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1 Introduction

Solid-state analysis relies largely on various spectroscopic and
diffraction methods. There are no fundamental reasons for the
lack of electrochemical methods for solid-state analysis — but
there are practical reasons for this situation. Most importantly,
until recently there were no handy methods available for the
study of the electrochemistry of any solid sample, independent
of its electrical conductivity, solubility, etc. Since electro-
chemistry always mirrors the thermodynamics and kinetics of
interfacial reactions it follows that electrochemical measure-
ments on solid compounds may provide valuable information
concerning qualitative and quantitative composition, chemical
equilibria, and kinetics of reactions of a solid compound. Of
course, it is clear that we cannot get direct information concern-
ing crystal structure, bond length, bond angles, ezc.

Voltammetry, i.e. the recording of current versus electrode
potential, has become the most important electrochemical
measuring technique in the field of pure and applied electro-
chemistry. Jaroslav Heyrovsky’s direct current polarography,
the first highlight of voltammetric analysis, was followed by a
great variety of sophisticated techniques,! which have won an
undisputed place in the arsenal of modern analytical chemistry.
The historic roots of electrochemistry lay in studies of pheno-
mena occurring at interfaces of solids with solutions. However,
electroanalysis was almost exclusively focused on solution stu-
dies with liquid mercury electrodes and the use of solid elec-
trodes remained fairly limited.? The first studies of the electro-
chemistry of solids which were not metals, alloys, or
semiconductors but insoluble metal oxides were performed as
late as 1925.3 To allow electroanalytical studies of all solid
substances. new experimental strategies had to be developed and
new theoretical concepts for understanding this electro-
chemistry were necessary.

Potentiometric methods gave access to solubility products of
sparingly soluble compounds in cases where electrodes of the
second kind were amenable. Studies on galvanic cells with solid
clectrolytes provided access to thermodynamic data such as
free energy of formation ezc. of various solid compounds.*
Obviously these methods are not suitable for the analysis of solid
compounds, but they are part of fundamental electrochemistry.

This review is focused on the analytical use of voltammetry for
the study of solid compounds. It does not intend to cover the

research field of pure electrochemistry of solids. It seems that the
latest developments in the field of voltammetry of solid sub-
stances have opened the way into a new world of electro-
chemistry. Nowadays it is reasonable to speak of electrochemical
solid-state analysis as a field of research in its own right, and
many interesting discoveries can be expected in the future from
studies on the electrochemistry of solid substances.

2 Electrography. The Early Beginnings of
Electrochemical Solid-state Analysis

In the late twenties of our century Glazunov and Fritz indepen-
dently developed electrography, or as Fritz called it Elektro-
Tiipfelmethode (electric spot test method).s The principle of
electrography is that a sample of a metal, an alloy, or any other
conductor, is anodically oxidized while being pressed against a
sheet of paper which has been impregnated with a reagent. The
sample is connected to the positive pole of a current supply and
the negative pole is connected to a counter electrode. This
counter electrode is a sheet of metal beneath the impregnated
paper (see Figure 1). Through anodic dissolution of the sample,

(

Figure 1 Equipment for electrography. A, anode; Al, cathode; N,
mineral; p, paper with reagent.
(Reproduced with permission from reference 5.)
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metal 10ns are released from the sample and form coloured
compounds with the reagent in the paper In this way an image
of the sample 1s produced which shows the distribution of, for
example, nickel 1in a nickel ore, when dimethyl glyoxime 1s the
reagent Thus electrography was an early kind of spatial distn-
bution analysis

3 Compact Electrodes Made of a Solid
Substance

This technique can be used only for solid maternals which possess
sufficient electrical conductivity and which can be manufactured
into electrodes Hence only metals, alloys, and semiconductors
can be investigated by this technique For analytical purposes
the practical obstacles of this technique prevent a broader
application Itisindeed laborious to make compact electrodes of
solids, 1 e to shape them into a disc, to polish this disc, to mount
the discin a holder ezc , to make a voltammetric measurement on
only one sample Therefore pressed cells have been developed
These are electrochemical cells with a counter electrode, and
possibly a reference electrode, in a cell without a bottom
Around the ‘missing’ bottom there 1s a rubber ring, so that the
entire cell can be pressed against the metal surface which s to be
studied (for a review of applications of pressed cells see reference
6) After filling the cell with electrolyte, measurements can
commence

