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PREFACE ./
. /
/

while extensive work has been done over mnany Yyears On the
electrochemistry of metals, until recently rather iittle knowledge has
existed on electrochemical behavior of semi-metallic metal sulfides;
many'cf which are degenerate semiconductors. '

Interest in the electrochemistry of metal sulfides has been
stimulated by their use in photoelectrochemistry, Dby theif employment
as cathode materials for primary and secon&ary batteries especially in
combination with Li as ancde material and in certain cases, ©On account
of the possibilities for direct electrowinning of +the metal Dby
electrochemical treatment .of its sulfide. In the casé of battery
materials, special interes: nas centered on FeSp and Fes particﬁlarly
in development of the molten salt (450°C) Li/FeS and Li/FeS2 secondary
nattery, while MoSp and TiSp have been widely studied as cathodes
reversibly intercalatable by Li at ambient temperature for small
rechargeable Li batteries for portable appliances, etc.

From a different point of wview, interest in <the electrochemical
interfacial properties of mineral_sulfides has arisen in relation to
their separation from other material, gangue, by means of flotatien in
mineral processing.

In tnis‘ thesis, an agccount 1is given of new work on the

electrochenmical surface reactivity of three mineral sulfides, galena,

pyrite and pyrrhotite. In one of them, TFeSp, reduction of the

- iv -
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disulfide ion, S%-, is involved and an interesting reverﬁfble surface
érocess was discovered. This led to cbmparative experiments on other

‘ ST .
disulfinfN:@$re the -5-S- linkage is lin an organic structure as in
fcﬁgzine andra—lipoic acia. These were studied mainly 'at the Hg
electrode with comparative e riments being made at Au ahd Pt. At
PBS, en the other hand, a solution-soluble spéciés is found to be
‘generated in the electrochemical reaction of the mineral surface and
e reversible processes afe indicated{ as. is also found with
pyrrhotite where only the monomeric sulfide 1on, 52-, exists in the
structure.

In recent years, interest 1in this field of work has arisen at
CANMET, Department of Energy, Mines and Resources, from whom financial
support for this work has, in part, originated. In this connection,
grateful‘acknowledgement ls made to Dr. S.M. Ahmed for his interest in

this work.
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(b) As in (a) but for A, process. . . . .
Cyclic voltamme:f& of d—lipoic écid at the
Hg electfode.iﬁ PH 1.21 ag solution

(a) concentration 0.1 mM.'... e e e

(b) Concentration 0.5 mM. . . . . .

(c) Concentration 1.5 mM. . . . . .
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(b} After a number cf repetitive sweep. . .

4

Cyclic voltammetry of cystine at Au electrode
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'proqess occurs at V > f1.4 v (EH) . e e e s e .

-

Cyclic vols try of cystine at Pb electrode
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r
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BRIEF GLOSSARY OF TERMS AND SYMBOLS -

e a ( = 2Fs/RT ) for reversible charge-transfer process.
I Electrode surface area, sz. '

A(w) Open loop gain of the operational amplifier.

b . (= zFs/RT ) for irreversible charge-transfer process.
c Counter electrode. )
Cdl Capacitance of double-layer charge distribution at

N

electrode interface or (as a pseudo-capacitance} of
..an ad-layver where coverage 8 is a function of
potential v,

Co Faradaic reaction capacitance.

100 Bulk concentration of reactant.
A
cv Cyclii-voltammetry: the method for studying electrode

reactions under controlled-potential conditions when

the potential is cvcled in the anodic and cathodic
directions in a repetitive manner at Eonstant voltgge
fweep-rate, +3V/dr: developed by Will and Knorr for the
study of surface processes at noble metal electrodes.

D Diffusion ceoefficient.

az The differance of Ec and Ee

d.1. Double-layer region: the potential range in a cyclic-

- .voltammetry i-v profile ovef which the currents are

predominantly, or only, those for charging of the

double-layer capacitance.
.
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E Potential, used in instrumentaticon in this thesis.

Ee _ Control potential in instrumentation.
Ee Existing potential in instrumentation.
EH Potentizl measured with ‘respect t£¢ that of a reversible

Ho/Ht electrode in the same solution ("Hydrogen scale").
Electrosorption: chemisorption of a radical or atom at an

electrode surface as a result of a Faradaic charge-

transfer process. TN

F Faraday -constant.

Galvanostatic: controlled-current procedufe.

i An experimentally measured current-density { K;cm-2).

io The exchange current-density ( or reversible rete in
terms of equal anodic and catpodic current-densities

at the reversible potential of a process). -

ilim Limiting durrent—density due to potential-independent
rate of a chemical step at an electrode in an electro-
chemical reaction seguence.

i Peak current density.

t
"iR" drop: potential drop near "a working elettrode due to

passage of current (density) i across local resistance

R of solution.

I Current used in instrumenfation.
I Current, amp.

I input current im instrumentation.
Ip Peak current.

K Absolute temperature, Kelvin.

Langmulr condition: condition for which the Langmuir isotherm
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applies (approximately) to the aeforption behavior of
some species.

*

M . ¥olar cqncentrationf

v

fol Concentration of oxidized species of redox couple.
Potenticdynamic: ceontrolled potential procedure used in a
dynamic way with a time-variant potential.

Potentiostatic: controlled potential preocedure.

q Charge for monélayer formation. .
9, Charge for eleégiififyacal reaction.

N .
R Reference electréde.
R Resistance.
R Universal gas constant.
[r] Concentration of reduced spec;es-of redox. couple.
Rcw. Resistance in a cell between counter and working electrode.
RDE Roﬁatipg Disc Electrode.
Ri Internal resistance of power amplifier.
Rm Resistance of current meter. or recorder.
R, ' External resistance.
s Second. "

P

s _ [ = av/at (v s~1)], sweeping-rate. -
t Time.
T Temperature. ' 7 ' l

Tafel line: The linear overpotential Mt - log [current-density]

relation found for many activation-controllied processes.

The slope, 4an/d log i, of such a Tafel line.

Tafel slope, b:

le \Sitiiff potential difference.
v " Volt, unit;\df potential.
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Vi IniEial potential.
Ve Final potential.
Vp Peak potential.
Vpa Peak potential- for anodic sweep.

L t

VEC Peak potential for cathodic sweep.

v]k Half-wave potential.

W Working electrode.

z \ Number of electrons.

o Charge-transfer céefficient for electrochemical

interfacial reaction.

o Transfer coefficient in the Tafel slope, b = RT/QF.

5 * Barrier symmetry factor in an electron-transfer process.

w Rotation speed.

W . Fregquency. '

n Activation overpotential = V = Vpgy.

e Coverage by an quorbed intermediate or other species.
Th Holéing time in CV eXperimeqt.

{AR/R); Relative reflectivity chanhge for parallel (H) or

-

perpendicularly (j) polari

»

The other symbols used in this thesis have thelr usual meanings.
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- ABSTRACT

The work described in this thesis invelves =a study of the
electfochem;cal behavior of some inorganic sulfide minerals, 4galena,
pyrite, pyrfhotite, and some corresponding organic sulfur centaining
compounds: cysﬁine/cysteine and thioctic acid. These 'subétances
Present some interesting similiarities and differences to éacn other
and also offer the possibility of examining the difference of
properties which arisé when the disulfide ion sg" or mencsulfide ion
Sz' exist 'in the mineral crystal lattice in comparisgn with the
situation where the -5-S- or -S-E 1s the main linkage of interes:t in
the biplogical and organic substaﬁce.

York was carriéd out by means cof the potentiodynamic sweep method_
and its analogue, cyclic voltammetry, on single crystals of these
minerals made into regular electrodes and rotating-&isc electrodes
which ﬁere polished suitably for the reguired experiments. For work

®

with the organic sulfides in aguecus soluticns, mercury pool’

electrodes were used together with platinum and gold rotating-disc

Y

7i;2¥{33?s, for control of mass—transfer. Experiments were carried

ut both in dilute acid solutions and at neutral and alkaline pH:s

ith secdium borate and sodium carbonate supporting-electrolyte

solutions. .

At Fesz, a reversible pH-dependent surface process is characterized

and is associated with the reaction S%’ +2 e == 2 ST, The

= XXiv -



v

product ‘ion (or SH- in acid PH) appears to remain in the Fe82 lattice,

- »

since +there are no indications of a diffusion-controlled procesé
involving solution-soluble species as is found, by contrast, with PbS
electrodes. At pyrfhotite, Fel—x?' no reversible process is observed,
which siﬁuation corresponds to the abseﬁce of reducible disulfide ion
in this structure. Comparative behavior of galéna, PbS, is presented.

Organic disulfidesland :hiol;, e.g. cystine, cysteiqe and g-lipoic
acid (thioctic acid), do not exhibit é directly reversible reduction/
reoxidation ?rocess, but anodic and cathodic currents arg-pbserved at
the Hg electrode through the mediation of Hg eomplexes with the =S or
-SH groups, e.g. the sc—called Hg cysteilnate. The reactions observed
are mostly dAiffusion-controlled but in a number of cases there is some
parallel or series involvement of "surface” electrochemical processes,
presumably through reactjon of the Hg complexes.

The latter cenclusions are reached through the results of cyclic-
voltammetry experiments conducted ac variou; pdtential swéeg rates,
+he effects : of electrode rotation to influence the diffusion-layer
thickness and from reaction corder experiments where concentration of
the oxidized or reduced forms of the organic sulfides were varied. PpH
dependence of the reaction currents and redox potentiais was also

established.
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Chapter I

INTRODUCTION

1.1 ORIGIN OF INTEREST IN ELECTROCHEMISTRY CF SULFIDES

Y

Recently, there has been an 1ncreasing' interest in the
electrochemical properties of metal sulfides.
Mineral sulfides are usually converted to the metal by
" pyrometallurgical processes invelving roasting in air, which produces
gaseous sulfur dicxide, followed by.reduction. The environgental
reqguirements being imposed on sulfide smelters $ave le@d to a greater
effort to dévelop hydrometallurgical routes for the <4Lreatment of
sulfides in order tc avoid the eveolution of sulfur dioxide. also
until recent years, flctation 1s still a key process in concentrating
TN
sulfide ores, so that the interfacial properties of sulfide mineral
crysta;s are of continuing interest. Other applications of sulfides
are in. the development of photovoltaic trgnsducers for solar energy
and as cathode materials in the development of high-energy batteries.
Cysteine or c;stine'are common constitﬁents of préteins, es%ecially
keratin, where the oxidized form of the amino-acid moity, cystine,
serves as a cross-linkage function through the -S-S- group, a-lipoic
acid 'is one of most importanﬁ coenzymes invoelving pyruvate cycles.

Also the cysteine/cystine couple, o-lipoic acia and its reduced form,

.

dithiecl, provide an important redox system in protein, tissue and

-

N



metabolic biochem#stry, and provide redox control in protein, or

tissue structure where the =-§-5- —> 2 -SH process is involved.

- . ™

1.1.1 Direct Reducticn of Mineral Sulfides for Metal Winning

Metal electrowinning, électrorefining and electroplating represent
major fields of molten salt and agueous solution electrochemical
endeavor. Few metgls may be deposlited in pure form at 100%.current
efficiency from agueous solution, owing pértly to the intervention of
the hydrogen evolution reaction (which, if it occurred without
substantialr overpotential, | would preclude the practical
electrodeposition of many gase metals). However; other factors such
as cxi&e film formation, hydride formation, oxide deposition from
stable oxycations, chemical reduction' or oxidation reactions,
especially tﬁ%se invelving high and low oxidatipn states, with the
sclvent_water} all impede ;ne primary electrodeposition of many pure
metals from agueous media. Therefore, molten salts offer attractive
nonaqueous environments fom ﬁetal processing; molten salt systems
offer distiﬂct advantages over the only other possibility - use of
organic solvents - é.g. with regard to cost, conductivity ana current

r T\/}
efficiency. .

various benefits, incluaing wide 1limits of electrochemical
stabilit?, . high ionic conductivity, good solvent properties for
inorganic feedstocks and relatively small cathodic deposition
overpotentials, have bDeen reported, b%t there i; still a need for

studies contributing to a better understanding of mechanisms and

improvements of electrolytic processes including phase relationships,

\
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evaluation of the electrochemical series of metals in <&ifferent

solvents, the role of adsorbed water, viscosity and aiffusion, ,th:\
nature of the electrode processes involved, metal:i%ectfolyte
interaction, and such basic matters as polarization phenomena and

current efficiencies.

1.1.2 Interfacial Electrochemistry in Flotation

The Dbehavior of mine

flotation techniques is intricately connected with the 1local surface
chemistry of the mineral ~and the double~layer properties of the
interpnase at the surface. 'fn particular, the way in which the
ihterfacial.prcperties may change with potential of the surface is of
some considefable importance with regard tco the adhesiocn of air
bubbles iﬁ'flotation and in regard to how the air Sﬁbb;e adhesion may
depend on .the chemical condition and the charge Bf the mineral
surface. The role of oxygen in determining the potential of the
material and in changing the mnature of the surface is also of
considerable interest. O%ygen is also ¢f importance in determining
the chemical nature of the flotation agent itself when the latter is a

substance of the Xanthate or xXanthogen type.

1.1.3 Metal Sulfides as Battery Cathode Materials

-

The storage of off-peak electrical energy from base-load plants in
large secondary battery systems, for later delivery at peak demand,

can increase capacity wutilization and therefore decrease the cost of

.
- -



electric powe% genefation. &t can also féduce‘the nation's dependence
on fuel Dby providing an alternative to peak power generation by gas
>

turbines. These applicationsr however, impose stringent cost, cycle
life, and energy efficiency requiréments on batterjes which can not be
met Dby those.now commercially available:

Eigh-temperature lithium-iron sulfide tteries offer éonsiderable
promise for .electric utility 1load leveling and alsc for electric
vehicle traction applications, because of thelr inherent high energy

density and potentially low cost.

1.1.4 Organic Disulfides and Thiols

Interest in the electrochemistry "organic disulfides (cystine,

a=-lipoic or thioctic acia) and corresponding thiols has arisen in .

4

relation to developments in ,electroanalytical chemistry for the
determination of protein structures. Also the possibility of a

redér?ible redox system involving -5-S- + 2 Et +2 e -&= 2 =5-H has
{ . )
artragted attention. Previous work(Iﬁﬁicates,‘ however, that this

I'd 4

direct redox process does not actually es;br but that, at Hg, a
reduétion of disulfides and reoxidation of thicls can be nade to take
place but 1t proceeds only through cne or 'more Hg complexXxes of the
compounds involved at the Hg surface or with dissolved Hg-sulfide
complexes in solution. Correspondingly, and rather surprisingly, the
redox reaction deoes not proceed at Au. A more detalled review of the

Ll

eariier work on this topic is given below.

