes. Partly for this reason, the bulk diffusion coefficients
of ions can be difficult to measure leading to the possibility of dis
crepancies as mentioned above. When estimating diffusion coefficients
in powdered intercalation materials using liquid electrolyte in the
experimental setup large errors may arise because of insufficient
knowledge about the true effective surface area and diffusion lengths.
Values cited in the literature may therefore be too high and may be
determined by the properties of the electrolyte rather than the elec
trode. The validity of the bulk diffusion coefficients for cell expe
riments is discussed in a later section.
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750 f? BOO
Figure 3. a) AC-impedance diagram of cell in figure 2. Frequencies
indicated on figure. Ordinate: Imaginary part. Abscissa: Real part,
b) Magnified section of a).
Electromotive Force and Energy Density
Much of the impetus for the present research into state batteries
stems from the interest in making high energy density batteries.
Therefore the electromotive force (EMF) of the chosen electrode couple
is of prime importance. The theoretical energy density of a battery
system is proportional to the average open circuit voltage at equili
brium divided by the mass of the stoichiometric amounts of all mate
rials participating in the electrode reaction. For intercalation mate
rials especially, it is important to know the full variation of the
voltage with respect to the degree of intercalation (EMF-curve), since
the potential often shows a large variation with the degree of inter
calation.
Figure 4 shows the EMF-curve of the Li/TiS2 couple. The potential
decreases by about one volt, and, because of the entropy term in the
EMF-expression *•), the slope is especially steep for very small de
grees of intercalation. In this region, the potential may be deter
mined by small amounts of impurities rather than by the concentration
of lithium. If an open circuit measurement of a fully charged cell
02.8 V) is used to calculate the theoretical energy density an erro
neously high value will result (the average voltage is considerably
smaller: -2.1 V). This distinction is not always made in reported
values of theoretical energy densities.
The EMF-curve may be measured either from slow (-0.01 mV/s)
cyclic voltammograms, from discharges with very low currents or by
chemical intercalation with known amounts of lithium. In all cases,
one must be sure that the electrode particles are in equilibrium this may require very long time intervals.
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Figure 4. Electromotive force of LixTiS2 vs Li as a function of x.
Chemical Compatibility
If two compounds are to be in direct contact with each other the
most desireable situation is that of thermodynamic stability. If that
is not the case, a layer of reaction product can be formed at the in
terface. This layer may block the ionic transport totally or it may be
so thin that it leads to no appreciable extra resistance. The intere
sting property for battery use is the practical stability under reali
stic charge and discharge conditions.
The combination lithium nitride and titanium disulphide is not
thermodynamically stable 3^, hut cells can be cycled for several
months at 140°C without appreciable reaction because of strong kinetic
barriers to the reaction
. Whether a particular combination will
show practical stability or not can only be determined by experiment.
In the most commercially successful secondary battery, the leadacid battery, the electrolyte is stable neither towards the anode nor
the cathode. Because of the generally smaller number of possible reac
tions in the solid state, kinetic barriers may be more common. The
long term compatibility can be tested by experiments, such as that
presented in figure 2 by continued cycling at a given temperature.
Physical Compatibility
The physical compatibility between two compounds in a solid state
cell will often be a crucial factor in determining the usefulness of
the design. Forming an interphase between two hard solids that ions
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can easily pass is very difficult and this is the major disadvantage
of solid state batteries compared with systems based on liquids. A
more desireable situation is having one soft component that is able to
flow between the harder grains and to form a good interface. This is
the case with IiS2 (soft) and LisN (hard) and also when using very
soft materials such as polyethylene oxide in vanadium oxide electro
des. In some cases, a soft component may be added for the sole purpose
of enhancing the contact properties. Polymer electrolyte is used for
this purpose in mixed phase electrolytes to bind the harder grains of
solid electrolytes together 71.
The morphology of the types of carbon added to ensure electronic
conductivity is also very important. Ordinary graphite will require
the addition of rather large amounts in order to be above the percola
tion threshold for electronic conduction, but special types of carbon,
such as Shawinigan black, have structures that permit electronic con
duction at mass percentages as low as 10 in vanadium oxide systems.
LIMITING PROCESSES IN SOLID STATE CELLS
When designing a solid state cell and when interpreting the expe
rimental results, it is necessary to know which processes are the
limiting factors to ensure that the experiment contains information
about the properties of interest.
Figure 5 shows schematically the discharge of a solid state cell.
If electronic conductivity is regarded as being sufficiently high, the
ionic motion through the system will be the limiting factor.