A way of manufacturing compact electrodes from powders of
conducting material 1s to press tablets, with or without a filling
polymer

In addition to the tedious procedures needed to make com-
pact electrodes, there are other more fundamental reasons for
not applying such electrodes to solid-state analysis One of these
reasons 1s that compact electrodes give rise to high currents
High currents can lead to 1R-distorted voltammograms which
hide information on thermodynamics or kinetics In cases where
there 1s more than one current signal, the resolution 1s poor and a
multicomponent analysis can become impossible High currents
may also lead to unwanted chemical reactions on the surface of
the electrode, e g the precipitation of compounds which cover
the electrode surface and inhibit further electrochemical reac-
tions Published voltammograms obtained with compact elec-
trodes often 1illustrate their unfavourable behaviour (Figure 2)
For a review of applications of compact solid electrodes see
references 7 and 8

500 pA

Figure 2 Anodic voltammograms of Cu—Sn alloys obtained with a
pressed cell (1) 92 13% Cu,(2),53 80% Cu, (3) 19 92% Cu Note the
potential scale'

(Reproduced with permission from reference 6 )
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4 Carbon Paste Electrodes with Organic
Binder and Addition of a Solid Substance

One way of partly overcoming the disadvantages of sold
electrodes that have been mentioned 1s to use carbon paste
electrodes Here the solid compound 1s ‘diluted’ with graphite
and formed to a paste with an organic binder This has the
advantage that there 1s a reduced amount of substance, and
therefore the currents are smaller and surface coverage can be
minimized Kuwana and French® used this technique for vol-
tammetric measurements on water-insoluble organic com-
pounds, such as ferrocene or anthraquinone The technique of
modified paste electrodes has been extensively developed in the
former Soviet Union by W G Barikov, O A Songina, N F
Zakharchuk, and Kh Z Bramnina Several methods have been
described for the quantitative analysis of powder mixtures, e g
Ag,0-AgO, cubic and hexagonal In,0;, iron-magnetite—wus-
tite mixtures etc 7 A highlight of the application of modified
paste electrodes has been the determination of the composition
of thin oxide films (2—100 nm) which form on GaAs by anodic
oxidation or by thermal oxidation '° Figure 3 shows the pub-
lished derivative d ¢ -voltammograms This figure illustrates
how an 1dentification of the following phases 1s possible a-, -,
y-, 8-, e-Ga, 05, amorphous Ga(OH)j,, claudetite and arsenolite
(both As,0;), a- and B-Sb,0;, As,0,, As,O,, Sb,0;, GaAsO,,
As and Sb (amorphous and crystalline), and Ga When these
results were published there were no other analytical spectro-
scopic techniques, including ESCA and Auger electron spectro-
scopy, which would have allowed the simultaneous identifica-
tion of all these compounds The thin film was mechanically
removed with the help of diamond powder and the resulting
mixture of film material and diamond powder was attached to
the surface of a graphite paste electrode before commencing the
voltammetric measurements A recent review of the fundamen-
tals and limitations of modified graphite paste electrodes dis-
cusses the influence of particle size on reproducibility of results
and the entire procedure of paste preparation !! The influence of
the organic binder on the electrochemistry of the solid com-
pounds has not yet been fully elucidated, but 1n all probability
the organic compound obscures, at least partly, the faradayic
reactions of the solid compound (¢f the well-documented
influence of adsorbed layers of surface-active compounds on the
electrochemistry of dissolved species)