.

j 4



1.2 REVIEW OF ELECTROCHEMIS OF SULFIDES ' ) //
i ] K
1.2.1 Previous Work on Inorganic Mineral Sulfides -//
1 ’/’l
e
1) Flotation and reduction of oxygen _ '

In the extraction of metals from their ores, thg nydromééallurgical
operation recelves feed <from flotation. Tnesé procésses play an
important role in moderﬂl metallurgical operatisns, eﬁpecially in

El
relation to minimization of environmental pollus;én.

Chander and Fuerstenau (1) intefpreted tﬁe;ﬁatural floatability of
M052 '.and studied‘ the molybdenite-potassium—dietnyl&ithio-phospnate
system. Hoover and Malheotra (2) investigated the wetting and
spreading of hydrocarbon oils with surfactant on the £faces 0f
molybdenite; Voskanyvan (3) tudied the effect of electrochemical
=reatment of suspensions of pyrite, cnglcopyrite and molybdenite on
“sorption of a sulfhyéryl collector at the mineral surface. Almaev (4)
cptimized the xanthate / feed 1in the ,fiotation cf nmolybdenite,
chalcopyrite, and pyrrhotite at the electrode potential region for
maximum‘recovery ©f the metals. .

Romanov et al (5) studied hydrogen a&and oxygen evolution in pyrite
flotation. They found that_electrolytic hydregen hardly influences
the pyrite output while electrolytic evolution of oxygen led to S8%
PYLite vield in the presence of K-butyl-xanthogenate.
Rozhdlestvenskaya et al'(s) worked on_tne effects of complexing agents
on the electroxidation of pyrite. Studies on tng relation of

éléctrochemical and flotational behavior of pyrite were reported by

Yashina et al (7) and of galena by Lamache et al (8} under varying pH



-

conditions. woq} on pyrite and galena reméval from kerogen material§
was reported by Yen et al (9) ana by Abramov (10), respectively, on
i

galena ana cnalqﬁﬁyrite while adsorption of dithlophosphates ana

di:niophosphonatesg was studied by Solozhenkin (11). . Anmed (12,13)

-~

made interesting "studies on the electrocatalytic activity and
mechanisms of rea;tions atAgalena. pyrite and cobalt sulfide (C03§4)
and ¢f oxygen reduction 'at these materials in relatidn £o xant. te
adsorption and flotation; he pointed out that the catalytic activity
for oxygen reduction, the elecirode léotentlals and the Xanthate
adsorption, . as éhown by bubblé ctachment within certa;n PH limits,
all varied in the corder CcBSu.>-pyrite >> PbS, indicating considerable
depencence £ the redox processe§ in flotation on the “d-electron
character <« of e éulfides. Alsc an netercgeneous two—;ite
elgc::ochemibal mechanlism <for reduction of oxygén and oxiéziiVe

adsorption of xanthate on galena was proposed.

TS their imvestigation of <the galena-xanthate-oxygen flotation

'system, Tolun and itchener {(14) concluded that galena was’'

compartively inefficient as an oxygen-reduction catalyst. Peters‘anad
Kajima (15) derived poiarization curves for oxygen reductioﬁ.over a
range of temperatures; this process exhiblit a mass-transfer
controlled limiting curreny and pyrite is in a T"passive” state after

exposure to air; ordinarily, the film formed on PYrite that'leads to

passivity is present in air and may be adsp%bed oxygen or an cxygen-—.

sulfur compound. Fuerstenau et al (16) £found that the point of zero
charge of pyrite is unchanged in the presence of different xanthate

additions; this indicates surprisingly that adsorption ¢f Xanthate 1is

Ter



physical in nature and that no chemical or. specific adsorption of
xanthate take place. Majima and Takeda (17) confirmed <that in the
process of anodic polarization of pyrite in a xanthate solution,
xanthate %s oxldized to dixanthogen, which depresses oxygen evolution
at higher potentials. At low pH, Biegler et al (18) showed that the
rate of reduction of oxygen on pyrite is determinea Dy the step 02 +

e —> 05“ while, in alkaline solution, the rates of subseguent steps

: =t .
' O§—+2H++e .25+_2.E>2H20

> %20

v H202 (solution)

2

: pecome kinetically important. XKicol, Paul and Diggle (19) found that
cathodic reduction of natural galena gave in metal and, depending on
éhe PH, various forms of the'sulfide ion} the reguction ©f anodically
-produced sulfur 1s possible but the -rate is strongly dependent on the
amount of sulfur pfésent and the history of its formation.

Kishi et al (20) noted the rate éf reduction of gxygen on some

» Sulfides decreases in the order SNié > CoS > gNiS > FeS; this order is

P
the inverse for the Volmer reaction (H20+ éischarge) on the sulfides:
the reacaioﬁ sites for oxygen reduction are the metal while sites for

’

the Volmer reaction are sulfur sites. Kitayama et al (21) examined
.
catnodic reduction of oxygen on cobalt sulfides with varicus ratics of
Co:S in 0.1¥ KOH; the activity for eléctroreducticn increased with an
increase in C°354 content. It was suggested tﬁat the direct four-
electron reduction of oxygen to Oé- pProceeds in parallel wiéh the two-
electron reduction to Hoé on electrodes containing a large fraction of
C?3$+, whereas no four-electron reduction tock place on electrodes
containing none, or a small percentage of C0354. Ahmed and Gerischer
(22) indicated that oxygen reduction on K052 is influenced oy surface

orientatien.



4 .
In addition, basic principles and practical application of electro-

chemistry to flotation of sulfides minerals were extensively reviewed by

Woods (258), Poling {258), Richardson and Haust Jr. (259), Liza (260),

Rogers (261) and Ahmed (262).

2) Anodic _oxidation of ‘sulfides

Ele&trouinning of metals from sulfide ;1qerals by direct anodic
..;tcack {corrosive leaching Dbehavoir) was . observed by Masuko and
Eisamatsu (23). The rest potentials and corresponding currents of
pyrite were rather unstable and strongly dependent on the composition
of the electrolyte. Wrabetz‘ (24) ana sate (25) concluded that the
negal aﬁd elemental sulfur are éroduced in the first step of anodic

oxidation of metal sulfides. - In the case.of pyrite, the suggested

first reaction step is

FeSo >Felt + 250+ 2 e

*This is followed by a second electrochemi;a).: .step"in which the ferrous
ions are oxidized to ferric lons; the latter then seem <to convert
sulfur to sulfate in a purely chemical oxidation reactien, s0 the
final reaction products are ferric and sulfate ions, as’ indeed was

abserved by Peters and Majima {15) who represented the coverall ancdaic

' .reaction as

FeSp, + 8 ED == rFed* + 2 50f + 168 + 15 e
The metal and sulfur activities are not constant and the electrode

potentals will consequently also be variable due to small deviations



from the ideal stoichiomet;ic composition. This behavior has been
experimentally verified by Trampler (26) for PbS, by Noddack and
Wrabetz (27) for Agzs and by Springer (28) for pyrite; ané
theoretically discussed by Sato (23). The cathodic reaction commences
only'below the equilibrium potential for hydrogen evolution. As Felt
and st are produced as well, a preferential l;aching of sulfur is
expected, but apparently t;e development of HoS only proceeds when
hydrogen is alsc formed (28). Hamilton and Woods (30) studied the
surface coxidation of pyrite and pyrrhotite with the linear potential
sweep method. It was found that pyrite oxidized to both sulfur and
sulfate. The Zformation of sulfur 1is restricted to the order of a
monolaver at” pH 9.2 and 13, but significan;r yield; of sulfur and
sulfate arise at pH 4.6. The proportion of sulfate formed increases
.rapicdly with increase in potential; also, sulfur is the major product
of pyrrhotite oxidation at ©pE 4.6, 9.2 and .13, while sulfate is
formed, as well, 1in significant gquantities, particularly in the
alkaline solutions. Oxidation of pyrrhotite is stropgly inhibited by
the surface ferric  oxide produced. -Biégler and Swift (31) argued
.that the overall anodic reaction is a combination of‘two pathways
leading to sulfate and elemental sulfur, the proportion of feaction in
each pathway varying linearly with potential. As with pyrite, the
sulfate yield increases with increasing potential but elemental éulfur
is not an intermediate in the sulfate route; The mechanism suggested
for this reaction involves adsorption of hydroxyl radicals and oxygen
derived from water, with 'the second charge-transfer steb being rate-

determining:
=

-+
FeSp + Hp0 == FeSz2(0)gges+ 2 E + 2 e
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FeSy(0)yqg * HO &= FeSy(HOp)jqq+ HY + e
" or FeSp + 2 Hp0O == TFeSp(CHgggp + 2 HF + 2 e

FeSo(OHygqc)2 =‘ FeSo(HOohds + gt + &
| -~
Bailey and Peters (32) reported a study of the decomposition of
pyrite in acid by pressure 1leaching in the presence of 02 at high
pressure and by anodization. By using E% tracer tests, they showed
that the oxygen atoms in the sulfate produced by pfessuré leaching

’

come <from the water and not from +the molecular oxygen. This
observation, together _with &ne-.electrocnemical measurements at the
elevated temperatures and pressures used in the pressure leaching
experiments, are consistent with an electrochemical mechanism in which
the cathodic reaction is reduction of oxygen at the pyrite surface and

the anodic reaction is the sum of two reactions: one the oxidation to

Fe3t with production of sulfate and the other oxidation to ?92+ and
—

elemental sulfur.

Meyer (33) reported, in strengly basic solution, a semi-amorphous
film was formed and a diffusion limited-plateau current, appré;imately
proportional to hydroxide concentration, was observed. No visible
film was formed in acid sdlution and the reaction rate increased as
the pHE was increased. Yashina and Olerskaya (34) noted £hat regions

f non-stoichiometric Fexs-l_x and the the iron oxides, FepO3 and
Fejpu, were developed on the surface of pyrite after subjection to

anodic pelarizatien. During anodic disscolution of copper sulfide Cus,



L2}

A~

] . K
Cuzﬁxs, in sulfuric acid, Hillrichs and Bertram (35)36,37) observed
the formation éf metastable non-steichicmetric copper oxide. Ammou-

H
Chokroum et al (38) noted the formation of a passive film at low

L3

potentialg {0.5-0.7 V vs §.K.E.). It was an electronically conducting

- H

phase formed during anodic polarization of chalcopyrite in +this

.~ potential region; pE had only a modest influence on the results. Bauer

t al (3%) Tand Jones (40) found—an\igiziél preferentidl Felease of -

. - , . ~ , . L
iren from the chalcopyrite lattice during anodic dissolution. ’Egig,ls

L

. . : . N
conslstent with the reaction which was confl_{ged and p;O'_DO_SEd by

N

wWarren et al (41) as:’

CuFeSy > Cuy_yFe; ySp_p + X Cult + ¥ Fe2T + 2 80 4+ 2(x+¥) e

For the condition ¥>¥, the compound or defect Lructure,
= . . . . . o
cul—x‘el-ySE—z is an 1lntermediate product »hase which, mixed with

sulfur, forms an electron ceonducting passive laver on the minneral

surface. !

-

Parker (42) regards the intermediates formed in oxidation of

chalcopyrite as polysulfides having semiconducting properties. Ammbdu-

-

Chokroum et al (38) suggested that cupric ions released at the surface
feact with st'to form CuS, the HZS having been formed by the electro-

less dissolution of chalcopyrite in acid solutions. Warren et al (41)

proposed that a second intermediate forming in the region 0;70 te 0.75

_V vs S.H.E. may be represented by

Cup_yFe1 ySo-z > (2-2)CuS(y_, )+ (1=y)CulT 4 (1-y)FeRt + 2(1-y)e

. - 11 - . -~
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One of the principal problems in electrowinning.of lead from galena
is the limited number of scluble lead salts which can be formed, so

that this puts several restraints on the choice of the medium. Many

‘published 'papers in . the 1literature . (43,44,45) report studies in

perchlorate medium in -which the lead oxidation 1is accompanied by

formation of insoluble oxides. Ghali and Dandapani (46,47,48)

i

indicated when lead sulfide is anodically dissolved in hydrochloric
acid at high an;dic potential; direct electrowinning is feasible anad
¢obstruction due o ‘passivatidh by the ppoducts formed .could Dbe
minimized by increasing the temperat&re, the acid and the énloride
concentrations or by additién of glycine.

Mazalov et al (49) reported anodic polarization behavior of %alena
in relation to NaOH concentration and temperature. Gardneé and Woods
(50) indicated that, in acid media, P52+ ions are dissolved leaving a
surface layer of sulfur; , the sulfur produced by +the electroanocdic
reaction is oé an amorphous form which inhibits further oxidation of
the galena surface. The surface f£ilm is, however, converted by a

nucleation and grewth mechanism 0 a c¢rystallinme form which is

sufficienily perous to allow ceontinued oxidation of the underlying

galena. The prodominant Pb species formed at pH 6.8-11 is considered

to be PbO together with a monolayer of products of anodic oxidation,

PbO + §, inhibiting the oxidation process.

Power (51,52) showed that the passive layver formed on NiS or Ni3S;

during oxidation is a mixture of sulfur and sulfur-rich sulfide. At

higher potentials complex anion-dependent dissolution behavior,

involv@ﬁg the formation of elemental surfur and sulfur oxyanions,



occurs. At cathodic potentials non-oxidative acid dissolution with the
formation of HpS is observed concurrently with the evolution of
hydrogen and the production of metalliic nickel. Price and Davenpor:

(53) reported decomposition ofgfnickel sulfide; N1352 BNis, .with loss

»
N12+ ions through the series:

> Ni€t + 2 Sbl
7 B

' '
i

N11_5s > Ni1 28 > Nisp

y .

The dissolution behavior of crystaliine molybdenite in hypochlorite
solutions~nas been investigated by Krishnaswamy and Fuerstenat (54);
dissolution 1s £found to be extremely anisoLrOpic in c¢haracter;
especially, reactiocn occurs oy at exposed edges of the 5-Mo-5
sgidwich structure and proceeds along the sandwich lavers:; +the anodic
reaction 1s hole-limited. The péssibility of an electrochemical
mechanism has .also been suggested with charge—-transfer through the
molybdenite crystal. In terms of table preoducts, the oxidation of

molybdenite may be represented as .
-~
(' ¢
> MoOR™ + 2 sc&' + 12HpC + 18 e

j

xos%\j 24 QH

The general experience with anodic oxidazion of sulfide minerals is

-

that sulfur forms, as an element, and resists qﬁidaziod; when the
cxidation potential is below 0.8 V S.E.E., the reaction may Dbe
written, in the case of Hosz, as

—

> MoOf "+ 2 80 + 4 HyO + 6 e

MoSp + 8 OE™

- 13 -



The sulfur formed in this manner may act as a protective

inhibit further reaction,

molybdenite where the packing density is high (88). ' .

particularly on

e

the pasal

oroperties and ohotoelectrocchenical SehavoLr

Semiconductor orooperties

-

2y

characteristic fer

Spring (2EQ

ideal semiconductors,

Dyrite, galena and chalicosyrite.

properly controlled or conducted or

the materials. The polarization

cyrite are atbcutr 12C

an? cashodic processes (28);

electron transfer siep is involved on an

coul

mv per degade chance cf
a slope of B5S

deal

observed that the limiting photo-currents, which are

~.
not .Dbe detected o©on

Perhaps this experiment was not.

could be caused by the impurizy of

curve slopes for

current both for anodic

mV is expected if a one

senicenductor surface

(S6,57) whereas a value of apout twice as much wculd_/reézzzﬁ?s?‘tne
same reaction on  a metal. He therefore concluded <that the minerial
-

. , - o

Zoces oot behave as an ideal semiceonducteor in the investigated range of
moderate current densities. This 1is in agreement with <the
investigations of Xunori and Ishii (58), and also Bilegler (59).
Tiegler and Swift (60) confirmed this consliusion for pyrite.