Load

Li 3 N

Ti S2

w e~
-------

Li

Li *
Electrolyte

Positive
electrode

Negotive
electrode

Figure 5. Schematic construction of solid state battery. Lithium is
the anode and titanium disulphide the cathode during discharge.
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A lithium ion will experience 5 successive barriers to motion corre
sponding to:
- Transport in the anode.
- Transfer across the anode/electrolyte interface.
- Transport in the separator electrolyte.
- Transfer aecross the electrolyte/cathode interface.
- Transport in the cathode.
Each process will contribute to the total overpotential measured
and each will depend in some way on the applied current density and
the temperature. The overpotentials from the charge transfers and the
transport in the electrolyte are calculated easily from Ohms law when
the resistance values are known from experiments, whereas those resul
ting from transport in the electrodes show a more complicated depen
dence on the current density. The most useful approach is to think in
terms of characteristic times. These characteristic times are then
compared with the calculated stoichiometric discharge time Tq (Tp is
the time corresponding to total discharge of the limiting active com
ponent - usually the positive electrode material - with the chosen
current density). The comparison determines whether the corresponding
process will make a significant contribution to the overpotential.
Transport in the Anode
If metallic lithium is used as anode the voids formed at the in
terface during discharge have to be replenished from the bulk. There
fore the interface will be depleted of lithium with resulting loss of
contact if the current density is too high. The characteristic time of
depletion t0 is given by
to-nDLif^Co/AI2 where D^i is the selfdif
fusion coefficient. F is Faradays constant, C0 the concentration of
metal atoms in the anode and I the current density. For a given time
this yields a maximum current density beyond which depletion overpo
tentials will be large. Using lithium values at room temperature and
assuming a discharge time of 104 s results in a limiting current den
sity of -0.5 mA/em^. If current densities higher than this (or longer
discharge times) are desired it wil be necessary to increase the rate
of transport - either by applying external pressure or by raising the
temperature. The pressure required at room temperature and l mA/cm2 is
about 500 Kg/cm2. At temperatures above about 100°C, springs incorpo
rated in the cell can easily maintain contact at current densities up
to at least 5 mA/cm2 because the metal becomes softer. If softer mate
rials than metallic lithium are used in the cell structure, such as
lithium conducting polymers, very little pressure will be required.
Sodium is so much softer than lithium that the process will probably
not be limiting at realistic current densities even at low tempera
tures.
Transport in the Cathode
The ionic transport in the cathode (and also in the anode if it
consists of an alloy such as LiAl or an insertion compound) is charac
terized by a chemical diffusion coefficient D. The characteristic time
of diffusion is ir. general approximately giver, by t • c*/C. wnere c is
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Figure 6. Concentration profiles of Li+ ions
electrode for successive discharge tines tj,
concentration has reached the maxinun degree
discharge stops. The hatched area represents
discharge current at left is half of that to

in an intercalation
tj and tj. At t3 the
of intercalation and the
the capacity lost. The
the right.

