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Abstract

This paper reviews physicochemical (mainly spectral) methods employed to investigate
processes taking place in high-energy batteries and to test active components and
construction materials. Using specified techniques, various problems pertaining to selection
of electrode materials and the creation of the battery as a whole, can be solved. The
applicability of various techniques to problem solving is analysed.

Introduction

High-efficiency electrochemical cells (EC), especially ECs of the new
generation, are being developed in the region of overlap and between different
fields of chemistry; therefore, the speedy and successful solution of problems
is difficult when electrochemical techniques alone are used in the investigation.
Almost from the very early stages of the development of lithium ECs,
investigators have tried to employ physicochemical techniques: the range of
these techniques is now extremely wide and continues to widen. They include
various spectroscopic techniques that are used to solve problems connected
with the development of ECs, whether it be the choice of construction
materials or the determination of the nature of reaction intermediates and
end products. Since none of the techniques employed can give comprehensive
information, in recent years a tendency has developed to use a combination
of techniques. Electrochemical procedures form the basis, but a wide range
of spectral techniques (from X-ray spectroscopy to radiospectroscopy), ca-
lorimetry, chemical analysis, etc., are employed in combination with them.
Such investigations can give a complete picture of the processes taking place
in an electrochemical system, opening up the possibility of developing methods
to control electrode processes. The aim of the present paper is to review
physicochemical techniques which are useful when investigating processes
that occur in ECs.
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X-ray diffraction

This appears to be the most frequently used of the techniques known
to date. It is used mostly in the investigation of rechargeable EC cathodes
to follow structure changes in the positive electrode during cycling. To this
end, X-ray phase analysis [ 1-13] of discharged and original samples, followed
by a comparison of the lattice parameters, is generally employed. Of special
interest in this respect are the investigations of McKinnon and Dahn [14,
15], who developed a method of obtaining a diffraction pattern directly from
the species formed in an electrochemical cell by the intercalation of lithium
ions into the cathode structure; this allowed them to overcome the influence
of side effects associated with the transfer of a sample from the electrochemical
cell to the diffraction analysis cell.

A number of investigators have successfully used X-ray studies in com-
bination with other physicochemical techniques. For instance, the application
of NMR spectroscopy enabled the mechanisms of nickel and iron electro-
reduction processes in the phosphorus trisulphides of these metals to be
elucidated more exactly [16], and optical microscopic analysis allowed a
study of the intercalation of lithium into cathodes based on a number of
transition metal chalcogenides and oxides [17]. The effectiveness of the use
of X-ray diffraction may also be illustrated by the fact that some patents
concerned with the selection of cathodically-active materials cite X-ray study
data as one of the main criteria for choice [18-20].

By comparison, anodic materials have been little studied roentgeno-
graphically. However, ref. 21 may be cited as an example, reporting a
technique for studying the properties and structure of films on lithium in
an aprotic electrolyte. Investigations using this technique were carried out
without extracting lithium from the solution: this ruled out the possibility
of a change in film composition on transfer of a sample from the solution
to the equipment for X-ray study.

Energy dispersive analysis by X-rays (EDAX)

This procedure has seldom been used because of the difficulty involved
in its operation. The technique was mainly employed to investigate the
structure of chalcogenides used as secondary EC cathodes [22, 23]. Interesting
results were obtained when the method was used in combination with secondary
ionic mass spectrometry and electron spectral methods of analysis {24]. The
use of a combination of these techniques allowed the authors of the above
paper to determine the phase composition and structure of lithium-intercalated
products at various stages of the electroreduction of MoO; film in an aprotic
electrolyte.

X-ray photoelectron spectroscopy (ESCA)

Of the techniques associated with the adsorption of X radiation, this is
of greatest interest. By combining this method with IR spectroscopy, the
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authors of ref. 25 investigated the surface of a lithium anode in a number
of aprotic organic electrolytes. To study cathodic materials, XPS was used
in combination with the X-ray technique [26]. This confirmed that M®* ions
are reduced to M** on the electroreduction of vanadium and niobium
pentoxides, and that Li—O bonds, which have a more ionic character than
those in the Li,O oxide, appear in the structure of the compound. Moreover,
the ESCA technique was used by the authors of a patent [27] as the main
criterion for the choice of polyaniline as the cathode of a secondary EC.