(81) coserved that &%

T A e

increases o 2

0f thne electrocatalytic activity £ cas

M

Limiting value as the potential 1s Lncreased.

toward

. .
liunmination

she current -~

Studies

the redox couples

relt/relt, Ffe(Cx™) g"/E‘e (cx-)l'é- and I7/13 by Tvacai (62), ané CaS, MoS,

3
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by Gerischer (82) shown
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the cecnductance and valence hands

ions and latsice defects (EL,52,E2)).

(i.e.,
arising IT

Ahmed and

activity depends on the
energy levels hetween -

om specific adsorption of

s o
Serisoners



that the current densitles and rate constants for oxidation/reduction

.

of Cu(NH;) E*/Cu(NHB)',I, .Fe(cr)g-/Pe(CN")é""‘ and Fe3¥redt cousles are
one eorder of magnitude larger for the [Fc surface than for the 1-c

surface of Hosé. .

Electrophoretic mobility measurements by Healy (64) provide some

evidence for specific adsorption on 2ZnS and P-S. ~ Although the ancdic
dissolution of the more conductive sulfides does not appear to depend
on !semiconductor Dbehavior, +he leaching of galena by Eadington anad

Prosser (65) shows effects of Dboth 1ight and stoichiometry (66),

indicating a "semiconductor” type of behavior. Results from surface

photoveltage and electrochemical studies (67) indicated that at the .
3
rest potential, the surface potential of the degenerate n-type and

slightly D-type calena, WwWas large and negative, ccrresponding To an
. - _
electron—cdeficient or hole-rich charge. Phillips and Spitler (58)

observed that electron/hole recomtination plays a sicnificant role in

the agueous photeelecirochemistry of Hosz‘and HoSez single crystals.
N .

-

Photoelectrochemical behavior

-

.

* The stability of n-type CdS electrodes teward photcanodic

dissolu

"t

b p

ion in aqueous soluticn, using Fe(II)-ZDTA as reductans, has
been studied by Wilson and Park (69), and Tenne improved =heir
tability by .addition of indifferent salts such as NaCl (70)} qlso
- some redox couples as Fe(CN)éj"/b" (260), I'/IE. (26;) , and SZ'{S%‘
(271) can partly prevent photodisselution. gn and
She, Xiao hang and Chang (71) have studied C4S and Cuzs for solar

cells while Rothwarf and Barnett (72) investigated caS-Cuzs selar cell
materials and, using Cd1_xz;xs in place of CdS, reached a prac:tically
attainable efflclency of 15% and a thecretical efficiency of greas=er

-

S .
than 26% for solar energy conversion.

- 15 =



In recent years, work has centered méstly on - layer-tvpe structured
sulfides such as erz (73)., USZ (74,75,76) and especially Hoéz
(22,74-31) or modified surfaces of KoS,.  Tributsch (77-79) indicated
that the covalent bonding character of this layer crystal and a Mo dz@
band which 1s split off from the 4d molybdenum conduction band and

.

overlgps the sulfur 3p valence band, - gives rise to reaction behavior
which is very different frcm that fbund with+ polar metal-sulfur
compounds: thus, sulfate and not molecular sulfur is the main preduct
©< the electrochemical ahd pnoto-e}ectrocnemical oxicgticq el Mosp
~which exists as an intrinsic semiconductor material. A parallel
photochenical 1liberation of mnmolecular oxygen at low electrode
potentials by reaction with HZO(Zoulc be detectec‘on freéhly pfepared
surfaces iliuminated with li;gﬁ\\at 400-715 am. Ahmed (88) and
Gerischer (80,87) first found and discussed the anisotropic

pPhotoelectrochemical effects on MoSp due to surface orientation and

investigated the role of cleavage teps and either 1line or screw

dislocations. The. KoSo photoanode was found to be remarkably
tablized by specific adsorption | of i~ cn the surface
=

(74,?6—78.86.92.93). Hosz was also demonstrated to be akle Lo serve

as a durable photo-anode for the phetogenerazion of Bro or C12 {g81).

Moreover extensive reviews on photoelectrochemistry of semiconduc-

tors has been published by Memming (263), Gerisher (264,265), Rajeshwer,

Singh and DuBow (266), Harris and Wilson (267), Nozik (268), and Morri-

*
13

son (269). |

-
™

[
. : ]
#A\%) Sulfides as cathode materizals in high energy-density batteries
-
1

S

f?na\_ﬂécent werk on high energy-density '‘batteries, which are

required for electric vehicle propulsion and for the storage ¢©f off-

peak and ‘solar powar, hes been attracting sericus attenticn. In

- 1l5 -
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consiéering :he selecticn of elec;rode ratrials and electrolytes for
high ménergy-geﬁsity betteries =he following conclusions have been
reached: (i) the active alkali metals with atomic ;eignt less than
zinc are to be utilized as anOQes; {(ii) dry organic and inorganie

electrolytes, solid-electrolytes and molten-salts are required as

.

electrolytes, and (iii) an electronically conductive, highly oxidizing

solid that can react readily and in an elegiroshemically reversible

way with the active alkali metal as the cathode is desirable.

Most researcne:! have aimed recently at using layer tructure

n -

e

chalcogenides as intercalaticn cathodes for recharceable Li Batteries
due to the ease of redeposition of the anodic metal. Whittingham et
.2l {94-97) and Denes, ibernagel»et al (98,95) have reported, in a

series of papers, the fundamental properties of Lixrisz type

intercalation ceompounds. According =c Whiz:

inchan  (1060) these
investligations were initiated by their finding that tizanium disulfide

could Dbe used as the cazhode of a high energy-density reversible

(Kl

-

fattery with a lithium anode (1Ci), which, cn diszharge, transfers =it
iens to the host lattice TH z in an intercalation reagiiszn. Sichsn et
al  (102), Chianelli: et al (103) also reported the intercaliated

locaticn ¢f small alkall ions. Ricxel anz Sanallnern (19 ungd the

same behavior for metallic TiSz In Li,TiSs ¢ the lattice changes
- - el
. PR

continuously from a "CAI"™ to a "NiAs" structureras x varies from. 0 o

1. The structure of Naz;isz was elugidated Dy Lek.anc-Soreau et ail

-
{105) for warious x values. These structure studies are used to

characterize the  expansion of lattices and  to define  their
compositions and stability ranges (96). The diffusivicy of Nat ion :in

NaT11+v52 has been measured exXperizentally v Winn (108). - The

~)



discharge rate for -the electrode 1is related, of course, to the

aiffusivity of the mobile ion 1in the intercalation agent. The

diffusivity-controlled discharge rate 1s critically dependent -on
stoicniomesry of Agi, X, compounds (107). Cell voltage stability with
Nak?il+y52 wnen 0.54 < x has been studiedfhy Wwinn and Steele (108).
éesennard, Meyer and Scnoe;lhg;n (109) studied +the cathodic
reduction of H052 in DMSO electrolytes gontaining alkali-metal cations
at. Discharge ) results in the formation of éernary . phases

- .

)Y {DMSQ) [H052FL125" with highly mobile solvated interlayer
0125 y A

cations. Reacticn in DME electrolyte gives similar products. Basal
spacings were found to be dependent on solvent type and on the ionic
radius of A+: further redugtion of these compounds is associated with
irreversible processes. Haering and Stiles (110) improved the
dicpalcogenide cathode by dopeing with Na, ¥, Cs and Rb. Suib et al

(111) and Jacobson et al (112) studied the structural effects on the

eleg;rochemical capacity and behavior of molybdenite - Ta52
intercalates. Kumagai et al (113) examined the charge-discharge

-
~

characteristics and structural changes ih -various nighium sulfide
cathodes for lithium-nonagueous secondary batteries. Johnnson et al
(114) studied lithium titanium sulfied, LiyTi€p, and 1ithium sodium
titanium su;fide. LixﬂayTigz, using a polymer -electrolyte by var}ng X.
Zanini el al (115) investigated the behayior of Na intercalated in
TiSp, TaSp and NbSp with g-alumina as.a solid electrolyte. Eibschuetz
et al (116) indicated that in litnlﬁm intergalated vanadium disulfide

batteries, when some of the vanadium 1is replaced by iron, the

reversibity of the cathecde is greatly improved. The behavior of NﬁSg,

—18'-
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Ti;z and Tasz electrodes in Ag solid-state cells was investigated with
xinetic, diffusion and thermodynamic studies by Patriarca et al

(117).

Another family ¢f rechargable battery systems comprises anodes of
lithium or lithium alloys; Systems utilizing cathoedes of sulfur or a’
metal suifide, and a molten-salt electrolyte have been developed at

e laboratory (118-120) and by other groups (121-123). . With FeS

cells the . examihation by Mrazek and éa:lfés .(124) showed <that tne

reaction Dbetween n FeS electrode ané petassium in LiCl-KCl

.t
electrolyte forms a Li-K-Fe-S compound, designed "fsﬁggfe“. ‘This

reaction causes high polaM™gzation which Llts in low utilizatieon of

the active material in the cathode. teunerderg et al (125) modified
the J=-phase Dy addition ‘of cuaS to the FeS and reduced the
polarization of the TFeS electrode, resulting in much improved
utilization of the theoretical capacity (126), but excessivquaelling
of tﬁe electrode still occurred (127). In the absence ©f potassium
from these electrolyte, Shimotake and Vissers (128) u51ng‘L1F-Lic1-LiI
or LiF-LiCl-LiBr cells, demonstrated significantly higher performance.
With FeS cells, swelling of the cathode 1s more controllable than in
FeSp cells; however, the expénsion cf the cathodes was more than
expected from the cell reactien (129). "Afdition of CoSp ) to-FeSQ
imprbved the utilization of the cell reactant and lowered ‘both
diffusional and ohmic resistances significantly (130). Shimotake et
N—a ) -
al, develcped another approach to solve the above problems by assenmbly
of Li-pl/FeS or Li—Al/Fesz cells in the uncharged state; experimental

results showed significant improvement. Inoue and Koura (123) using



Fl

X-ray .and metallugical methods, as well as electroénemical
measurements, cnaracteriz;d tﬁe dischdarge and charge reactions.for

thodes of Al/Fe52 molten-salt secondary cells. The Li FeS, cathode
in nonagueous . electrolytes was studied at rocm temperature by Brec,
Dusast and Le Mehaute (131). an Al/Pesz cell  employing an organic
electrolyse operating at rTocom temperature ' was investigéted by
Takahashi and Koura (132). A Li battery embodiment using Li anodes
with complex metal sulfide cathodes for nbnaqueous cellslnas /;ngL
granted a patent to Zvans and Leger (133). Llso McKee and Pa:{i(134)
obtained patent in the [.S. fcr“geir electircde comp;ising Hqu and
52 for use in fuel cells . Hodes, Xanassen and Cahen {135} alsc hoid

a patent for use of chalcogenides coated on stainless-steel electrodes

for a photo—-electrochemical celi.

1.2.2 Previous Work on Organic Suifides

~

Many compounds of pharmacclogical 4interest are invelved in

biclogical redoX @Processes and <the tnderstanding of their
electrochenistry may contribute to better perceptions of the role of

these compounds in biochemical processes in additien to improved

methods for their analvsis.

Interest in the electrochemistry of organic sulfides orginates from
the early observations of 3rdicka (138) in polarography that cystine

and scme proteins give rise to a “catalytic" effect on cathodic

hydrogen overpotential analogous to the behavior of some alkaloids

(137,138). These effects were fraced to the -S-S- of -SH [groups. in

the structure c©f these mclecules; in fact, on the
i€ {
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guantitative comparison ©f the effects of Cysteine (I)® and cystine
(I1)*2, the former ﬁolecule was ldentified as the source of the
catalytic effect, beling itsels prodﬁced by 2e, 2T reduction of
cystine (II). Similar effects wefe deméns::ated with glutathione aﬁd

derived dipeptides. The effects of S-containing proteins arise

»

similarly (139).
The mechanism @f activation of the E2 evolution reaction was

related by Braidka (138) to loosening of the S-H bond in -SE Sroups in

-

"cysteine through complexing with +he C02+ ion, followeZ oy cischarge

©f the proton from the -S= complex rather than directlv from water
otoraticn from water then follows in a rapid sten;

4 mecdlator facilicasing <the Proton

‘Considerable evidence a5 accumulated (140-158) =has S-containing.

molecules like cystein and cystine, and related prozeins, are

Strongly adscrbed at  the

Hi

¢ surface. Conway, Sockris aned Lovrefek
(138) suggested that such strongly adsorbed molecules can ace as

"Proton carriers™ in-the Qouble-layer, facilatin preion transfer an

~

LT TY -
the Xxinetics of +«he hydrogen evoiuticn reaction. The catalv:sic

effects with -3¥ nmolecules are thus analogeus to “he similg- effects

observed with alkaloids (3137,138) where =he N Netero-atom centre in

the protonated state provides ajcarrier of ¥t  for discharge in the

inner region of the double-laver at Hg. Apar:t from the role of Col+

N
- o Chia e

complexation in Brdickxa's work {138) this mechanism is seen Lo be

' See p. 48 for the chemical formula.

* See p. 48 for the chemical formula.



analogous to that of Brdiéka. -

In biochemical reaction pathways (143,151), the reduction of
disulfide compounds such’ a; gyctine or 6:8 dithiococtancic acid
("thicctic acid“‘system), to cysteine or 6:8 dimercaptooctanolc acic,
respectively, ané their re-formation by reoxidatién, provide an
hydrogen carrier proﬁess.

Cipris and Pouli (152) have been granted a U.S. patentA for the

AN

reduction ©of disulfides in the presence of halide ions to form
:orresponding thiols by using sz :yge cathodes, where ¥ is Mo, Nb,
Ta, Ti, V, W or Zr and % is $ or Se. wong and wang (153) prepared
cysterne from cystine by reduction on & stainless-—steel electrode.
Khusainov and@ Rafikev (154) obtained similiar results on Ag coated
ith anodically deposited Ag oxide. ) ’

Catalytic cathodic hydrogen liberation in solutions of cobalt 1),
or nicke;(II complexed with cysteine has Dbeen 1investigated Dby
Teropeva et al  (155) and Medvantseva (158), in soluticns of é
molybdenum complexX by Lamache-Duhameaux (i57) and in the presence of
peptides containing cysteine with cobalt(IIl) by KadleZek et al (158).