a typical diffusion length such as the thickness of an electrode or
the dianeter of a particle. If the electrode is to be approximately in
equilibriun during a discharge, t must be smaller than the stoichiome
tric discharge time Tj) or the potential will drop rapidly stopping the
discharge at low degrees of utilization.
Utilization of the electrode: The details of the relation between the
utilization and the current density has been derived for intercalation
electrodes of different geometries *1. As an intercalation electrode
is discharged, an approximately parabolic ionic concentration gradient
is formed. The steepness of the parabola is higher at high current
densities leading to a larger unused capacity at the end of discharge.
Figure 6 shows the evolution in time of the concentration profile for
two different current densities. The calculated utilization (U) for
planar electrode geometry is shown in figure 7 as a function of the
load factor l * t/Tj) which is proportional to the current density. In
the region of most interest, where more than 50% of the active mate
rial is utilized, the simple formula U B 1 - L/3 is approximately
valid. At higher currents: U - n/4L.
The considerations above can be used to determine the maximum
possible electrode thickness for a given discharge time since a cyc
ling experiment should always aim at utilizations above ~50% in order
to be relevant for battery applications.
Ionic diffusion in insertion particles: If a discharge time of 3 hours
and C = 10"10 cm2/s for Li+ in TiSj at 25°C is assumed, the resulting
maximum electrode thickness is the unreasonably low value of 10 vm.
One way of increasing D is to raise the temperature, and laboratory
solid state cells with 30-50 pm TiS2 electrodes have been able to
function at 170°C for several hundred cycles
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Figure 7. Electrode utilization as a function of the load factor for
an intercalation electrode.
Diffusion in composite electrodes: A better way of improving the ionic
transport in an electrode is to incorporate enough solid electrolyte
to form an ionically conducting network all through the electrode. The
resulting composite electrode is the solid state analog of the porous
electrode (incorporating liquid electrolyte) used in practically all
commercial batteries. Under simplifying conditions, it has been shown
that the ionic transport can be characterized by a single parameter:
The effective chemical diffusion coefficient Dc ^ given by:
Dc = kc/FvCmmf, where k is the slope of the EMF'-curve with respect to
degree of intercalation (the average value for TIS2 from figure 4 is
~0.5 V/stoichiometric equivalent), 0 is the ionic conductivity of the
electrode structure as a whole, v is the volume fraction of interca
lation compound and C,,,^ the saturation concentration of the inserted
ion. Calculated values of Dc for mixtures of Li^K and Ti$2 at 140°C
are in the range 1-4x10“^ cm2/s - this implies the possibility of 1-2
mm electrode thicknesses making handling and fabrication much easier.
Mixed diffusion control: A composite insertion electrode is in prin
ciple characterized by two characteristic times of diffusion: tp >
r2/D for the insertion particles (r * particle radius) and xc * d2/Dc
for the composite electrode as a whole (d = electrode thickness) and,
correspondingly, by two load factors: Lp * tp/Tu and Lc * xc/Tj). In
the general case, both transport processes contribute to the overpo
tential and the utilization is given by: U * l-Lp/3-Lc/3
In
practice, one should aim at reducing the contribution from diffusion
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in the individual particles by grinding the insertion compound to
micron or suboicron sizes. This can result in xp values less than a
minute for commonly found values of D. For compounds with very low
values of D it may be impossible to achieve a sufficiently small par
ticle size because of agglomeration and because of the increasing
importance of distorted and reactive surface structures as the surface
to volume ratio increases.
Measuring the composite diffusion coefficient: The effective diffusion
coefficient of a composite electrode can be estimated by a variety of
experimental and theoretical means. The simplifications necessary in
deriving the composite diffusion formula and the non ideality of the
systems usually encountered (e.g. strong anisotropy in the ionic con
ductivity as found for instance in Li3N and TiSj) means that theore
tical values based on single crystal measurements and various forms of
percolation theory can only be used to form estimates of the upper
limits 43. Secondly, the properties of the materials used may depend
on the source and the method of manufacture
For these reasons it
is desireable to measure the effective chemical diffusion coefficient
rather than relying on literature data.
A number of experimental methods have been described for mea
suring kinetic properties of solids 13,14]^ a simple experiment that
has proven to be useful is that of applying a constant current pulse
and analysing the voltage as a function of the square root of time
1^3, This assumes semi infinite diffusion. Figure 8 shows the voltage
during a 10 minute galvanostatic pulse applied to a Li/LijN/LijN+H^