The application of the EXAFS technique (extended X-ray absorption fine
structure) [28] to the study of ECs appears to be very promising. This
procedure enables one to obtain information on the nearest neighbours of
mobile ions in the material under investigation and can be employed to study
both electrolytes and intercalated cathodes. However, its extensive application
is unfortunately limited at the present time.

The infrared technique

This is widely used to study the processes occurring in ECs. It is primarily
employed to analyse current-producing reaction products and intermediates,
and is especially informative in the study of organic and organometallic
compounds. For instance, when studying polypyrrole-based electrodes [29]
stored for an extended period, it was revealed that the number of strong
lithium—polypyrrole bonds decreased and the number of weak bonds increased
with time. These observations made it possible to predict the shelf life of
ECs and to develop methods for reducing the self-discharge of such electrodes.

Investigations of the products of sulphur dioxide discharge in acetonitrile
{30] and thionyl chloride [31] resulted in the identification of some of the
reaction products (e.g., hydrocarbons such as methane and ethylene in the
former case). However, it was concluded that the data of IR spectroscopy
alone are insufficient to characterize the compounds that are formed during
discharge.

Use of the infrared technique gives interesting results when studying
the distribution of reaction products over the bulk of a cell. In combination
with the vacuum extraction method, this allowed construction of a model
for diffusion processes occurring in a lithium/thionyl chloride cell [32]. As
in the case of X-ray phase analysis, this procedure is used in patent literature
as a criterion for the selection of cathodic materials [33, 34].

The infrared technique is less often used for the investigation of cathodes
based on inorganic compounds; it allowed, for example, the electroreduction
processes of vanadium oxide electrodes to be studied. It was used to follow
the change in Li—O and V-O bond strength at various discharge stages, and
to determine that vanadium with an oxidation state of 4+ can be formed
[35]. It was also concluded that the crystal structure of the oxide is disordered
and changes during discharge, leading to an increase in polarization and
ohmic resistance and giving rise to several plateaux in the discharge curve
[36].



178
Other spectroscopic methods

Raman {37] and micro-Raman spectroscopic [38] techniques have been
successfully employed to identify intermediates when discharging thionyl
chloride cells at low currents. The procedures are not yet practised on a
large scale, however.

In contrast to the X-ray technique, vibrational spectroscopy can be used
not only to investigate cathodic and anodic materials but also to study
processes occurring in an electrolyte. For instance, the solvation and as-
sociation of a number of alkali salts in dimethyl formamide was studied with
the aid of IR spectroscopy [39]. This technique is also employed for analytical
purposes, e.g., to determine the water content of EC electrolytes [40].

The use of spectrophotometry for analytical purposes may also be
mentioned [41]). Optical absorption spectra were used to study the reduction
of cathodic materials based on tantalum disulphide [42], and on phosphorus
trisulphides of some transition metals [43] with a model agent —»n-butyllithium.

Radiospectroscopic techniques have only recently been employed in EC
investigations, but they have not yet found wide use.

Electron spin resonance (ESR)

This was found to be useful [44] in the study of the electroreduction
of sulphur dioxide in the presence of lithium and alkylammonium salts. It
was possible to detect radical intermediates and to show that the electro-
reduction process occurred via the free radical formation stage. It was also
shown that the tetraalkylammonium cation was involved in the current-
producing reaction. Later, these investigations were supplemented by a
chromatographic study of complete- and partial-electroreduction products
[45]. The ESR technique was used in combination with IR spectroscopy to
establish the electro-reduction sequence for metal-ligand fragments in te-
traazomacrocyclic complexes [46].

Nuclear magnetic resonance (NMR)

This technique was mentioned earlier. In addition, in ref. 47, an attempt
was made to connect the electroreduction potentials of different polyfluo-
rocarbon structural modifications to structural parameters, the NMR method
being used in combination with X-ray and chemical analysis. This approach
determined that the polyfluorocarbon cathodic reduction overpotential de-
creased with increasing layer spacing.