5 Carbon Paste Electrodes with Electrolytic
Binder and Addition of a Solid Substance

In this techmque the carbon paste electrode 1s formed using an
electrolytic binder instead of an organic binder So the exchange
of electrons can 1n principle be achieved 1n the whole paste, not
only at the paste—electrolyte interface In practice the 1R-drop
within the paste will certainly restrict the electrochemical reac-
tion to a layer of paste adjacent to the electrolyte solution Such
paste has to be housed 1n small cups with the upper surface
exposed to the electrolyte solution, which has to be the same
composition as the electrolytic paste binder Bauer and Gaillo-
chet!? studied how the electrochemical behaviour of these
electrodes depended on different parameters such as sweep rate,
paste volume, and concentration of sample 1n the paste They
concluded that the solid itself 1s involved in the electrochemical
processes Lamache et a/ '3 investigated the oxidation of Cu,S
in 1M H,SO, at very low scan rates and found that the oxidation
proceeds 1n steps, forming copper sulfides of different stoichio-
metry (Figure 4) Some of these sulfides are minerals occurring in
nature Chouaib et al '* looked at the behaviour of different
manganese oxides and they were able to distinguish different
modifications through the different electrochemical reactions

Eguren ez al !5 have described a method for the determination of
the 8-SnO, contents 1in commercial tin dioxide A review on
carbon paste electrodes with an electrolytic binder has been
published by Batanero et al '® Although paste electrodes do not
suffer from the undesirable influence of organic compounds that
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Figure 3 Spectrum of the standard substances for the Ga—As—O system Ay As Az Ay As
obtained by cyclic voltammetry Measurements were performed 1n 3 CusS > CuygS < Cuy 7S < CuygS — Cuy31S « CuS
M HCl for As, GaAsQ,, As,0;, and As,O,, 1n | M HCl for As,O;, N C, | Cs

and in 05 M HCI for Ga,0;, Ga(OH);, and Ga The reference
electrode was a SCE
(Reproduced with permission from reference 10 )

electrodes using organic binders experience, the electrolytic
binder does need to be carefully chosen Very aggressive binders
like mineral acids or bases, for example, may chemically dissolve
the solid compound before the commencement of the electro-
chemustry, thus affording erratic results

6 Voltammetry of Suspended Solid Particles

Kolthoff and Stock!” were the first to publish voltammograms
of suspended silver bromide By chance Micka observed that
suspended charcoal gives specific signals in polarography Later
he and Kalvoda systematically investigated the polarography of
various solid substances suspended 1n electrolyte solution '8 19
To keep the particles 1n suspension and to ensure that they can
come 1nto contact with the electrode surface, the suspensions
have to be stirred Especially when a dropping mercury electrode
1s used, this stirring leads to very noisy voltammograms (see
Figure 5) This problem can be circumvented by using a rotating
disc electrode, the rotation of the electrode guarantees stable
hydrodynamic conditions The results obtained by Micka indi-
cated that the voltammetric response of suspensions is con-
nected with the point of zero charge (p z ¢ ) because the suspen-
sions gave peak-shaped current signals which were situated at or
near the p zc Micka interpretated the peak-shaped curves as
being due to an adsorption-like behaviour of the suspended
particles at the electrode surface, the adsorption of the particles
being greatest at the p z ¢ Dausheva and Songina?® were able to
show that suspended particles of mercury 10dide are strongly
bound to the surface of a hanging mercury drop around the

¥mA

Figure 4 Current voltage curve of chalcocite (Cu,S) incorporated 1n a
carbon paste electrode with electrolytic binder Cu,S (06 g), | M
H,SO, (40 mg) carbon (50 mg), scan rate 10 * V/s

(Reproduced with permission from reference 13 )
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Figure 5 Reduction of manganese dioxide of the rutile type Twelve
mullilitres of 0 2 M H,S0, + 6 mg MnO, (1), Electrically stirred
suspenston (2), Quut suspension Sensitivity 1/1000, beginning from 0
V, 200 mV/absc