cell

voltoge
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Figure 8. Measured voltage as a function of the square root of time
for a Li/LijN/TiSj cell. At t-0 a 10 minute current pulse is applied.
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cell. The slope of the regression line is inversely proportional to
Dc, and the extrapolated instantaneous voltage drop at tine = 0 is a
measure of the combined resistance from electronic resistivity of the
electrodes, ionic resistivity of the separator electrolyte and the
charge transfer resistances. Another estimate of Dc can be found from
the practical utili2ation versus the load factor and the relations
represented on figure 7. Since there are many assumptions in the use
of the effective diffusion coefficient, a reliable value is obtained
only if these two types of experiment yield the same result. The
results from galvanostatic pulses much shorter than the desired dis
charge time of the battery (such as a few seconds) may be misleading,
since other processes may be dominating at short times. In the system
mentioned above, the Li/LijN interface was known from DC and AC expe
riments on symmetrical Li/LijN/Li cells to function with negligible
polarization. If this is not the case, it may be necessary to analyse
the zero current voltage relaxation after the discontinuation of the
current pulse in stead. The current density used should be so small
that the voltage change during the pulse is less than "50 mV in order
to avoid problems from variable diffusion coefficients and from the
possible formation of new phases.
CYCLING EXPERIMENTS
A cycling experiment can either be part of an attempt to optimize
a system that is already known to function or be performed with the
intent of investigating a new system. In the latter case only one of
the components should be unknown in its properties - otherwise the
interpretation of the results will be very difficult. Preferably, one
of the battery processes described above should be the main limiting
factor. Often, the component of interest will be an insertion compound
used as positive electrode. This will be assumed in the further dis
cussion. One of the most important features is that the amounts of
active materials and the dimensions of the cell components should be
carefully chosen and quantitatively controlled.