The use of secondary ion mass spectroscopy in the study of electrochemical
processes was also mentioned above. One further possible use of this technique
was reported in ref. 48, where information on the composition and structure
of passivating films on a lithium electrode is presented. Due to the increasing
number of studies concerned with lithium electrodes, and the development
of methods for their protection, the role of this technique will undoubtedly
increase.
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Calorimetric and microcalorimetric techniques

These have found increasing favour because of their relative simplicity.
Using them, the compatibility between the structural materials and components
of electrochemical systems (especially with liquid oxidants) [49, 50] and the
self-discharge of a cell as a whole have been determined [51-53]. When n-
butyllithium is used as the model agent, the calorimetric technique is also
suitable for studying the reduction of solid cathodic EC materials [54, 55].
For instance, an intermediate cathode discharge stage was revealed by
microcalorimetry of partially discharged copper sulphide samples [55].

Still more interesting results can be obtained when calorimetry is employed
to study processes occurring in ECs with liquid oxidants. For example, the
use of calorimetric data for newly filled thionyl chloride- and sulphur dioxide-
based cells enables the e.m.f. and activation energy of cells to be calculated
[56, 57]. Further, direct calorimetric measurements during discharge allowed
data on the calorific power of the system to be obtained, and the establishment
of safe service conditions for thionyl chloride cells [58].

Of the non-electrochemical techniques whose employment in the inves-
tigation of ECs is still uncommon, the radiochemical procedure for studying
adsorption on electrodes is noteworthy: it has been used to investigate the
lithium/thionyl chloride system [59, 60]. A method for determining the service
life of batteries by measuring the dielectric constant, followed by a comparison
with the standard values was patented [61]. This method can also be applied
to thionyl chloride cells.

The employment of Méssbauer spectroscopy to study current-producing
processes in ECs is still uncommon. It can only be used to investigate
compounds containing iron, tin; nickel, tellurium, and other ions. The elec-
troreduction of iron oxides by lithium ions [49], and the structure of the
reaction products, have been studied by this technique.

A holographic interferometry technique has been employed [62] to check
the cell volume variation, particularly of a lithium/iodine-based EC.

Reference 63 describes an attractive method to determine the temperature
distribution in thionyl chloride-type ECs during discharge. The essence of
the method consists of applying a liquid-crystalline film, which can change
its colour over a wide range depending on the object temperature, to the
cell surface.

Papers in which a combination of techniques has been successfully
employed to study processes occurring during the discharge and storage of
ECs should be specially noted. The paper presented by Avrosham at the
conference on EC problems in 1984 [63] must be mentioned. His paper
gave much prominence to the use of diffraction techniques in the study of
the direct intercalation of lithium cations into a cathodic material under
discharge conditions. The author also considered methods for the study of
the corrosion of active and structural EC materials and methods for analysing
EC discharge products.
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Almost all the remaining noteworthy papers deal with investigations into
thionyl chloride- and sulphur dioxide-based ECs. Since the objective of most
investigators was to detect and identify reaction intermediates and end
products, the main techniques were electronic and IR spectroscopy in com-
bination with ESR. The use of IR spectroscopy revealed the presence of
partially reduced thionyl chloride (in addition to SOCl;, SO,, and SO,Cl,)
and such compounds as S,0, Cl,0, S,Cl,, SCI, in solution, and the sequence
of their appearance in solution. The application of ESR to quickly frozen
samples showed the presence of the SOCI radical in solution, which is then
reduced to SCl, and SO, [65]. In some cases, these investigations were
supplemented by an analysis of the lithium electrode surface using scanning
electron microscopy [66] and the XPS technique [67]. Gas chromatography
and atomic adsorption spectroscopy were used to analyse the products formed
on reversal of the polarity of the Li/fSOCI, cell [68], in addition to the
techniques cited; this confirmed the involvement of the electrolyte in redox
reactions and its oxidation to SO,, Cl,, SCl,, and S,Cl,. With the same
objective, Abraham and Ritts [67] supplemented the techniques cited with
mass spectrometry and electron microprobe analysis when studying the state
of the Li/SiO, system at various degrees of discharge.

Examination of the data obtained during these investigations suggests
a comprehensive system of chemical and electrochemical processes that
occur during the discharge of an EC to different degrees and at different
current densities.

Conclusions

The above information illustrates the capabilities of physicochemical
techniques in studying processes occurring in ECs and the prospects for
their employment. It is evident that the role of physicochemical techniques
will increase further. The particular technique to be applied will depend on
the objective of the investigator.
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