(Reproduced with permission from reference 18 )

p zc¢ Applying the theory of Frumkin on the potential depen-
dence of the stability of surface films they came to the following
understanding At the pzc the electrolyte film between the
electrode surface and the suspended particles has such instability
that the particles can come 1nto closest contact with the elec-
trode, where they are deposited on the surface by electrocapill-
ary forces They called this phenomenon electiocapillary deposi-
nion This deposition ensures that the particles come 1nto such
close contact that electrons can be transferred between the
particles and the electrode At potentials faraway fromthep zc
the stability of the electrolyte film 1s so high that even forced
transport of the particles to the electrode surface by stirring 1s
unable to bring the particles into closest contact with the
electrode In this connection 1t should be remembered that some
compounds become electro-inactive when they are 1n colloidal
dispersion It 1s then probably impossible to disrupt the electro-
lyte film between the very small particles of the colloid and the
electrode surface

7 Voltammetry of Solid Compounds
Immobilized within a Polymeric Film on the
Electrode Surface

Voltammetry of polymer films on electrodes has been extensi-
vely studied 1n the context of surface-modified electrodes, and
the term solid-state voltammetry has been used for those systems
in which redox-active sites are incorporated in the polymer
film 2!

The 1dea of holding particles of a solid compound on the
surface of a solid electrode by using a polymeric binder has been
applied to the study of minerals ® Franklin er a/ 22 have des-
cribed the voltammetry of suspended solid compounds in catio-
nic surfactant-styrene—aqueous sodium hydroxide emulsions
using platinum electrodes Under these conditions a hydropho-
bic polymeric film 1s formed on the electrode surface which
results 1n an enlarged potential window for measurements The
solid particles are held on the electrode surface through the
adsorption of surfactants embedding these particles From the
literature 1t 1s not possible to answer the question of how the
polymer film influences the electrochemistry of the solid parti-
cles The polymer film may have a negative effect on the
voltammograms, but evidence for or against has not been given
yet One thing however 1s certain —every measurement needs the
preparation of a new electrode, which makes the technique
rather inconvenient to use

8 Voltammetry of Solid Compounds
Sandwiched between Two Solid Electrodes
Kulesza et al 2* have shown that solid compounds which possess
1on conductivity and mixed valence sites give voltammetric
signals when they are sandwiched between two solid electrodes
Although no deliberately added electrolyte solution 1s present 1n
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these systems, the degree of hydration strongly influences the
voltammetric response since a certain water content 1s essential
for the 1on mobility This kind of voltammetry has been des-
cribed for metal hexacyanoferrates and single crystals of silico-
tungstic acidd For hexacyanoferrates the voltammetric response
1s due to the following reactions

cathode —Fe"(CN)gyey+e +K* - —KFe''(CN)yq,

anode —KFe'"(CN)g i) — —Fe"(CN)goy t e +K*
Thus 1t 1s electron hopping between the mixed valence sites and
counter-ion flux which provides the current flow through the
solid compound The electrochemistry 1s similar to that which s
observed when a film of solid compounds, e g prussian blue, 1s
deposited on a metal electrode and voltammograms are
recorded 1n an electrolyte solution 24

Since the described technique 1s limited to a small number of
compounds, 1t cannot find a broader application for analysis,
but the results of these studies are very valuable for understand-
ing the electrochemistry of solid compounds and will be of
benefit for other techniques as well