Figure 9. Brass sample holder incorporating spring pressure for solid
state cell experiments in ambient atmosphere. The hatched portions are
made of stainless steel. The O-nng (black) is made of VITOK.
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Cell Geometry
Since the basic structure of solid state cells is ouch simpler
than liquid based cells, the experimental test cell construction can
be as shown in figure 9. The design uses pressure from a spring to
ensure mechanical contact during cycling and VITON O-rings (imperme
able to oxygen and useable at temperatures up to 180°C). The construc
tion means that lithium and sodium cells can be handled In ambient
atmosphere after being assembled under protective atmosphere. Ideally,
test cells should incorporate a reference electrode in order to be
able to separate anode and cathode properties. Reference electrodes
are not conveniently introduced in solid state cells, however, and if
one electrode/electrolyte interface is known from other experiments
(such as that represented in figure 2) to function with small over
potentials only, 2-electrode cells may be employed.
The amounts and dimensions of the cell components should be cho
sen so that the negative electrode metal is present in considerable
excess (a factor 2 or more). This is both to ensure that the positive
electrode is the limiting factor, and because the total removal of
metal during discharge might make re-formation of an even metallic
layer during charge difficult. The thickness of the separator electro
lyte should be so low that the voltage drop corresponding to the cho
sen current density is below -100 mV. It may be necessary to raise the
temperature to achieve this. This should be done for purposes of the
% ‘ >eethod*
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Figure 10. Electrode utilization as a function of cycle number for a
Li/Li3N/TiS2 cell with a 30 urn pure TiS2 electrode. Temperatures
and current densities tmA/cm^) indicated on figure.
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experiment even though the aim nay be to create a room temperature
battery.
In order to be relevant for battery purposes a cycling experiment
should aim at utilizations of the active material above *>'50% - at
least during the initial cycles. Low degrees of utilization mean that
only a shallow layer at the interface is perturbed by the reaction.
This means that the important effects of volume changes during cycling
are minimized and corresponds to energy densities much lower than the
theoretical. Achieving a high degree of utilization means chosing a
reasonable combination of electrode thickness and current density for
instance from the relation depicted in figure 7. For thicker elec
trodes this may entail using prohibitively long stoichiometric dis
charge times. If thicker electrodes and/or shorter discharge times are
desired, the temperature can be raised if the other components make
this possible. Figure 10 shows that even using an electrode thickness
of only 30 um TiSj, the temperature had to be raised to 170°C in order
to yield high degree of utilization with a 1 hour discharge time.
Cycling Method
The cycling parameters should be chosen primarily to give the
maximum amount of information and secondarily to be similar to the
conditions expected for full scale commercial batteries.
Galvanostatic cycling: The simplest method is galvanostatic charge and
discharge between two voltage limits determined from EMF-curves such
as that in figure 4. Since charging or discharging leads to the forma
tion of ionic concentration gradients in insertion electrodes (figure
6), this method has the disadvantage that the electrode is left in a
nonequilibrium state at the end. Even if each halfcycle is followed by
a rest period to allow equilibration (this will require rest periods
of the order of 2»tc) the electrode will end up not being fully
charged/discharged unless very small load factors are used. Assuming
full equilibration the utilization will be: U *= l-2Lc/3 (charge and
discharge current identical). The lost capacity is therefore double
that of a single discharge starting with a fully charged electrode.
Since the discharge ability is the interesting property of a battery,
it is desireable that each discharge should start with the battery in
a well defined state dose to being fully charged so that relations as
that depicted in figure 7 can be employed in the interpretation of the
data. If a galvanostatic charge is employed this may entail using a
charge current at least 4 times lower than the discharge current.
Current limited potentiostatic charge: A better method of cycling is
to use a potentiostatic charge but with the current always kept below
a maximum value to avoid the problem of dendrite formation at high
current densities
The capacity lost at the end of charge is
considerably less for the same charge time and current of a galvano
static charge. A potentiostatic charge also results in more identical
electrode states for cells of different electrolyte and charge trans
fer resistances. Figure 11 shows the current and voltage as a function
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Figure 11. Current and voltage during a current limited potentiostatic
charge.
of time for a current limited potentiostatic charge of a solid state
cell. Because of the relative scarcity of fast reactions in the solid
state, solid state cells will rarely show the phenomenon of a con
venient overcharge mechanism (as is found in the Pb/Pb02 or NiOOH/Cd
systems). The potentiostatic charge also guarantees that no point in
the electrode exceeds the given potential - this may limit possible
reactions causing decomposition. The ability of the cell to reach the
potentiostatic voltage limit and to show a steady decrease of the
charge current is a good diagnostic measure of the quality of the cell
performance since it indicates the lack of parasitic processes leading
to self discharge.
A computerized cycling unit for the simultaneous control and
measurement of 60 cells according to the principles outlined above has
been developed. The results can be shown on screen, printer or digital
plotter. Any combination of galvanostatic/potentiostatic charge/dis
charge can be used and the potentiostatic part can be stopped at a
given time, a given charge, a given charge factor or a given fraction
of the original current. The setup uses a combination of local micro
processors (INTEL 8085) programmed in machine language and a central
IBM-compatible personal computer to oversee the cycling and to store
the results on floppy or hard disk. Communication is by means of an
IEEE-488 bus. The partial independence of the local microprocessors
have proven to give a system rather which is robust to input or other
errors. This is essential if many long term experiments with different
starting and finishing times are to be controlled by the same system.