Returaing to the electrochemistry of the cystine/cysteine couple;

_it is +o be noted that 'Brdifka's work 1led to a number of furtner.
- .

papers cn the mechanism of the redox process and on the rele ¢f the gg
surface leading to specific complex-formation (140,141,143) with the
-5-5- pr =-SE functions. Interest in this topic extends to the present
time wnen a number o©f new papers have appéared in the field over the

past ten years (142,159,160-162), which we shall refer to below. In

addition to the electrochemical Dbehavior of cysteine, cystine and



-

@-lipoc acid (thioctic acid) {ITII)? a S-membered disulfide ring-
compound, has also Deen exahined at Hg. This molecule is again cne of
Siochemical, as well as electrochemical, interest as it is involved in
the reactions of the enzyme diﬁydrolipoyl—transacetylase“(159) that is
one of the three enzymes making up the important pyruvate
Qenydrogenase system; it employs the =-§=-8- —> 2 -SH redox again as a

mechanism of H transfer.

-

Cystine and cystéine, despite common reference in texss -on organic

chemistry, are interconverted through facile reduction or oxidation
processes. The interconversion of the mdiecules themselves as a
reversible electrochemical reaction, as-with the qﬁinone/hydroquinone
system, 1s not practically realized, e.g: at noble metals. On- the
ther hand, at mercury, cystelne can undergo aerial oxidation to a

: . P
mercury compleX through the reaction

Hg + 2 RSH

> Hg(SR), + 2 H + 2 e (1)
2

or, correspondingly, it was shown by Kolthoff and Barnum (140,141)

that cystine reacts according to

RSSR + [Hg] > [Hg](SR)Z

where [Hg] represents the surface of a mercury eiectrode. The complex
[HG3(SR)2 can then undergo electrochemical reduction to cvsteine bj

the reverse of reaction (1). Similar surface complexes of g-lipoic

acid are recognized (143,159}):

? See p. 49 for the chemical formula.
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c—S c—s, ’ \
/ . /N J
c + [Hg] > < [rg]
\\ Y
c—s c—s

or through electrochemical oxidation of dinydrolipoic acid.

c—SE c—s
\ | ) + 2 ¥
c\ + [Hg] > C ’[Hg]-*ZH +2e
\ /
c—sH :  o—s

| ]

At pE 7, +the dihydrolipoic acid and a-lipoic acid glive (143) almost

-

identigal cyclic-voltammograms at .Hg and the behavior is sald to

approach reversibility with either compound.

il

The most important conclusion of Kolthoff and Barnum {140) was that
cysteine 1s not directly oxidized to cystine at Hg electrode Dbut
reacts through the formation of the surface complex "Hg(SRb ",

Following the early work of Braidka (136,163) cn polarographic

mehavior of cvsteine, Kolthoff ané Barnum in their seccnd paper (141)
on the cysteine/cystime—system studied the reduction of the latter

compound at Hg. Roncato (164) attributed .the two main polarogfaphic

<

reduction waves be observed 4o reversible reduction of cystine

.

/
followed by irreversible reducticn in the second wave; the reversiple

- ’ Ve
step was associated with reducticn of the cystine cation and t#ﬁ,—-\\ﬁ\\

second to reduction of neutrdl cystine or the anion. This work was

not satisfactory as & was conducted in unbuffered solutions and it is

.2 .

obvious that the processes referred to above would be pH dependent.

- 24 -
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In Kolthoff and Barnul's work (l4l),/§,§3rong polarographlc mahimum

gl

is observéd in reduction of cystine which is ellmlnated by addition of

thymol or camphor as capillary-active agents; the wave is also shifted

Lo more negative potentials 'These effects are attributed /to
requirement that the , Cystine be adsorbed and oriented? prior to

reduction. Generally, the cystine waves are a&rawn out on the -
. A |

potential scale and do not correspond to the “Wehavior expected for a
P

Ny

reversible, 2e reduction process. Only at pH 1,! with surface active

agents present, does the wave have a more normalf appearance..
At pH 3 and 9.2 two-step waves are observed s found later also D%
other’ authors). The first step of the wave doe§ not correspond to a

true reduction of cyétine but rather to cystine conmplexed with Hg, as

found in the work on oxidation of cvsteine (140). The second step of

the wave was believed to correspond +o a true reduction of cystine,

NIRe~g0

It is to pe noted that, in this work (140), the diffusion constan;

presumably with the product cysteine being di lution.

cystine in 0.1 ¥ ag. FCl was der13$d as 5.3 x 10'6 2

The electrooxidation of cysteine and the reduction of cystine were
-]
L S
tudied Dy Stankovich and Bard (142)° at the hanging Hg drop electrode

L8

and at a Hg pool using cyclic-voltammetry. These authors =tried to

Characterize the adsorption and diffusion-controlled processes :that

rare associated with RSSR (cystine) -reduction. The work of Kolthofs

(140,141) has _\indicated that polarographic RSSR _ reduction 1is
Characterized by an adsorption “prewave" followed by a m"diffusicn”
wave. The suggestéd mechanism associated with the pRewave is reaction

of RSSR with Hg with scission of the -S-$- bond ‘giving Hg-cysteine

_25_
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(140) which 1s <the §pecies ieduced.- Whether the lntermed;gie
invelving Hg is a chemical intérmeciate or an édéérbed specles remains
torbe elucidated.

. At low concentrations (lOf?_ - 9 x 102 mM) of R§§R, a symmetrical
CV peak characteristic of an adsorbed species was observed, (142), with
Peak currents ingreasing linearly with sweep-rate, " s. bn sweep
réversal, an anedic wave having the shape o©of a diffusicn peak was
ohserved with peak currents proporticnal o s . This, it was
supposed, corresponds Lo reoxidatlon. of a nen-adsorbed spéEieg

N

produced 1n  the first wave from <the adscrbed species. Ar* higher

-

concentratlions, 0.4 M, *° :he,cnarac:erié:;cs ¢f the first sgzan

reduction waves were unchanged but on reversal Lo the anodlc scan, a‘\ﬂ -

current spike superimposed on the diffusion peak was observed. It was

-

-———

attributed to an oxidation process associated  with ‘compact laver of

the Hg-cystine’ intermedilace. Following this anodic sweep, a further

cathodic scan showed a corresponding cathodic spike. For s > 5V g™ -

-

the cathodic ané anodic ~scans &id not exhibit spikes and the

adsorprion and diffusion characieristlcs were as observesd at  lower

. -

concentrations. The sweep-rate ranges were ca. 1 20 20 ¥V s™-. |, I=n
[3

the present work, rather dlfferent sweep-rate ranges were emploved and

somewhat different <conclusions are reached regarding +he adsorption

-

"prewave™ behavior (142) which is difficult to characterize.
. - i L
In addition te the adsorption prewave, tankevich. ané Bard (142)°

observed a second reduction wave at -0.S V SCZ for which +the peak

currents varied as s, supposedly corresponding toe Aiffusion-

controlled reduction of dissolved RSSR from thie bulk solution. AT the

-.26_
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Hg electrode (on the order of 10-9 mole ern~d) and give rise to
currents for reduction or oxidation of an ad-species derived .from

cysteine or cystine. The role of the presence of an ad-species at Hg

is further, emphasised by the Euite different behavior found at Au and
Pt, as noted by Koryta et al (160-162,165-168) (and alsc cbserved in

the present work).

)

The work on reducticn of g-lipoic acid: a=-lipoic acid is a cyclic

[

disulfide s:tiructure shown earlier in Section 1.3.2. Since the

n

S-membered, ring 1s closed by the disulfide bond, - it may Dbe thought
that this molecule could undergc a more reversidle ' electrochemical
reduction/recxidation reaction than cystine,  as does the S%‘ ien axz

the surface of ?eSE. This 1s not the case.
- L . :
In studies Dy Moireaux et al (143} at Hg, Pt and glassy-carbon

electzpdes 1t was concluded that the redox reaction involving -S-S-
— 2

— -5-H was highly irreversible. In fact, agai®, formation of a

ig surface compound is indicated, as proposed by Nygard (169):

H]

/F-—-S /F-——S'
c\ l} > c:\ fission '
. c—2:5 C—5-
/c—s- ¢—sl1g | aagprption #r
; / .
q\\ + Hg > C bl surface
c—=8- c—slHg] compound formation

. -
—

b Y



> C + Hg reduction .

The anodic reoxidation wés supposed tc involve :ﬁé'reverge *of these

teps. The Qay the involvement of Hg i1s written s not ceonsistent
witn‘ggitnoff and Barnum's conclusion (141) regarding reguction c§
“cyst;ne where the product cysteine is indlcatgd as being in the form
of a Hg cysteinate complex. Hence the reduceé form of <the cyclic

’

cisulfide would Dbe expected alss to be similarly complexed.

Conversely, 1t c¢ould be supposed that cCystine reacts first with

h Hg
according Lo

RS8R + Hg > RSHGSR
which 1s then reduced o Hg cysteinate of the form RSH Hg with 265 -

Ze. This chemical » reagction ¢f Eg with RSSR 1s actuially the process
hY

suggested Stankevigh and Bard (142) which tHey found to be "slow"l

Al
Morreaux et al (1432) alsc preposed that the electrochenm:ical
- .
regxidation ©f the dithiol produces HgS rather thanm the Lnit:ial

——a o

material. However, nc evidence for thls was given nOr s a mechaniso

for such a step shown. This paper 15 very cconfusing and ilnconglusive

and contains self-contradichory statements o various places

concerning interpretation of thei® results. Products of the react.lch

[ SSRGS

Of Hg(II) ions with +the 2isulfide and the drthicl were 12 tc rhave

been Isolatedrand 1t was ccncluded that the sane ©roauct VIarcse from

P



reaction of Hg with the disulfide, the dithiol and from 2e electrolyte

~

oxidation of the thiol.

c Hg {(VI)

[
\ '
’

/
c—-=5

(CE )y, ' '

T cooxa

~

. Lo . * . :
The suppésed formation of HgS is inconsistent with the conclusicon
Given later in their paper regarding reactions to form the above Hg

complex. Cyclic-voltammograms of the disulfide and the Adithicl at Hg

-

{at p¥ 7) had almost the same appearance, exhibiting two peaks, one

smaller <chail the ther. They concluded .from electrocapillary

experiments that the first wave correspeonded tc adsorbed ( 7 surface-
/‘

T

complex) reactant ("depclarizer") while the seccnd wave is said to
"ag;se with "product adsorption®. (It .is unclear what is meant here as
this paper (143) 'refers to both the disulfide, lipoic acid, and the

S

drnhydre form as "producis". | HGS, 'said to be another product, 1is not

further referred to). Mechanistically, the following is proposed:

C—-s5 - c—s|Hg|
) d/,' . ug > o ' | +2&8Y+2e wave1l (2) -
\c'—s:—: c—s|Hg]
| | =
acsorbed—



and

C—-SH

S5
/N
c + Hg > ¢ Hg
/l
C—SHE c—5
followed v
. c—8 c—SH
/N . /
c ﬁg‘+ 28 +2 e > C - + Hg
.
c—S5 C——SH
The first wave (wave 1, reaction (2)) observed

prewave. Ncte that the second step

paper} in a chemically unbalanced form. It

il

is written (¢

i85 35

is an adsorption
vpically for this

ai@ that the wave

crocesses corresponds to the reversible redox syétem written above for

wave 1 ( reaction (2)).

.

Summary of electrochemical behdvipr of
a=lipoic acid:

i) Direct reversibility of the disulfide/tMol system 1s

-

with the thiols or the correspending disulfides.

cysteine,

cystine anc
L]

not observead

i1y A mercury-coTé}ex intermediate is involved which undergoés

“electrochemical oxidation, or with disulfides, reducticn.
" -

iii) Reduction of

intermediate surface

cystine anéd g-lipcic acid may

compound in which scission of

already occurs chemically by reaction with Hg.

- 31 -

also invelve 3an

the -5-5- linkage

‘\\



iv) TwWo waves are observgd polarographicélly and in some cyclic-
vol£ammetry experiments, but tnei; assignment 'Eb specific
electrocnemical;reéctlons is_céntrovers;gl. Some results exist which
‘indicate that one of the waves is an "adscrpticn pre-wave™ and that

*
the cyclic-voltammetry behavior ccrresponds (ipeak vs s being-linear)

to a process involving an adsorbed species.
) .

-

v) Under other conditions, diffusion-controlled currents are always

observed and a diffusion constant has been reported for cysteine at pH

-

1.

N

vi) Some incdications exist that there is no reversible redox ;eactibn

-

in %he cysteine/cystine~ system at Au or Pt electrodes. This 1is

conirary to the commen Dbellef in organic and bieochemistry <that the

system 15 "reversiblen.

vii) Reduction of cystine at more elevated cathodic potentials at Eg

gives , rise to0 a "catalysis™ of the hydrogen evoluticn reaction

(Brdifka) which is believed to be associated with Zormation of the Hg
- -

*

"cysteinate" complex (Kolthoff and Barnum) acting as a mediator in

\ -

proton transfer and neutralization, through the -SH group.

viri) The exact chemical nature ©f the Hg complexes is unclear bui

apa

some WoTks stolchiometric chemical formulae have been proposed. In

b 4

cne paper, formaticn of HgS is said to cccur but without any proof.
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1.3 STRUCTURES OF SULFIDES USED IN THE WORK % C

1.3.1 Structures of some Inorganic ¥inerals that Have Been Studied
Electrochenicall

1) Occurrence

N
Cer<alrn ore nminerals ogccur chararkerisstsically in sedimentary rocks,

by .
some can precipitate in oxidizing depositional enviropments as with

pyrolusite, Hnoz, or goethite’, Fe0«OH, while in reducing depositiocnal

»

environments, pyrite Fe52 is typical. In addition to pyrite, the
sulfides pyrrhotize Fe1_xs, chalcopyrite Cu?esz, galena PhS and

sphalerite 2nS occur in stratiform concentrations whose genesis

-

apparently involves sedimeptary processes. Bacterial reduction of
. . i . .
sulfate to sulfide has alsc been suggested for éome depcsits (170).
Formation temperature is another lmportant factor; the suliides of
iren, lead, zinc and copper are typical minerals of middle-temperature

-hydro—thermal veins.

2) Mineral Conductivity ;

Minerals with electrical conductivity neither. as good as a metal

like copper, nOr as pDpoor as an instlator like halite are defined as

semiconductors.. A semiconducgor necomes less © conductive at  low
temperatures (contrast metals) and has an energy gap between occupled

electronic states (valence band) and unoccupied states (conduction

_—

’ |8
band) usually much greater than kT.