9 Abrasive Stripping Voltammetry

Abrasive stripping voltammetry (AbrSV) 1s a new approach for
the direct study of solid samples which has recently been
introduced by Scholz et a/ 25 It makes use of the fact that (from
Faraday’s law) extremely small amounts of a sample are suffi-
cient to give easily measurable currents The use of paraffin-
impregnated graphite electrodes to fix such small amounts of
solid particles on an electrode surface has proved to be very
successful, although 1n principle any solid electrode 1s suitable
The transfer of the solid compound can be achieved simply by
abrasion, after which small solid particles stick to the electrode
surface For the fabrication of paraffin-impregnated graphite
electrodes (PIGE), soft graphite rods are put into molten
paraffin under vacuum until air bubbles cease to evolve from the
rods After re-establishing atmospheric pressure the rods are
removed before the paraffin solidifies For transfer of the solid
sample to the electrode surface, the solid compound 1s powdered
and placed on a glazed porcelain tile and spread out with an
agate mortar to form a spot of finely distributed material Then
the lower circular end of the PIGE 1s gently rubbed over that
spot of sample Trace amounts, down to about 107° to 10~ !!
mol of sample, are mechanically immobilized on the electrode
surface Effective abrasion 1s often also possible by rubbing the
electrode on a smooth surface of a solid, even when this 1s harder
than the electrode surface In the case of an extremely hard
matenial, corundum powder may be added to support the
abrasion

After the transfer of the solid sample to the electrode surface
the electrode 1s dipped 1nto a conventional electrochemical cell
with auxihiary and reference electrodes so that only the circular
surface of the electrode 1s 1n contact with the electrolyte solution
(see Figure 6) In this way 1t 1s possible to achieve good

Working
electrode

Auxiliary electrode Reference electrode

Electrolyte solution

Figure 6 Electrochemical cell for abrasive stripping voltammetry
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reproducibility of the background current and an almost con-
stant electrode area. After the measurement. the electrode is
cleaned by rubbing the surface on filter paper. The effectiveness
of the cleaning procedure can be checked by recording a blank
voltammogram.

All the usual electrochemical techniques can be carried out by
AbrSV. Thus. for example. the oxidation or reduction of solid
compounds can be studied and used for analytical purposes. In
addition it is possible to record so-called inverse voltammo-
grams, This technique involves reducing the cations of a solid
compound to metals which become deposited on the electrode
surface.?® and in the following anodic voltammogram anodi-
cally dissolving the metals in the electrolyte solution. The
oxidation peaks obtained allow qualitative identification of the
elements and quantification of composition of the solid (cf.
Figure 7). By coprecipitation of mercury from the electrolyte
solution during the reduction of a solid metal compound, the
metals formed dissolve in the in situ plated mercury droplets on
the electrode surface and the resolution of the following anodic
voltammograms isremarkably improved. This technique results
inrelative standard deviations in quantitative analysis as low as
0.5%.?7 Such voltammograms with in situ plated mercury are
identical to the anodic stripping voltammograms which are well
documented for mercury electrodes.

100 1A 200 pA A |
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Potential Vvs. Ag/AgCl

Figure 7 Inverse abrasive stripping voltammograms of different
T1—Snsulfo-saltsin 1 M HCL. Scanrate 0.01 V/s, deposition potential
— 1.0 V. deposition time 60 s. differential pulse modus.

AbrSV can be applied to all solid compounds which contain at
least one electrochemically active element. Experiments were
initially conducted on pure metals and simple alloys. Anodic
dissolution peaks occur at potentials which are characteristic for
the metals in specific electrolytes and allow their identification.
In the case of alloys, one can obtain qualitative information on
the elemental constituents, provided that there are no strong
interactions between the constituents in the solid phase. When
intermetallic phases are present they can be identified by their
specific signals. Quantitative determination of the alloy consti-
tuents is possible because the peak height ratios of the alloy
constituents depend on the composition.?* For this a calibration
plot is necessary. AbrSV also provides information on the
electrochemical corrosion behaviour of alloys. Detailed studies
have been undertaken on dental amalgams.?® The results
showed unambiguously that the corrosion of dental amalgams
containing the often blamed y,-phase (Sn. gHg) is only worse
than that of y,-phase-free amalgams when the electrolyte does
not contain strongly complexing ions. In solutions with a high
concentration of citric acid (e.g. beverages) y,-phase-free and
y,-phase-containing amalgams have the same stability.