145

50

cycle
Figure 12. Discharge (crosses) and charge (unbroken line) utilizations
of a TiSj + LisN composite electrode at 1400. Current density 2.1
mA/co2 except for cycles 1,300,400 and 600 (0.15) and 601~700 (1.0).
INTERPRETATION OF CYCLING DATA
Figure 12 shows the results of a long term cycling experiment on
a Li/Li3N/TiS2+Li3N cell. The experiment ran for more than 3 months
and will be used to illustrate the kind of results deducible from
cycling experiments.
Open circuit voltage: The measured open circuit voltage of a freshly
assembled cell is one of the least useful parameters since it may
contain information about a thin layer of electrode at the electrolyte
interface only (if equilibrium has not been reestablished). If the
cell has been assembled in a partially discharged state or if a minor
accidental short circuit has occurred during assembly, the initial
steepness of the EMF-curves characteristic of intercalation compounds
(figure 4) may result in a rather low measured open circuit voltage
that has no bearing on the actual performance of the cell. The initial
open circuit voltage may also be determined by impurities rather than
the bulk electrode material as mentioned in a previous section. The
interesting property is the full variation of the voltage versus the
degree of cell reaction.
Reversibility: Constructing a battery that can be charged and dis
charged many times places more complex and severe demands on the
choice of components and design than in a primary cell. For this rea
son. secondary cells may well be considerably more expensive which
means that the number of charge/discharge cycles attainable becomes
one of the most crucial factors in determining the feasibility of
commercializing the system. The ability to retain a high percentage of
tne original discharge capacity over many cycles is therefore impor
tant and tne reversibility is one of the important properties to
Oetercine. If tne goal is a battery that loses only naif of its capa-
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city in 500 cycles, 99.86* of the charge capacity in the previous
cycle must be retained, corresponding to a capacity loss of only 0.14*
in each cycle. The capacity loss measured is a combination of several
factors and the true, intrinsic reversibility of the insertion com
pound will be higher than determined by cycling experiments. For the
first 300 cycles of the experiment in figure 12, the cycling efficien
cy is as high as 99.87* illustrating the high reversibility of TiS2. A
high intrinsic reversibility is one of the postulated advantages of
using intercalation compounds.
Capacity loss mechanisms: The loss of capacity accelerates after 300
cycles and the determination of the causes is Important if the limi
ting problems are to be identified. From experiments such as that
depicted in figure 8 the loss can be divided into that caused by the
Increase in the instantaneous voltage drop and by the decrease of
effective ionic transport in the composite electrode. For the present
experiment, the sum of the separator electrolyte and interfacial
charge transfer resistances increased from 10 Q*cm^ to 50 Q‘cm2 after
600 cycles (corresponding to voltage drops of 20 and 100 mV). The
contribution of this increase to the loss of capacity is only about 10
percentage points. The gradual deterioration of the interfaces which
may be responsible for this part of the loss is therefore not the
primary contributor. The main part of the decrease could be due to
chemical processes leading to gradual loss of active material (TiS2)
as might be feared from thermodynamic equilibrium considerations or to
irreversible physical changes in the composite electrode (such as
particles being removed from participation because of electronic iso
lation from the bulk). Alternatively, essentially all the active

log D,
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Figure 13. Composite chemical diffusion coefficient (cm2/s) for the
experiment in figure 12. Cycle numbers indicated on figure.
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material might still be available, but through less and less efficient
transport paths for electrons and ions because of the many volume
expansion/contraction cycles the insertion particles have undergone.
This effect will gradually lessen the effective contact area between
the grains of the electrode.
The alternatives can be tested by lowering the current as has
been done in cycles 300, 400 and 600. This leads to almost full reco
very of the original capacity showing that no appreciable irreversible
losses have occurred. This means that the last loss mechanism proposed
is the more likely. This is confirmed by the measured values of Dc
shown in figure 13. As the cell is cycled 700 times the effective
ionic diffusion coefficient decreases by a factor of 10 and the acti
vation energy increases from 0.39 to 0.8 eV.
Charge factor: The ratio of charge to discharge capacity is another
important parameter since it contains information about the amount of
parasitic processes taking place. One of the postulated advantages of
solid state cells is that the smaller possible number of side reac
tions in the solid state would lead to more robust and reversible
systems with low self discharge and long shelf lives. For the first
400 cycles shown in figure 12, the charge factor is about 1.1 which
shows that some parasitic process is present, possibly due to oxygen
leaking into the cell. The last 300 cycles show a charge factor of
essentially 1.0 as is also found for the same type of cell depicted in
figure 14. This proves that the goal of essentially no parasitic
processes can be realized in solid state systems.

cycle
Figure 14. Discharge (crosses) and charge (unbroken line) utilization
of an L13N ♦ T1S2 composite electrode. The charge factor is very close
to 1.0.
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CONCLUSION
The main conclusions are that cycling experiments on solid state
cells should be planned so that at most one of the components is par
tially unknown with respect to its behaviour under the chosen condi
tions. That the quantitative amounts of components and the geometry
(especially electrode thickness) and current density should be care
fully controlled in order to obtain significant electrode utilizations
in reasonable discharge times and that the method of cycling should be
chosen to yield maximum quantitative information about the system.
If these considerations are applied a single, quantitatively
controlled cycling experiment may yield conclusive information about
many of the important parameters in a rechargeable cell system.
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BATTERY CYCLING EQUIPMENT