Electrical conduction in semiconductory minerals 1s due t© the

mobility of free charge-carriers, and depends also on their

cencentraticn. The charge-carriers may be 0f IWo types: electrons

-



-~

the normally empty ,_conduction band -or holes in the normally full

L . .
valence band. Three sources of free carriers may be distinguished:

deviation from stoichiometry; trace elements in solid salution and

thermal excitation of electrons across the energy band gap'. The last

source is important only if the band"gap is-small or the temperature

5

is high- When 1t is dominant, the electron and hole densities are

equal and the semiconduction is termed “"intrinsic". Most

semiconducting minerals are "extrinsic", that is, the carriers are due .

to ¢donor cr acceptor defects, which represent nonsﬁoichiometry-anq[br
arise from impurities. ' ) - -

. AS was earllef documented by Harvey _(171), the measurgd
conductivity of natural extrinsic semiconductors--varies by several
orders of magnitude from one sample to.anotner, €ven when measurement

errors and the effects of éample neterogeneity are discounted. This

variation 1s in response to deviations in stoichiometry and/or purity

\

which are often as small as a few tené of parts per millied.

nless the densities of dconor and acceptor Qefectg balance very
exactly. the charge carriers in an extrinsic semiconductor are
predominantly of one type. The semiconduction is termedmn-type or »-
type accerding to whether electrons or holes are doﬁinant. Most
minerals - occur'only in one type. Typical exceptions are galena,

J - “
molybdenite and pyrite, for which n-type and p-type occurrences are of

comparable abundange.

Pnoto—excitation may, of course, alsc cccur and leads to_well-knodq
photo-electrochemical processes at semiconductors.

- 34 =



3) The mineral/solution inter<ace

_—

.The interface tween a zineral and an . acuecus phase is of great

technological-importance. The electrical impedance of the interface 1is
the basis o©of the “induced 'polariza:ion" method o©f geophysical
exploration (172,173). The eléc:rocnemical interaction Detween certain
dissolved organic additives and the mineral surface is the basis of

the flcatation method for ore concentration (174,175). I+ is known
that the space charge layer at the seniconductor-elestroly:te

interface 1s dependent on the band gap, the surface states and the

concentration of point defectis, which are alsc Zasic in determinin

14
the bulk electrical conductivisy (178-178). Thus, future theoresical
studies on charge-transfer interfacial phencmena involving. nminerals
and acueous -solutions may benefit from knowledge of bulk electironic

properties.

4} Structure and oroderties cf pvrite ~

Crvstal structur

4

The following §;mmarises the essentlial crystal strustur 2ata for

Systexn : éubic

Space group * = %05; Ig ; Pa3
xFeSZ per =S¥ 2.54 x 1022

Fe-5 distance: X 0.226 nn :

5-5 ° distance:‘ 0.218, £.386 nm

Fe-Fe distance: . 0.38% nm ’

)



The crystal structure of iren pyrites, FeSg, can be described in

rerms of the cubic rocksalt structure (179) as sShown in Tigure l.1l(a).

Tron atoms are in a face—centered cubic array. A covalently bonded SS
pair (S-S = 0.218 nm) (180) occupies positions corresponding to that

©f +the anion in <the rocksalt <type of structure. The unit cell

ceontains four such pairs, each oriented aleng one ofthe four distinct

body-diagoﬁals ¢f <the cell. Pyrite maf <hus bé reqarded' as a
derivative of the rocksalt structure type. The Fe éﬁom; accordingly
form an ogtahedron about the SS pair. Each sulfur atom is coordinated
by three Fe atoms and one S atom in a distorted tetrahedral
configuration; each Te is oéténedrally éoofdlnated~by s. Although all

Fe-S distances are ecual, she ocrtahedron 1s not “perfect, but 1is

sligh:tly compressed along one axis.

Benéing ] -
“
In an ioniz model pyrite is Z-"e2+_(52 . The molecule—-ion (52 )2"

would have fully occupied 2pn orbitals and an empty antibonding 2pC
~
orbital {(1Bl). The Fe2¥ icn has the configuration (3&)°. In the

high-spin s unpaired spins and hence a net magnetic

rt
v
ot
s
rt
= 4
m
*1
14
fu
"
m
th
Q
[
Lb 1]

moment but, in Dpyrite, the effective permanent nelecular moment 1s

zero (181). Evidently the FeZ2™- is in the low-spin state, which for

octahedral coordination has no unpaired electrons. The 3d orbital
triplet is completely filled while the doublet 1S empty.
1f +he Fe-$ interaction is strong enough to cause a 1bw-spin

L

configuration c¢f th

L
b4
Y
Q
ja |
b
r
'y
A}

obably &lso inveolves some sharing of
glectrons. This is also implied by the internuclear Fe-S distance of

0.226 nm, which is much less than the sum of the ionic radii, 0.260nm.

-
.
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Fig. 1-1: Cry3tal striwgure of (2) pyrite; (b) pyrrhotite; (c) galena
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Band structure and Band gap

Bither et al (182) Gave introduced a general band model wnich'they
have used to interpret thei: electrical, maghetic andxoptical data on
the pyrite-structure compounds sz, with ¥ = Fe, Co, Ni, Cu, 2Zn and X
= 5, Se, Te. The conduction band in FeSy 1s derived from the e

g

doublet of 3d orbitals on Fe, and in 1its upper part from the 4s
orbital: At tqs sulfur atom Bither et al. consider the conduction
band wave function £o be an spj nfb:;d. BEach S is in tetranedral
coordination by, three Fe and one S, and'the.wave function is supposed
+¢ have antibonding O character with r35P9C5—tQHS§EE neighbar.

Tne valence band is derived from the tZg triplet\Q{\EE/prbitals on
Fe and the antibonding 2pm molecular orbitals of the (52)2' group.
Since the sulfur atoms are in octahedral coordination about the iron,
the overlap 1is relatively slight.'.gence the wvalence bandé is narrow, 1
eV according to the photo-emission data of Li et al.&lBB).'f They also
found the occupled band derived from sulfur 3p.levels to be 7 eV wide
and just below the tzg.valence band. -

From the measurements on the optical reflectivity spectfum of
syntneti; pyrite, Bither et al (182) <found the band gap to be 0.9 =
C.1 eV. . Fukui et al (184) measured the photoconductivity spéctrum of
a natural pyrite at 77 K and found a ;harp\peak at around 0.9 eV, thus
confirmingathe conclusion of Bither et al. ‘ )

‘The Band gap has also been estimated from the activation energy 6f
- resistivity at about 500 K, where fﬁE pyrite 1s presumed éo be
intrinsic. Marinace (185) and Sasaki (186? reported values of 1.2 eV

&
and 1.12 eV, - respectively. Bither et al (182) obtained a value of

- 38 -



0.92 eV for.a simple synthetic crystal, while Horita (187) founé 0.77

eV for a series of natural crystals.

- Y

Electrical conduction - . .
K . . : ~
. . . - N ' '

-

Pyrite is found with both n- ané p-tybe semiconductivity.

Conduction electrons are nearly two ordérs of magnitude more mobile

than holes (182,184,185,187-190), and n-type pyrite statistically had

a lower resistivity than p-type as shown in Fig. 1.2 (191). A¥so p-
. « . * - .
type pyrite may have a negative, and n—-type a positive tepperature

coefficient of resistivety due tc thermal release of holes trappedrat

acceptors (185,186,190). - Common denor impurities are Co, Ni and Cu

(192-196), while aAs i5“the most common acceptor impurity (193). It

-

G " .
alsc found that there are sulfur vacancies in high-temperature pyrite
. ‘- ‘

and irorn vacancies in low-temperature pyrite (187,198).
— i

.

5) Structure ané Properties of pyrrhotite

‘Compositicn P (Z:f
i . L : .

The-compositidh of pyrrhotite is bounded by the formulae "FeS"™ and

) “Fe?Sa". Since the report of Carpenter and Desborough (199) was

.

publishad, pyrrhotite has been regarded 'miheralogically as having

.
]

three distinct phases: troilite, hexagonal and nonoclinic pyrrhotite.
. 4 ) X Fd
Troilite 1is FeS with no detectable departure from stoichiometry.

Mconoclinic pyrrhotite 1is Fe738, wnil® hexagonal pyrrhotite is gomplex
and not completely characterized. All natural samples evidently have
re—eguilibrated to room temperature where the stability range is

rather narrow. Arnold (200) found that a metastable solid solution of
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the three phases unmixes 4in adout two momths.

- ——

oy owen

- -
o

The zajqrizy of

terrestrizl TThotlte 1s an intersr £ Thexaggonal FeQSwo with
acnocliinic ?e?S: (20@,282) as in Ta>le 1.1.
St .
*
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Pyrrhotite, Felﬁxs' is an extremely complex derivative of the NiAis-

tTucture type which is important in mineralogy. Troilite,
-
stoichiometric FeS, has a structure derived from NiAs (Fig. 21.1(b))

throuch "small displacements of Te normal to the ¢ axis and small

drsplacements of S parallel o the £ axis (202). The crystal

tructures of, two other fgrmsvcf pyrrhotite are known in detail.

One variety has a b egual to twice the dlimensions of the ortho-

hexageonal doublé cell of Niks, in which <cthe £ axis Is four times

larger. Accerding te current nomenclature, this form is  100s&@%y

referred £o as "4c" pyrrhotite. The vacant sites (203,204) are
confined +t¢ alternate lavers c¢f octaRedral sites: in the Niis

configuraticn. The arrangement of vacancies within these lavers 1s
' ¢
indicated schematically in Fig. 1.3, where the larger open circles

.

. - 4
in:ica:@i:ne vacant sites. Sulfur atons, as well as the intervening

lzvers oI completely IIlled gctahecral sipes are not indicated. It may

De neted thet . the arrangement ¢f vacancies i1s <he same in each level.

The siructure of a second variety. of Dyrrictite (Fe7Sq) is also
- - - - R . H e 3 i
availarle {205). <This varietyv of pyrrhotite, 3C, is hexacoral with a

anéd ¢ ecgual 2 twice and <hree times, respectively, +the las

.

rt

ice
constants @ and £ of the NiAs sulstrucrture. ‘Th structure is schmewhat
analoéous to that of the 4c structure ia that :he array is slightly
distorted an the v&cant sites occur agaln on alternase lavers of

sites.
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Condudtion and impurity effects :

Pyrrhotite 1s always a good electrical conductor, although low
» - R

trolllite has a relatively high resistivity aleong the ¢c—-axis. Hall and

e thermoeiectr. data are difficult to interpret quantitatively, but

indicate carrier concentrarions arocund 109lem—3  for all "phases

—
{210=-212). AT high temperatures, conductivity varies inversely with

vemgerature (208,209) and is fairly incdependent of composition. These

Tesults suggest that all pyrrhotites should be considered as low

'
-

mchility metals.

Nickel, cobalt, manganese anc copper are the most common impurities

,201,202}). vaughan et al (202), found that Ni, up to 1%, has a -

- -
'
-

L)

smail but qgasurable effect on magnetlc properties, Dbut there is no

’ / .
A = |
(™

irect information abcut the ‘electrical properties. Thus i1f Fet. xS is

ccosidered to De a low-mekility metal, the indizated impurities shoulé

.S s usually considered o be ionic with ~composition
Te. Fe;,#.sz' where # means an iron vacancy. Tokonami et al (205)
R TR
found the x-ray diffraction intensities in Fe?sa 0 be insensitive to
this. Bin and Panthenet (213) concluded from the smallness of the

L™

- . : — - ad , -
:E?SQ speontaneous magnetization that all, .--e3 ions are on the

sublattice with iron vacancies. The Mossbauer spectra of F%’SS {214)

1
show no sign of FeJ* even at 4.2 K. This means that even at this low

temperature Fe2+ and Felt ions do not have a separate existence for a
time larger than the Mossbhauer transitien time, 19-7 to 10‘8 S.

“-/
- 44 -



The S-8 (i.e. se--L =) distances of 0.34 to 0.35 nm are
significantly less than tﬁ; ionic glameter-0-368 nm, so there mﬁst be
some electron sharing among thge close-packed sulfur atoms. Most of
the Fe=-S distances ark also less <than the sum-cf-radii 0.260 nm.
V;ugnan and Tossell (215) report =hat under pressure of 16 Kb the

Mosshbauer spectrum 1s completely changed. They interpret this as due

to the conversion ©of Fe to a low-spln state as in pyrite.

3ané structure, band gap and conducticn

There is no definite information on the pyrrhotite band structures;

the following is merely a specutlative assessment of the available

~

clues.
The reflectivity ©f nhexagonal pyrrhotite, studied by Von Gehlen and

Pillar (216), implies a peak in interband cptical absorption below 1.9

- -

eV, thus <the threshecld for interband transition must be quite low. -

Hall.and thermcelectric effects both indicate carrier concentrations

1 . . L g . .
on the order of 102—cm3, which with a resistaivity of 10 ~“ohn-m implies

A -l -1° . . . .
a mobility on the order of 6 cmZV'zs . This 1s too high for heocpping

of localized@ carriers, ~ so the electronic states must be delocallizead

(excéﬁt along the c-axis in low-FeS$). Kaplan and Worrell (217) noticed

-
.

that in hexagonal hicgh-pyrrhotite solid solution the conductivity is
1/4 to 1/5 that éf pure iron at the same temperature, and deereases
approximately as T'l. These data indicate that all Fe ., S should be
regarded as metallic with the Fermi level near the middle of the Fe 3d

4

band. The interband transitions suggested by the optical reflectivity

behavior are presumably d-d transitions.



6) Structure and properties of galena, PbS

Crystal structure

* The following summarises <the essential crystal structure data for

- galena: ' ’ ///'“‘\ )

System : ubic

Space'g:oup =, 225; Og ;.?ﬁ3m

Cell dimenslcns: a=0.593 nm ,

oS per cm-: 1.92 ¥ 1029 f

Pb=-5 distance: 0.297 nm ) .
Po-Ph  distance: 0.41l5 nm

5-§ d.lstance: 0.43X5 nm

Galena has the well-known structure of halite (NaCl), Fig. 1l.1(c).
The § atoms are in cubic clese-packing with Pb atoms in the octahedral
interstices. Tach S8 has six Pb neighbors at 0.297 nm and twelve S

e

, > ]
next-nearest neighdbors at 0.416 nm.

Bonding

The NaCl structure is traditionally associated with ionic bending.
it is expected f%r ionic RX compounds where the ratio of cation radius
+o anicn radius is in the range 0.41 ko 0.73 (218). iThe Born' ionic
model accounts fairly well for the obsérved bond energy (219),
although not és accurately as in the alkali halides. In the purely

ionic model, S2- nas a fully occupied 3p subshell, while P2t nas an

occupied 6s subshell an@ an empty 6p subshell. The sum of ionic radii

.



(0.340 nm) 1s somewhat larger than <the actual Pb-S internuclear

R .

aistance of 0.287 nm, which indicates some electron sharing. Krebs

- .