A fascinating field of application is the voltammetric identifi-
cation and analysis of minerals.2¢ With AbrSV, qualitative
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Figure 8 Abrasive stripping coulogram of mechanically transferred
proustite in | M KCl. Potentials: — 0.6 V (20 s), — 1.1 V (60 s)
(reduction of proustite). — 0.6 V (20 s). 0.2 V (60 s) (oxidation of
silver).

information on the metallic constituents is accessible from an
inverse voltammogram, provided that no intermetallic phases
are formed during the reduction. Every voltammogram is a
voltammetric fingerprint for a particular mineral in a specific
electrolyte; unambiguous identification of minerals can thus be
achieved. Where there are different modifications of a mineral, it
is impossible to distinguish between them by conventional
electrochemistry after digestion, because the same solution
results. In AbrSV however the solid substance is not destroyed
before analysis and therefore the influence of the structure of the
solid on the electrochemistry is not lost. Thus different modifica-
tions give different voltammograms. This is not true for inverse
AbrSV, which therefore cannot be used to distinguish between
different modifications.

In some cases it is possible and useful to perform coulometric
measurements. Figure 8 depicts a coulogram of mechanically
transferred proustite from which the ratio of charges for reduc-
tion (Ag;AsS; +9¢~ +3H™ —»3Ag+ AsH; + 35%27) to the
charge for subsequent oxidation of the Ag (3Ag — 3Ag* + 3e7)
formed can be easily derived.?® In some special cases. if the
electrochemistry is reversible, it is possible to calculate thermo-
dynamic data for minerals.3® AbrSV is a valuable technique for
the study of insoluble substances and provides hitherto inaccess-
ible information on the electrochemistry and chemistry of such
compounds. As an example, it was possible to compare the
electrochemistry of mercury and lead dithiocarbamates in di-
chioromethane solution with the electrochemistry of the solid
compounds at the aqueous electrolyte electrode interface. It
turned out that during cyclic reduction of the dithiocarbamates
and oxidation of the deposited metals to the dithiocarbamates,
the formal potentials of these redox systems were determined by
the conditional brutto stability constants of the complexes.
These thermodynamic data could be easily determined and
comparison with some known values of complexes showed
excellent agreement.?!-32 Bond er a/.33 used the technique of
abrasive stripping voltammetry in a detailed study of the electro-
chemistry of solid microcrystalline cis- and trans-Cr(CO),(dpe),
and trans-[Cr(CO),(dpe),]* complexes (dpe = Ph,PCH,CH,
PPh,). Those compounds are entirely insoluble and they are
electrical insulators. Nevertheless they give well-defined voltam-
mograms when mechanically attached to a pyrolytic graphite
electrode (see Figure 9). With the help of X-ray electron probe
analysis it was shown that the oxidation of these complexes is
accompanied by the incorporation of perchlorate ions into the
lattice of the solid compounds. In a similar way to the behaviour
of the sandwiched hexacyanoferrates, electron hopping between
the metal centres occurs and electroneutrality is provided by a
flux of counter ions. The chromium complexes differ from the
hexacyanoferrates in that the former are not ion conductors and
do not contain water. Dueber er a/.3* have used AbrSV to study
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Figure 9 Cyclic voltammograms obtained 1n aqueous (0 1 M NaClO,)
media at 20°C for solid trans-[Cr(CO),(dpe),]* mechanically
attached to a polished basal plane pyrolytic graphite electrode (scan
rate 50 mV/s) (a) Imtial and final potential =02 V, switching
potential = 1 2 V, (b) mitial and final potential = 02 V, switching
potential = 1 0V, (¢) first cycle, initial and final potential = — 1 0 V,
switching potential = 1 2 V vs Ag/AgCl, (d) as for (c) but six cycles

(Reproduced with permission from reference 33 )

the intercalation of magnesium 1ons into uranium oxides The
investigation of electrochemically-induced intercalation of 10ns
into a host lattice 1s of utmost importance for the design of
rechargeable batteries

AbrSV has also proved to be applicable to the quantitative
analysis of powder mixtures 33