As the work on lithium and sodium solid state batteries progressed the need arose for
the capability to cycle several test cells simultaneously. In the beginning, this was done
with self-designed equipment for controlling the cycling combined with two-channel
x-t recorders for storing the evolution of voltage and current (or charge) on paper.
Galvanostatic cycling was employed because this is the simplest to implement. The end
points of charges and discharges were defined by chosen maximum and minimum volt
ages.
As our theoretical understanding of solid state electrodes and experimental skill and
experience grew it became apparent that the galvanostatic cycling limited the amount
of useful information derived from the experiments. At the end of a galvanostatic
halfcycle the electrode is left in a nonequilibrium state with a gradient in sodium con
centration through the electrode. The steepness of the gradient depends on the applied
current density. If the cell is allowed a sufficient rest period it will eventually reach an
even equilibrium concentration through the electrode, but the magnitude of this con
centration will depend on the current density of the previous charge as well as on the
variable instantaneous voltage change caused by the ionic and electronic resistivities of
the electrolyte and the electrodes. The discharge following a galvanostatic charge will
therefore start in an ill-defined and variable state which makes comparisons between
different cycles, experiments and between experiment and theory difficult.
Improved versions of the cycling apparatus therefore incorporated optional
potentiostatic charge and/or discharge. The halfcycle endpoints are then determined by
a preset time limit. Potentiostatic charging protects the system against local high poten
tials. This is especially important for solid state cells both because they usually lack a
reversible overcharge mechanism (breakdown of active electrode material may therefore
occur) and because any undesired compound formed by a parasitic process in the solid
state will not be able to move by diffusion and may therefore stay at the interface thereby blocking further ionic transport. Since solid electrolytes may be prone to
dendrite formation above a certain current density the charge and discharge currents
are always kept below chosen limiting values.
As the properties of the cells improved and as the numbers of usable intercalation
materials increased the use of recorders to store data soon because unmanageable A
cycling experiment on a successful cell ma\ last for several months. The use of multi
channel recorders is not always a satisfactory solution since this lumps data from
several experiments together in one recording. The experiments may have started at
different times, they may last for very different intervals and they may deal with non
identical or unrelated systems - especially in a research environment. A larger number
of 2 channel recorders soon becomes prohibitively expensive and also produces large
amounts of paper of which most contains very limited information. It was therefore
decided to use a digital system for control and data storage in stead. Since no commer
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cial systems covering our needs seemed to be available we decided to develop a suitable
system ourselves.
Our system is able to control and measure 60 cells simultaneously in the present ver
sion. Each cell is allocated one standard (EUROPE) 100x160 mm print card which has
by itself the capability of current limited potentiostatic discharging or charging. The
basic unit of the system consists of 10 of these cards collected in a standard 19 inch
rack. In addition, the unit contains a mutual 16 bit A/D converter for measuring volt
ages and currents, a microprocessor card (INTEL 8085) with a machine language
program which controls and distributes measurements between the 10 battery cards,
measures time by its own internal clock and checks for possible error conditions and an
interface card which communicates with a personal computer. The IEEE-488 interface
has been chosen because of its generality, the easy availability of many instruments
with a built-in interface, and because the parallel mode of operating allows easy exten
sion of the number of devices added to the system. The ultimate cycling control as well
as the collector and storage of data is carried out by a personal computer. The cycling
program is written in the high level language ASYST which was chosen because it con
tains many pre-written routines for existing interface communication cards, and
because of its built-in capability for data analysis and graphical presentation.
The partial independence of the local 8085 microprocessors has proven to make the
system rather robust to input or other errors since they can carry out their program
cycle even in the temporary absence of commands because of an error condition in the
supervising computer.
The fact that the cycling program itself is written in a high level language means that
additional features, improvements and corrections are much easier to implement in an
evolutionary manner as experience is accumulated and the desire for new options arise
than if one had to change or add to the machine language program, which can be a
very cumbersome process.
Robustness to the errors that are unavoidable is of major importance in a system of
this type where many long term experiments with widely differing starting and finish
ing times are to be controlled by a single supervising program. In practice the runtime
is now limited by the breakdown of the Danish main electricity supply. A break down
happens approximately twice a year at present - this is sufficiently infrequent so that
we have not yet installed an> form of batters backup In countries with less reliable
electricity supplies this might be necessar> In an> case cells can be restarted after a
voluntary or an involuntary pause with no or onl> minor loss of data