(220) considers’that partial covalence occurs by admixture of lead 6
5 2

orbitals inte the sulfur 3p orbitals. This tvpe of bond is appropriate

for dual octanedral coordination. .

Band structure

I

Several calculations have Dbeen hade 0f <the electronic band
structure of galena, * a problem rendered especially difficult by the

large spin-orbit coupling in lead. The recent calculation of Qverhof

and Rossler {221) appears ¢ have overcome this difficulty anc

££3
produced a structure consistent with a large guantity of experimental

data. The valence band is about 7 eV wide an® is derived primarily

from sulfur 3p and lead 6s orbitals. Thus, the full band contains
eight elect?on; per Pbé formula uqit. At the top of tne‘band the wave
functions have a sign}ficant lead 6&s component. This has been
confirmed in PbTe (altaite) by Weinberg and Callaway (222). For the
conduction band edge, the wave function has 6p cnafacter at the 1gad

atoms. Some 15 eV below the band gap are fthe rather narrow ands

derived from the lead 5d and sulfur 3s orbitals.

Energy gap "’,”"”;_\\\/////

The energy gap between the full wvalence Dband anhd the empty

o

conduction band is about 0.37 év at room temperature. ApproXimately
this same value was obtained from optical absorption measurements

(223), photoconductivity«(224) and the temperature dependence of the
A T

Hall effect and resistivity (225).



The energy gap has a temperature coefficient of about 4x10‘u ev k-1

(233), so at 77 K it is decreased to about 0.25 eV. This change is in

she opposite direction from that usually found in semiconductors.

ot

.3.2 Structures of Qrganigc -S-E and -5-S- Compounds that. Have Been
Studied Elecirbthemicallv

i

Cysteine; 2-aminc-3I-mercaptcpropancic acid. Found in hydrolys:s of

proteins. Oxidized rapidly to cystine; N-protected derivatlves, useful

[
. HDOC—C—C—SE (1)
I

Cystine; 3.3'-dithiobis(2-aminopropancic acid], <ithiodialanine.

i . . . - :
Widely distributed in proteins, regduced to cystelne; N-protected

derivatives.

.
e
0
.
ol
.

SEEEE
3 o HOOC—-C——?——S-—S——?-—T-—COOH (II)
‘ .
o oo 5 NH .

V'
P

L)

a-Lipoic acid; 1,2-dithiolane-3-pentanoic acid, thioctic acid.

.

Natually occuring isomer, which is a ’gécwth factor for many bacteria
and protozoans. Used to treat liver disease and in cases ¢f Amanita

toadstool poisoning (liver necrosis).
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COOH

The electrochemical behavior of materials 1s intricately connected

F

with local surface chenistry of the substance involved and the double-

laver preopertlies

Q

£ the interphase at thelr surfaces. In particular,

the way 1n which the interfac:al properties may change with potential

of <the surface and <the _condi:ion cf 1xrts environment, 15 of

.

considerable interest.
‘The use of electirochemical technigues and complementary optical

. methods for the study of reactivity and electrical propertlies of

-

mineral sulfide surfaces- is a field of impeortance in electrochemical

surface sclence and in the surface chemistry of minerals.

These methods and technigues give: (a) a general xdea of the

1]

lectrochemical reactivity of <the material, poth i the aneodic

direct

=

on for oxidation processes dnd€  in the cathodic direction for
reductlion ©f any oxidized surfaces formeg in  the previous ancdic

olarrzaticn and for cathodic products developed oo the surface

g

[

nitiaiiyy (b) information on whether the electrochemical polarization

leads <o formation of any soluticon-solubie species o©on account of

oxidatisn or reduction of the surface at various potentials over the

-4,9_



[
range scanned in the exXperiment. This turns out to be a useful

approaén in. distinguishing various types of processes that occur on

the suyrface- as a function of electrode potential; {¢) 4information

) concergzﬁg different tates of cthe surface that may be formed cver

T @different ranges of poiential with regard to how the production of a

changed trate of the surface i5s related to the properties of the

interface; anc (4) indication ©f any reversible electrochemical
']

Srocesses, 1nvelving the surface or the Dbulk of the substance, that

are of speclal kinetic and »racgtical significance.

The combinaticn of these .néew lines of nformaticn on  the

electrochemical bahavior of mineral surfaces as a functicn of

potential are very useful and important in industrial applications as

well as in basic sciegtif:c research in the fields of surface science

of mineral crgftals, battery cathede development, corrosion studies,
: i

mineral separgtion and semiconductor pnoto:cheplcal energy coenversion

anéd associated interfacial phenomena.
Interest 1n the electrochemical behavior of corganic sulfides arose
comparatively with respect to the work on FeSp, Fei._xS and PhS. in
[ Al T L 9
particular, the gquestion of interest was whether 3Scme organi

. i . oo .

be reversibly reduced to thiols like the Sx ion
. 5 5

the surface of FeS, (in that case: S5~ + 2 e = 2

Ny

. . . - : .
S<7). Also, the role of chemisorpticon or surface compound formation
. \ . - -
0f Adisulfides and thicls at the Hg electrode is of interest in their

electrochemistry (cf. refs. 140,141,143)' including their so-called

il

catalveic effects on the cathodic 52 evolution reaction at Hg.-

s

S



Accordingly, 1n this work, some attempis were made to investigate
pessible reversibility of disﬁlfide reduction at Hg and comparatively
) >
at Au, and to characterize the role of mass-transfer and surface
reactions in the electrochemistry of the processes involved. All will
be seen from the resulés, the processes are of unexpected complexity
but some progress can be made 1n.elucidating the electrochemistry by
&

conducting cvclic-voltammetry experiments at limiting conditions of pH

and with selected compounds having appropriate structures. '



S

‘electrochemical reaétivity o

Chapter II

EXPERIMENTAL ) »

2.1 GENZRAL:CHOICE OF METHODS ™~

-

In the present work, emphasis 1s given to the study of <he

th

two ironr sulfides (pyrite and

pyrrhotite) and lead sulfide (galena) over certain potential ranges in
. - . . N .
solutions at  various pH's, and comparatively, ~ of several organic

- ]
o -

‘sulfldes under similiar conditions. Because, on the one hand, surface

reactions of the mineral crystals were to be investigated and on the
- . . »

other, reaction of organic sulfides at concentrations limited by low

sclubilities, s:teady-state methods were not generally applicable in

the work, since steady currents, at various potentials, woulId not be

maintainead. Thus, limited solublility of reagents places an

unavoidable restriction on methods available for use in the work, e.g. -

steady-state polarization experiments without diffusion limitation
.

conditieons, are not feasible. Hence some transient method (s) was

(were) required. For convenience, and on account of? it. good

resolution of successively ocguring processes and its capability for
» .- .

distribution between both reversible and irreversible processes, and

of surface and diffusicon-controlled reactions, the method of cyclic- .

voltammetry was used predominantely in the present work. - The

following experimental technigques were therefore used in the study of-

/



\ ' .

this topic: (a) Cyclic-voltammetty and  volkammetry after

A ]

potentiostatic holding ' of the électrodﬁ potentials at various

controlled values. (D) An examination of how the c§frent-voltage

‘curves which result- from voltammetric studies depend on mass-transfer
s L

- atr the interface or surface processes at [the sulfide riineral

L]

interfaces. This was achieved by use of rotating-disc electrodes.

(c} Procedures (a) and (b) weré-cémplemented by scanning electron

microscopy ané X-ray emission -dhalyses.

v

Scanning electron microscopy was used to view the changes “of the

.

’ ] ’

: : W . / : )
surfaces of F982 and ?el_xs.pefore ana aft&f“écnt-olled potential
cycling. . X-ray emigsion analyses were performed in the electren

. .

microscope on the ‘samples before and after the electrochemical

<

experiments in order to determine changes in <the Fe:S ratio in the

surface region of the electrddes and teo .detect any changes of surface

3
mOrphology.

- _ A
aporoach (&) gives a general idea of’ the elecyrochemical reactivity

~

of the sulfides, -both in the anodic direction for oxidation processes

‘an@ in the ca:nbdiq direction for reduction of any oxidized surface

species formed in the previous anodic polarization and for products in

a redlce¢ state- develcoped on the surface initialliy " or after cathedic-

_ .potential scans. - Metnod (b) gives information on whether® the

B .

electrochemical polarization leads to formation of . any solution-

. . e .
soluble species on acceount.of oxidation or reductiofi of “the surface at
Y .

. - ' * . y .
various potentials ‘over the range scanned 1in . the experiment.

-
-

-interesting effects are observed when, at some sulfides, a solution-
& ; N . c o
.
+ 50)luble species is formed while at others a species remaining fixed or

- S ’

- -
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adsorbed to the surface lsgproducec- This approach turned out to be a

useful one in distinguishing various types of processes':na: occur on

- . -

- ) ! . . ~ .
a sulfide.surface as a function of electrode potential. Method (C) 1s

provides a means ©f making an analvsis of

to 40 am depth) of sulfide materials De
aszerl elecorocnemical treatment and also o observe directly, by means
o0f scanning electron MICroscopy, tne morphology o©f these surfaces

afver variocus treatments.

-

The combination of these +three methods has led, in the present
work, +o 1nteresting and ‘new information on the electrochemical

[N LS ’
benhavier ¢f mineral sulfide surfaces as a function of potential.
I

The previously published work (140-;43) has indicated the possible
role of Hg surface .complexes with several organic sulfide adsorbates

such as cysteine and c¢cystine. in- the present work cyclic-voltammetry

o

were employed to characterize: {a) the various stages of pxidatioﬁ and

reduction 0f sulfide adsorbates at Hg; (b) the potentials 3; which
. ~ .
these various ' processes ~ take place - 1in anodic and cathodic

: . P . — ‘ .
potentiodynamic sweeps; (¢) tne effect of sweep-rate on the various
peak curgehis; (d) the relation Dbetween current peaks on cathodic

sweeps and those on anodic sweeps. to establish conjugate pairs that

correspond witn one another (this is achieved by conducting cyclic-
T : ) .

voltammograms from progressively increasing potentials iﬂ successive
cyéleé} ané, (e) time effects in tné cygling.yegime with holding the
potehtia} constant at gome peint. Aiso, the dependence bf peak
currents on . the sﬁlfide compound concentration was investigated 1in
relaticen to diﬁtinguisning Dulk diffusion from su?face ‘reactiecn

.

zcontrol of the current.

.




Some comparative experipments have =2 pe made aT AU, Px  anA
- .

- -

"y
tr

electrodes, including the effeces 0f eleztrode rotation.

2.1.1 Cvelic-Veltarmesrv Sufriment J

v o ~——t

Crclico—veoltammetTy has become a very useful and freguintly emploved

technizue for Initial electrochemical studies ¢f new systems and has
’ 4

- - L]

preven, valuable'in obtaining informatlion about fairly complicated

electrode reactiens, espegially these Inveolving a2d4sorbed secies or
: .

=
surface ccoopounds.

Some principal aspects of the electrochemical behavior of & svseen
can e cbtained <through a series of stepwise changes o©f petential +o
successively Ilncreasing potentials (V) with recording of current (I)

Vs time Iesponse curves Lo give a three-dinmensicnal I-t-V-strface I
N .

2.1 (227).  However, <the accumtlation and analysis of these data can

be cunbersome; also it is net usually possible Lo distinguisn or

Nl
.
idenitiyv the presence of variocus species <rom the recorged I-t curves
alone. Thus cderivation of well-resolved I-V curves is needed. More

infcrmation can De obtained in a single experiment by sweeping the
potential with time and recording the I-V curve direc=ly. Ustally zhe

potential is. varied linearly with time at a sweep-rate s, with the

| ]

current Yeing simultaneously recorded as a functiion of potential, Fig.
. v . : '

2.2. Reversing the direction of the potential scan after the peak

current of the reaction process has been passed is a usual procedure.
. N

-

Thus the potential 1is scanned reversely bevond the peak and then

reversed again *in a further linear sweep, or in a continuous

repetitive, manner ("cyclic-veltammetry"). Such a technique provides

Al

R S

s
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Fig. 2-1 (227): . ‘

(a) Representation of a portion.of the i-t-V surface for a
Nernstian reaction. +Potential axis is a units of 60/n mV.
(b) Linear potential sweep across this surfaces

B ; CAve—ar

1
|
!
|
|
]
!
'

1
0 Switching ume_ )

1 — E ]

o)

-
¥

Fig. 2-2: (a) Cyclic potential sweep. {b) Resulting cyclic voltammogram,

“T
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‘information concerning

behavicr anéd characteristics o0f° <the

I~ & Q‘

£lectrochemizal process and also gives insight ipto any complicating

-

side processes such as pre-electrochemical and pcst-elec::ﬁ&hemical

chemical reactions, as well as kinetic cons:derations .such as slowness

of charge-transfer steps o©or the development ©f lim2%ting currenss due

Te &  pre-electrochemical chemical step such as dissociavion,
chemisorption cor LsomeriZation. The resulting I vs V relation 1is
: . R .

shown in Fig. 2.2.

The complete electrical circu

-

Lt utilized in the cyclic-voltamnesyr
experiments. is iliustrated in Section 2.2 on "electrical
instrumentation®.

\ o ' ye

2.1.2 Rotating Disc Electrode (RDE) Experaiments

Conventional magnetic stirring 15 not a very efficient or

)
controllaible means of varying the rate of mass-transfer to a small

r

electrode and is seldom used in voltammetry. However, <he rotating

disc electrode 'proviq2§ a guantitatively contrellable mass-transfer

rate and is one of the most useful and easy ways c¢f providing
- . )

hvdrodynamic flow control at an electrode.

The disc rotabes -precisely about a central .vertical shaft. Only

the bottom surface of the disc is used as an ‘\electroactive surface.

Electrical’ connection is made through a controY{ conductor by means of é{k

. .
a prush or axial contact. _ : \\\

The electrode is connected to a ASR2 rotator device made by Pine

Instrument Company, Grove City, Pa, U.S.A., and the rotation speed w

is'controllgd by change of tge appiied voltage througn a ASR Speed



LY

- . . £ -
Control which has been caljbrated to anl accuracy tter than 1% of the

-

dial reading.

The preparation of the RDE's used in the present work 1s described

in Section.2.9 on "Working Electrodes”.

1.3 Scanning Zlectron ¥icroscooy and X-ray Emission Analysis

Great cepth of focus, the pos5sibility of direct cbhservation of the
external form of real ckjects, the ability to switch rapidly over wide
ranges o©f magnifications and the ease  of operation anaé sample

- LN ‘ .

preparation.make the scanning electrorn microscope a very important and

-
1

widely used tocl for the characterization .of soli surfaces 1in
- i ’ )
electrochdmistry and materials science.
In present work, the Semco Nanclab 7 scanning electron microsceopy,
which was interface¢ with a Microspec WDX-210 wavelenth dispersive x-
ray spectrometer, was used <to obtain electron micrographs and
elemental ratios in the surface regions of the specimens. Especially,
indicationd of morpholgical changes of the surface of sulfides, due to

v
cyclic electrochemical pré%esses, were gsought.