Another group of compounds which has been studied by
AbrSV is that of the high-temperature superconductors It was
found that 1n the case of YBaCu high-T, superconductors,
superconductivity was observed only when Cu®*/Cu?* and
Cu2*/Cu* couples were present 3¢

The theory of AbrSV has been addressed by Lovric et al 37 38
for the case of square-wave voltammetry of immobilized reac-
tants, and by Jaworski et al 3° for linear-sweep voltammetry of
reversible reduction of metal salts For a review on abrasive
stripping voltammetry see reference 35

10 Mechanistic Considerations Concerning
the Electrochemistry of Solid Compounds

Faradayic reactions of solid compounds at the interface with an
electrolyte solution, 1 e reactions involving an electron transfer
between an nert electron conductor and a solid compound, may
proceed along different pathways They are always accompa-
nied by an 1on transfer between the solid phase of the reacting
compound and the adjacent solution phase to preserve charge
equilibrium 1n each phase The reaction pathway of a sold
compound depends first on its electron conductivity In the case
of a sufficient electron conductivity, faradayic reactions can
proceed directly on the surface of the solid compound Examples
are the anodic dissolution of a metal like copper, the reduction of
lead 10ns 1n solid lead sulfide PbS, and also the oxidation of
sulfide 1ons 1n the latter compound When copper 1s oxidized the
copper 1ons are transferred into the electrolyte phase and the
solid copper phase dissolves When the lead 1ons of PbS are
reduced to metallic lead, this metal forms a new solid phase and
the sulfide 10ns are transferred into the electrolyte phase The
oxidation of sulfide 10ns of PbS leads to the formation of a new
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solid elemental sulfur and the transfer of lead 1ons into the
solution phase

In the case of solid compounds with an insufficient electron
conductivity, the faradayic reactions are more difficult to under-
stand The transfer of electrons can only proceed at the interface
of the nert electrode and the solid compound when there 1s also
the possibility for an exchange of 1ons between the solid com-
pound and the solution phase This 1s easily possible at those
places where the three phases —nert electrode, solid compound,
and electrolyte solution — are 1n contact with each other A
similar mechamism 1s known for electrochemical reactions 1n
emulsions 4° Some solid compounds possess the ability to
conduct electrons by intra- or intermolecular redox reactions
within the sohd compound This electron hopping has to be
accompanted by a flux of 10ns to preserve the charge neutrality
Compounds which follow such a mechanism include the Prus-
sian Blue analogue compounds and the organmc chromium
compounds discussed above

In case of solid compounds which are sparingly soluble (or not
fully insoluble) 1t can be observed that dissolved species undergo
electrochemical reactions at the surrounding electrode surface
When the product of this electrode reaction 1s again insoluble, as
1s the case when dissolved lead dithiocarbamate 1s reduced to
lead metal, a restructuring of the electrode surface takes place in
the course of cyclic polarization

Besides the direct electrochemical reactions of solid com-
pounds, a mediated reduction or oxidation of solid compounds
on the electrode surface 1s possible Hydrogen, in particular, has
been suggested to be the mediator for the reduction of metal
salts

11 Conclusions

Electrochemistry now possesses many experimental tools for the
study of phenomena at the interface between solid compounds
and electrolyte solutions This experimental basis makes poss-
ible an almost infinite number of new experimental investi-
gations and challenges our theoretical understanding of electro-
chemical phenomena It 1s to be expected that many branches of
science will benefit from these developments In analytical
chemustry, both organic and 1norganic, direct solid-state analy-
sis using electrochemical techniques will be attractive for many
practical applications Battery and fuel cell development can
benefit from solid-state electrochemical measurements because
they enable the clear elucidation of electrode reactions Mater-
1als science and corrosion science get new tools for the character-
1zation of matenals and for the study of their electrochemical
corrosion Mineralogy gets microanalytical techniques for the
identification and analysis of mineral phases, even for the most
tiny amounts Moreover, mineralogy can use these electroche-
mical techniques to get access to the chemical and electrochemi-
cal reactions of minerals which are otherwise difficult to study
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