Specifications:
Number of cells: 60
Voltage limits:

-0.05 to

4.5

Current limits:

100 nA to 200 mA

typical accuracy:

precision:

< 1 mV

0.1 mV

< 3 0/oo

range

Galvanostatic or current limited potentiostatic discharge/charge.
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0.02 °/00

A potentiostatic discharge can be limited by the discharge time, the discharge capacity
or by the current decreasing below a chosen percentage of the maximum current. The
halfcycle will stop when any one of these chosen limits is reached. A potentiostatic
charge has the choice of the same three types of criteria plus the exceeding of a given
charge factor value.
Our usual way of running the cycling is to use a galvanostatic discharge since this most
closely approximates actual performance demand in a commercial battery, coupled with
a potentiostatic charge. Using the criterion of the current falling below a certain per
centage of maximum is an excellent check on the ability of the cell to reach the upper
potentiostatic limit and on the absence of parasitic processes. (Usually 5-10% is an ade
quate value).
The given accuracy for the current measurements are for the 5 upper current ranges
(max. 20 pA to 200 mA). The accuracy when using the lowest current range (100 nA to
2 nA) is typically better than 1% of full range. The setting of voltage and currents are
done using 12 bit resolution (rather than the 16 bit measuring resolution). The maxi
mum error in the set voltage (difference between measured and desired value) is typi
cally 3 mV while the set current usually deviates less than 3 °/00 of the chosen range
for the 5 upper ranges and less than 1% for the lowest.
Each voltmeter card and each individual cell cycling card is individually calibrated
with respect to both measuring and setting of values.
The cycling program occupies one personal computer full time. Relevant data for the
ongoing cycling may be obtained in tabular or graphical form on the screen. The
detailed analysis of the cycling data is done on a second computer connected to a
printer and a color plotter. This division of labor ensures that error conditions or elec
trical disturbances arising during the interpretation of the data will not interfere with
the continuous cycling process.
The program for interpretation has a number of options for scanning and representing
the data. Graphical output shown on the screen can always be directed either to a
printer or to a Hewlett-Packard color plotter. The voltage and/or current can be
plotted vs the time or the charge for selected cycles or selected time or charge intervals
(Fig.l). A useful way of representation is to differentiate the charge with respect to the
voltage (imitating a cyclic voltammogram) A dQ dV plot is shown in figure 2 - it
shows the position of voltage plateaux ver> clearl> and is also a good wa> of folio* mg
the evolution of fine structure in the EMF-curve which contains information on new
phases formed during discharge and on breakdown of crystallinity.
Plots of the charge/discharge capacities as well as charge factor as a function of cycle
number can also be obtained (Fig.3). A report summarizing the cycling experiment can
be produced.
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Figure 1. First 3 cycles of a Na/KV308 cell using galvanostatic discharge and current
limited potentiostatic charge. The current graphs show that the current rapidly
decreases to the limiting value (10 % of maximum) as the upper potentiostatic limit is
reached. This is an excellent check an the absence of parasitic reactions and on
whether the cell is operating close to equilibrium.
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Figure 2.
Simulated cyclic voltammogram of the first two cycles in figure 1. The
dQ/dV derivative plot shows clearly the presence and positions of the voltage plateaux.
The large differences between the two discharges indicate a major breakdown of the
structure during the first discharge (the first charge is featureless and nearly identical
to the second).
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Figure 3.
Discharge and charge capacities for evaporated (»1 /im) film of V205,
intercalated with sodium. The closeness of the charge factors to 1.0 indicates the lack
of parasitic reactions .
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