/.

S

ha

- =

—_

2.2 ELECTRICAL INgTRUMENTATION

¢

N .
2.2.1 Basic Princiﬁles of Potentiostatic Control

. Usually, potentiostats consist of an operational amplifier with

4

high-impedance.inverting (-} and ron-inverting (+) inputs, coupled

with a rabidly responding power ampIi{;er with a low impedance cutpug,

.

as shown in Fig. 2.3.

‘\



Fig. 2-3: Schematic diagram of potentiostat with electrachemical cell.,

-
.
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The control potential g (controlled by manual adjustment or by
means of a function generator ©r minicomputer) applied to the non-

inverting (+) 1input of the operatiocnail amﬁzifier is compared with the

exlsting potential Ee of the inverting {-) input. The difference of

these two voltages, @E, is greatly amplified by a factor A(w) and
; :

applied Tto the input o©of the power amplifier as the controlling

. I
variable dE.A{&), Alw) is the open loop gain of the operational

v
P

anplifier which usually depends on frequency.

The power amplifier supplies the output current I (up to 1 or 1C A

b

in most instruments) which is reguired in the controlled system (an
I
P -
electrochemical cell)- so that the existing voltage T, Dbetween the

v

reference electrode R andéd the working electrode W is made almost equal
‘ ) "
(within 0.2 to 1 mV) to the control voltage E..

-

The difference dB- between E, and E_, , becomes smaller-as the

~

/’ differential voltage '~ gain A(w) of the operational amplifier
L

increases, anéd also as the output current and <the sum o©of the

. resistances in the output circuit of the power amplifier decrease.

.

C:) . . This sum of the resistances consists of the internal -resistance Rj
/f N . . - y
i 0of the power ampllfler,xftne resistance of a current meter or recorder

Rp. inserted into the output F&?::::\ and the terminal resistance Rcw

of the electrocﬁemical'celllbetween tne counter electrode and working

. . - -

cell geometry. . .

[' electrode, determined mainly by'the electrolyte conductance and the

. ' . Using the gquantities defined above, the difference between ‘the

.

control voltage and the actual voltage is given by :

3

dE E, - Ee -

{1/8(03 (Ry +Ry#Rag) - BRI

. ‘ - 60 -
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~t,

ideally, AE is close toc zero or very small, due to Ia or R deing small

and A(w) JHeing large. Thus there is almost no currena\sissing through

the reference electrode, which is maintained <herefore at its

ecuilibrium potensial.

A Servomex LF-141 wavefOorm generatqy is used to adjust the control

potential Ec of the Wenking potentigstat 1in a prese:t way and the

0
[+
a}
L]
14
S )
[}
3.

nsity is automatically reccrded (after cenversion of current

to voltage by means of a decade resistance bex) vs petential using an
Omnigraphic 2000 X-Y recorder. This arrangement gives direc: plots of
cyclic voltammograms. A bleck diagram of the circuits is shown in
Tig. 2.4. For sweep-rates that co::eépond ©0 slewing speeds of the

recorder greater than full-scale in 1l %o 2 s, an cscillosccpe; in
an =Y modg; rust be used to record +the cyclic voltamrmogran.

Alternatively, fast digital acguisition systems can be used for

-

 recording conjugate ¥, V¥ signals.with the cyclic veltammogram being
‘ {

construzted s&bsequently.'

2.2.3 Use of Potentiogstasts in the %;vanost tic Mode

A potentiostat can.‘be used as a galvanostat Dby modifying the

connections to the electrochemical cell. Instead of controlling the

. > ) o .
potential difference across the cell, the instrument controls the

current through the cell independently of the electrochemical reaction

¢

proceeding within it., # 7 .

U ] -““ th | :



- . /*\_—m\k
\ -
The control of current is achieved by inserting an external
resistance Ry 1into the réturn current lineiéﬁsg the working electrode
to the potentiostat. Passage of current produces a voltaée drop IRy
at Rx to ground as the cell curreﬁt flows through it. _ This drop is
then applied to the inverting input of the operational amplifier and

compared with the control voltage EC at the non-inverting input. Any
deviations between the voltage Ee across R and the set voliage EC are
greatly amplified in the operational amplifier aﬁd'used to correct ;he
-cell currentlqu & value ldentical with the desired output current ofl

the power amplifier. Feed-back response times are commonly on the
crder of 1 to 10 pus, depending on the impedance of the instrument and

that of the cell and externdl circuit. These consideration apply also

to voltage ¢control in the potentiostatic mode.

ti

rem the egquatiocn

&

a

o]

= [Ia/3(w)] (R{+R#Rey)

it is found that the relative deviation of the controlled cell current

4

I, from she expected current, calculated by i=EC/Rx with ai=I-I_, is

again inéersely proportional to the gain A(w):

al/I, = [1/2()] [Ry*RyF R4y Ry ) /Ry

’

For accurate contrel of the current it is seen from the above equation

that R, shonld be comparable in magnitude with the sum ' of the other

- -

resistances.

t
The controlled current or the potential can be adjusted eikher,

manually or by means of a preadjusted function generator.- The block
- p .

diagram is shown in Fig. 2.5.
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Fig. 2-4: Block diagram for necording current-densiky vs potential éhrves.

Fig. 2-5: Schematic
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2.3 CHOICE AND PREPARATION OF SOLUTIONS

L4

The choice of solvent in an electrechemical investigation usually
is aicrated by circumstances and focused on the particular system and
«he information that can be gleaned from the electrochemical étudy.

The solvent properties of+ electrochemical impo:tqg%e include:
protic character (acid-base properties); anodic and cathodic voltage

limits (related <to redox properties and pro:ig/cnaractér); metual
) s

. - Sclubility of the solute and sclvent; and physicg - chemical properties
; .

of the sclvent (dielectric constant and pelaricy, denor or solvating

- -

propertiés, liguid range, viscosity, and spaciroscopic properties).

-

Practiczl factors also enter into the <cholice and include <he

availabil:ity and cost of .the solvent, ease oI purication, texicity,

. -

and general edse of handling.

] L]
-
e

;“eré are several ways-in which the éolvent-éupporting electrolyvte

systeé ¢can influence mass-transfer, the eléctrodeKEeac:ion {electron

cransfer) and tﬁe chremical reactions wnich_ are coupled o tﬁe

electron transfer. The g@iffusion of an elegtroactive épecies will De
N .

affected not onl§ by the strength of the solute-solvent interactidns

which deternmine t?e size o©f the selvent sphere; the solvent also

plays & crucial role In protc® mobility. , -

T . . ' .

-—f’”‘ ' The use ©f an indifferent or "inert™ sipporting electrolyte 1is
) , | ) i —

Indispensable in electrochemistry and affects the solvent medium in

‘several ways: (a) £ regulates cell resistance and mass transport by

electrical migration; (b) it may CONLrol or "buffer” the level of

-

nydrogen ien activity in sclution: (c¢) it may associate with the

_" electroactive solute,  as in the complexing of metal ions by certain

-
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limits because of its redox properties..

)

-

Al .
ligands; (d) it may form ion-pair or micefi;r aggregates with the .

electroactive specles; (e) it largely determines the structure of the

-3

double-laver; and (f) it may- impose  positive or -negative voltage

-

2.3.1 Preparation of Inorganic Agueous Solutions

Pvro-distilled watér was used for all solutions, - The qua%}ty cof
)

-

*his water have .peen discussed elsewhere,dby Conway and CoO-workers

-

g N g_& . X .
(228). iﬁe use of this type of water is desirable for most surface

.

electrochemical work.

.

1) Perchloric aciad soluti@.
t>

HC1C) solutions were utilized very often 1in thls work. The acid
solutions were made up volumetrically from BDE Aristar HClCy (a very

high purity grade) and pyro-distilled water. '~ The electrochemical

purity of -~these solutions was found toO be excellent as indicated by

\

P v '

the i-V benavior of a  platinum electrode in a cyclic voltamme:try

experiment. HC1C!, was chosen as the supporting electrolyte for most

of the work at acid pH's -as it can be cbtained very pure and also its
. £ '

anion is only weakly specificallyfadsorbed at Hg and other metals.

2) Hydrochloric Acid solutions.
Hydrochloric acid solutions used in the experiments were\brepared

vdiumetrically from BDH Aristar grade HCl and pyro-distilled water.

-

}

3) Potassium chloride solutions were prepared volumetrically from 2X

'recrystallized KCl, dried at 423 K in vacuo. A.C.S. analytical grade

KC1 was used with double-distilled water.
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4) Sodium perchlorate solutions were prepared volumetrically from BHD

~ ) .
- ™MAnalar" Grade NaClQoy H-ZCQ and douple-distilled water.

5) Disodium™ ‘hydrogen ‘ brtnobnospnate_ and sodium dihyvdrogen

orthophesplate solutions were preéared volumetrically from. BHD

"analaR™ Grade NazHPOu lZHZO and/or NaHZPOu with double-distilled

water 'tc make up buffer solutions at various pH's. _,-?

&) Sodium borate solutions were’ prepared volumetrically from 3HD
"AnalaR" Grade Nazauo? 1080 with double vdistilled water to make up
buffer solutions at various pH's.

7) Sodium carbonate solutions were prepared volumetrically Irom BHD

" "AnalaR" anhydrous Nazpoj “and double-distilled water to make Uup

solution at pH 1ll. C ot

g8) Buffer solutions. Bll buffer ' soluticns were prepared £rom the

stock solutions made individually,” as indicated above;

o O . 1M HClOn
1 0.1 HC1Oj
2 88m1 0.2 KCT # 12ml 0.2M HC1
3 | 0.001M HC1Oy .+ - 0.1¥ Nacioy
5 20ml ¥/15 NagHPoy + 980ml M/L5 NaHZPQ,
. 2P : rS

. £
7 692ml M/15 Na-#POL + 308ml M/15 NaH PO,

S 0.1¥ NagBLp7 “
'/0‘\7 . R . - . A . . . .
11 ) 0.1 NaxXo3 - oL S
i ‘ E
. >
e
.
. . &
B - 66 -



Most of the ‘“solutions ;ere prepared from bercnloric aciae, sodium
perchlorat;m or other sodium salts in order to minimizé specific
aﬁs&?ption, this being smali with Na* cation ana Clof anion .at
sulfides (175). The probable adsorption of Na¥ ion on sulfides in
strongly basic solution prevented this s:ESy from being sa:isfactory.
in nlgh_pH solutions. : ) - J/ . .
.~ All solutions used were decxygenazed by bubbling a sliow st{eam of
purifieg N2 gas through them pricr to the exéeriments for 30 minutes
and during the experiment itself !as indicated).

9) Py%o=qistllleq water

Recentiy. it na§ been found to Dbe difficult to prepaée pyre water
free from organic, gurfaceractive contaminants by means of
dis:illation, even from alkaline potassium cermanganate.

The orqaﬁic contaminants commonly present in’ domestic and
industrial water supplies are steam-volatile and are hence not_removed
by distillatiog. Conway 1&nd co-workers (228,229) ﬁave developed a
pyr;-distillation teghnique for further pq{;fying regular Bagnstead
distilled , water, which meets the requirements -~ for use in
electrochemical studies, particularly on surféce processes that are
very sensitive to adsorption of 1mpuritiés. Tge principle invélvec~is
ﬁyrolysis of -organicTimpurities by passage of the steam th;ough -a
column of silica at 1023 K in-a stream of oxygen. The hot colﬁﬁn
contains a 90% Pt/Rh gauze which provides an efficient ?one for the

catdlytic oxidation of organic trace impurities. The pYre-

distillation apparatus is shown inm Fig. 2.6. .

4
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At first, directly-distilled water from a regular agueous Knncu

"distillation is syphoned -into the boiling flask threugh a glass tube

+

system. The pyro;distillation was then operated so as .to recyclé the
wétér as steam :hrodgn‘tne.catalytic furnaCe for 48 hours with passage
of purifiéd 02. at abo;t 1 emJ s71. 'The setup was pfovided with a
Soxhlet type ovérfiow syphon which Teturns ido cm3 volumes of
condensed pyro—dlgtilled HEO back to the distilliﬁg flask every hour.
The distillaticn kaé continued for 48 hours before the purified H-O
was collected for use-in an experiment.

The purity of such water for electrochemical measurements has been
i1scussed Dy Conway et al (228) in terms Of surface purity ané E

adsorpticn behavior at Pt in selutlions prepared from pyro-distilled

"H, 0  in comparison with ordinary distilled water at University of

L

ttawa. The specific conductance ¢f thils water Wwas too low to be
. ) ;
w

measured. The conductivity ‘cf the .pyro-distilled water was

consistently less than 10-7 ohm—Lcmi.

- '

2.3.2 Choice and Preparation of Organic.Sulfides

o

= The compddnds chosen were those having an -S-5- linkage between two

similar parts c¢f the molecule as with cystine (a disulfide), or a

cyclic -S-5- linkage as in g-lipoic acid (thicctic acid). 1In the case

of cystine, the reduced form of the molecule, cysteine, °~ was also

. examined comparatively. . .

~

. All solutions of cysteine, cystine and a-lipoic acid (from Fluka)

# .
were made up in pyro-distilled water at appropriate concentrations by

weight and the PHE's were adjusted with suitable ' supporting

&) .

electrolytes {see p. .
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2.4 - ELECTROCHEMICAL CELLS

« -~

The electrochemical cells used in this work were fabricated from
PYrex glass as shown in Figs. 2.7. and 2.8. The ¢umulatiﬁé experience

has Dbeen that substantially "cleaner® results can be obtained by

-~

simplifying the cell design as much as possible.

The reference electrode compartment is separate but is connegted to
A

. ‘ \

. -3 \
the solution and electrode in the working electrode compartmena)by a
Luggin capillary whose tip.is placed clese to the working eléctﬁﬁde in

order to minimize the error in the measured potential associated with

IR drop in  the solution between the tip of the Luggin capillar& and

the working electrode.

2.5 CLEANING OF GLASSWARE

All electrochemical cells,' including those used for optical-

"reflectance and photo-effects, were s;g&ed in concentrated CrOB—HpSOu

mixture for 24 houwns Defore use, followed by therough rinsing in

double-distilled water. The cells were then filled with pyro-

Fl

distilled water and allowed .to soak overnight, Prior to wuse, the

cells were filled with the appropriate solution and allowed to soak

»

for 30 minutes. The cell was then emptied, rinsed a second time, and

filled with the solution required for the experiment.
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2.5 PURIFICATION OF GAS

Since oxygen i3 chemically very reactive with many substances and °

electrochemically recducible, it is necessary to remove traces of

oxXygen from hydrogen gas (for the reference Pt/H2 electrode) and from

the nitrogen gas used for deoxygenation of the solutions prior to

conducting exXperimental runs.

The standard. procedure* for purification of Hy and N, ‘as used in

this laboratory was employed . Phe gases are passed through a gas
— :

train (230-235) 7 consisting .of molecular sieves (BDH type 4A7),

partculate Mg(CIDLL)2 as desiccant, Cu turnings at 623 K foliowed by

three activated charcoal traps cooled by ligquid N2 as shown in Fig.

2.9. In the H2 train, a tube cohtaining palladized asbestos, at 623 K-

is included for complete removal of traces of 0P The H2 used was

electrolytic grade.

2.7 REFERENCE ELECTRODE

-

The hydrogen electrode established at Pt is'universally adopted ;s
thé primary standard with which all other e€lectrodes are compared.
Because of its high degree of reproduglbllity-énd comparative ease of
preparation, it was used throughout this study. The activity oé the
Ho electrode 1s assured by the electrodeposition of platinum ﬁlack
upon a bright Pt metal substrate. The ngdroqen electrodes used were
periodically check®d against a standard calomel electrode (see.belcw).

Prior to making the Pt electrodes, the platinum wire and gauze used

for their construction were degreased under reflux with acetone in a

Soxhlet apparatus for 12 hours. . -
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The gauze was spot-welded to the short wire, then the latter was

-
~

sealed 1into a soft glass tube to make an electrode as in Fig. 2.7:R.

Before platinization, the electrodes were cleaned by brief

immersion in a warm solution of 50% aqua-regia (three volumes of 12 M

' hyagochloric acid with one volume of 16 ¥ nitriec acid_ana four volumes

-

of pyrordistilled water). This mixture alsoc can be used to strip the
platinum black from used electrodes. -fne electrodes are then washed
in 16 M nitric acid, rinsed with pyro-distilled water, cathodized in
0.01 ¥ sulfuric acia aﬁd’giveﬁm a final thorough rinse witﬁ pPyro-
distilled water. Tﬁe cathodization step is designed to remove sﬁrface
oxides and should be carried out promptly before platinization,’

Feltham and Spiro (233) have surveyed platinizing procedures and
recommend a Solution of 3.5% cnloroplatiniq acida (H2PtC16) with
0.0005% lead acetate, with electrolysis at a current density of 5 mA
cm'2, S0 that there is only a slight evolution of gas (H2 and Clz);
good stirring is necessary. The directicn of the current was revérééd
every minute and the p}atlng was allcwed to proceed until a moderately
Lhick coating of grayisn-biack platinum was obtained. The electrode
wal then repeatedly washed with distilled water, followed by several
washings in pyreo-distilled water and stored in pyro-distilled ter.
" If Ary electrodes are exposed to air for a preleonged period, £ne1r

. 'cataaytic activity is lost and they musé be replatinized before use.
The active surface cof the platinized electrode should be covered
completely by the sclution. When in use, it should be supplied with
pure nydrogen gas at the rate of 1 to 2.bubbles per second from a jet

about 1 mm in diameter.



Electrolytic grade hydrogen (available coémercially in cylinders) °
is a convenient source of HZ gas. It typically-céntains 0.15 to D0.20%
of oxygen ang 0.03 to 0.05% _ni%ngen. The pdEEEEIEE_3¥"4£7hydrogen
electrode will be Dbiased by the partial pressure of dissolved bxygen
in +the solution because ”the oxygen 1is readily reduced at the
catalytically active surface (234,235). Iherefore, oxygen should be

removed from the hydrogen gas, as described above.

The most convenient method for producing a supply of Ary oxygen-—
free HZ gas employs heated copper gauze (or BTS) with a palladized
asbestos catalys:t in conjuncticn with melecular sieves in a system

‘ ‘ L IO
such as was described in Section 2.6 on purification of gas.™” Thgg/,)
¥ -

output gas will have an oxygen and water gontent each below 1 ppm in a

carefully built system.

For <this P:/32 reference electrode, the electrolyte in the

-
reference compartnent was saturated with H as for at least 30
P 2

minutes prior to the experiments. )

A saturated calomel electrode (SCE) was used as a calibrating
reference electrode to check the Hy electrodes used. It was

-

satisfactorily reversible and gave stable potentials.

2.8 COUNTER ELECTRODE

The counter electrodé, whose onlj function iﬂ?a cell is to provide
2 neans of passing the electrovlytic currenk, should work without
introducing any high -resistance in the circuit Or any new species in
the solution which couid interf{ere with the study of the process to be

investigated at the other (working) electrode. An electrode made from
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the same mater}al as that to be used as the working electrode, anad
passing current Dby the reverse of the investigated reaction, lwouid
-
therefore form the ideal .counter electrode. In this way, no
contaminants would be produced from the counter electrede. Under s;cn
conditions the electrolyte concentration in <the cell would remain
constant under ceonditions of stirring. However, 1t is not often that
such a counter electrode can be made and used. Therefore, & counter
electrode made from relatively inert materials sugh as Pt can usually'
be used Qitn various working electrode materials.
In present wWork, the couﬁter electrode was made from é: wire and
, the same pretreatment and platinizations_procedure ‘were used as
described in the previcus section on reference electirodes. It is
important that the counter electrode wire has a perfect leak-proof
seal to 1ts glass holder.- Again, soft glass is used for this purpose.
; \

) Do

. ———2.9" " PREPARATION OF WORKING ELECTRODE

.

The workiné electrodes were of galena‘(?bS). P;r;te (Ee§2) and
pyrrhotite (Fey_,S) and were prepared'from the natural minerals in the
foliowing manner. A small portion of mineral about 4 mxtn.2 in area and
15 mm height was cut from the crystal by a diamcnd saw and washed in

-

an ultrasonic cleaner with a cleaning detergent and then in distilled
water. .
The washed piece of crystal was then clippéd with a copper clipper
\
which was soipered to a copper wire. The whole system was inserted
into a glass t‘be which was filled with some unset Araldite epoxy

adhesive. The epoxXy was then allowed to solidify completelly. From
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the end of this electrode a thin layer was then cut off to expose a
crystal surface towards the outside. ror making rotating electrodes
| ——

out of the mineral specimens, the electrode, as prepared above, was
fitted intoc a Teflon insert plug and the wire soldered on to 2
specially made rotating electrode hclder cépable of being fitted into
the.Pine instrument Co. apparatus. The Teflon insert plug secured the
glass tube and rotating holder as shown in Figs. 2.7(a) anad z2.8(a). .

Prior to being piaced in the cell, the electrode was polished wiZﬁ
an alumina polishing suspensidn from Buehler on a rotating polishing
equipment and w;sned in an ultrasonic cleaner <+to remove all the
pelishing maéeria:-

Galena crystals were contributed from Dr. S.M. Apmed, CANMET,
Department of Energy, Mines and Resources.

Cubic pyrite crystals (Spain) were obt%ined from Ward's exhibition

minerals.

Pyrrhotite crystals (Blue Bell, B.C.) were contributed from the

-

Mineralogical Section of the National Museums of Canada.

2.10 ROTATING Pt AND Ay DISC ELECTRODES

The electrodes used <for all the experimental runs with organic
sulfur-containing compounds were mounted in Teflon holders provided

L ]

with the Pine Instrument Co. rotating electrode assembly.
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2.11 ¥ERCURY POOL ELECTRODE (FOR WORX ON —S=S—~ AND —-5-H ORGANIC
COMPOUNDS) ot N

A cup to contain Hg was made from glgss tubing and provided with a
conducting leaad as snowﬁ in Fig. 2.7(b).

For each run, a certain amount of freshly pufified HE was taken
from the middle of a bulk volume of Hg, with an unused vipette and
transferred into =ne cup. -

The electfode 'was then mounted in the cell at a fixed geometric

<
pesitcion.

2.12  pH VARIATIONS AND TEMPERATURE

All experiments were carried out at a variety of pE values from the
Tange of acidic, neutral to alka{ine using buffer solutions.
Tre temperature was kept a: 292 X throughout the various programmes

of experiments. i -
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Chapter III

RESULTS AND DISCUSSION

- N .

3.1 REVIEW QF CYCLIC-VOLTAMMETRY *

3.1.1 Introducticn

The cyclic-voltammetry proceduce employs a relatively fast change
N . .

of potential at a static electrode surface, rather than a aropping Hg

2 L}

one, bu{/is applicable to any other type of electrode.configuration,
including these that are rotated - (rotating=-disc electrode as employed
iq part of the_presen£ work) . Tng method finds its origins in fast-
sweep polarography technigues developed by Sevéﬁk {236) and by Delahay
and Perkins (237). Since this procedure has been extensively employed
in the work described in this theéis, a brief account is given helow
of "the characteristics of this method with it; :application o
diffusion and surface reaction conérolled processes at electrodes and

the types of results that are expecged from it.

3.1.2 Method

.

The  potential V " is modulated according to a linear program of

variation in time, % at a sweep-rate s (V s L):

- O - 80 -
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where Vi is some initial potential that may or may not have beeh helad
constan: for some time t before ‘the sweep was initiated. The method

may utilize only a single 'sweep ("poﬁbntiodynamic sweep" or "linear

potential sweep"] between two potentials.‘ Vi ana Vf, (a final
potential) or may be arranged ¢o give a repetitive response by varying

the potential in a continuous back and forward way (anodic and

/
cathodic or vice versa) between vi ©and Vf values. It is this,
r”

embodiment ©f the method that is referred to as "cyclic voltammetry”™,

abbreviated here by the letters CV.

<

l,.

3.1.3 Kinetic and Other Conditions

.

As with any electrode process, twe principal conditions may arise:

- ¥
1) reversible and irreversible kinetic DbehaviGr of the electrode

reaction; and .

‘

2) activation (i.e., reaction kinetic) or diffusion-control of the
-

rate or current at the electrode (the other conditions are those that
normally obtain in polarcgraphic experiments).

A third slituation can arise:

3) where the electrode process inveolves only, or primarily, a surface
phase or adsbrbed iayér ©of the electrochemically reactive material;

then characteristic CV behavior arises that can be distinguished from

- -

that under conditions of bulk diffusion-control. In this regime, both’

reversible and/or irreversible behavior may also be observed as, of

course, may generally be expected.

- T
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3.1.4 Lharacteristics of the Current Response - Diffusion Contrdl

-

Characteristic current reponse behavior in CV has been evaluated

for the various ' combinations of conditions referred to above and can

Y
n

H
be summarized as follows.
First, a CVv I vs V profile, resulting from the linear variation of

potential over a range where some Faradailc oxidatlon or reductidn

reaction can take place, has the form of a curve exhibiting a maximum

{peak) current (IP) at a characteristic peak potential (VP). Tor
diffusion-controlled rates, Ip is 1linear in si according to the

N

egquation - - -
I= zFACOJnDa°x(a:)

proceeding. at an electrode of area A; C is

for a z-electren reagtio o

=)

*he bulk concentration of reactant, D is its diffusion constant, at =
2Fst/RT = (zZF/RT) (V3-Vy¢) for reversidble conditions and X{at) is a
function of (at) arising from solution of Fick's laws for the boundary
conditibns‘obtaining' for the"particular diffusion flux and elctrode
geometr& 1nv5§§ed. x{at) depends on potential and gives rise ﬁo tné
cnaracteristic form of the I vs V profile. ¥{at) has been evaluated
by Niqﬂols&n and Shain (238) and by Delahay and others (2%9). For

irreversible conditions,

I = zFACQYTDb-X(bt)

[

where » is analogous to a but applies to irreversible charge-transfer
& <

according to bt = wzFst/RT where ¢ 1s the charge—transfer coefficient
. "
for the electrochemical interfacial reaction. X(bt) is a similar’

\
v
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function to yx(at) ané 1like x(at) depends on potential in a

characteristic manner. N

For the diffusion-control regime, the following quantitative

cnéracteristlcs of the I vs V profiles are to be noted:

-

1) Difference between anodic and cathodiC peak potentials

Ll

AVp = Vp o - Vp o = 2 x {(0.028/z) V at 298 K.

-

11) Difference between Vp and the half-wave pectential, Vi
b

Vp - V3 = -1.1 x (RT/zF)

iii) For the irreversible case, peak shift Avp(s) is 0.03 V for a

10-fold change of s at 298 K when Qz = 1, or generally
Avp(s) = (RT/azF) (1/2)1n[azFs/RT]

v) VP is independent of reactant concentration.
It is to be noted that for Doth reversidle and irreversible
conditions, IP varies with s®. In other respects, the reversible and

—
. - . : / . :
irreversible CV curves differ somewhat in shape, as is illustrated

later in Fig. 3.2, for reasons that are discussed below in Section

3.1.5. -
Secondly, the maximum in the CV profiles arises because scme éi?e
is needed for tpe concentration gradient to Dbecome adjusted 'to the
sweep-tate;'thus the reactant concentration near the electrode surface
is initially higher than later in the sweep while the rate .of the
electrode process 1S varying with potential. In the reversible case,

the potential is related +to the concentration of oxidizea [0] ana



b

reduced [R] species of the redox couple by thg Nernst 1Fuation (v = Vr

-~ (RT/zF)in([0]/[R]) as in polarography while in the irrevgrsible case

it 1s determined by a Tafel type relation involving . Eventuxlly the

O form, 1in a cathodic sweep, 1s completely consumed at the electrode
interface and the aAiffusion-controlled limiting  current Ilim 1S

approached, as in a pelarographic wave.

The combination qf these effects in tHe non~steady .state leads to

M ~

the peaxed current vs potential profile.

-

In some experiments in the~"regime of dAiffusion-control, it is
useful to assist the mass-transfer limitation, or eliminate it, by

conducting the CV at rotated disc electrodes as was done in  some of

-

the work to be reported later in this thesis.

B.1.5 Char®cteristics of the Current Response - Surface Reaction
Control

In the case of a reactien invelving only a surface phase, there 1is,
of course, no daiffusional mass-transfer process invelved {(once the
surface phase has been formed and provided the solution concentration
is anything but extremely dilute). Then the x({at) or y(bt) functions
that derive from integration of equations arising frem Fick's 1éws dao
not enter into the equation for the current. Rather, the ad~-species

<
is. deposited at the electrode at a rate proportional to the free
surface site fraction, 1-8, and the desorption stripping at a rate
3
proportional to 8, each rate depénding ‘'on a time-dependent charge

transfer factor, exp(ixVF/RT). The reversible case arises when, at

"any potential, both backward and forward (ancddic and cathedic, or

- B4 -
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vice-versa) curfent components involving the factors exp (+aVF/RT) and
exp [3(1-0) VF/RT] determine the I vs V relation of the CV profile while
the irreversible case arises when only one or other of these factors
is involved, corresponding to the back-reaction rate being negligisle.

The behavior of the irreversible case 1s distinguished from that of

the reversible case in the regime of surface reaction control by:

1} Ip being 27% lower than that for the reversible Ip value (for a
given degree of molecular coverage at saturation, @=1)

ii) Asymmetry of the shape of the I vs V profile in comparison with

that for the reversible reaction case; and

~

iii) The peakv potential, Vp, varying with log s rather than being
independent of s, as with a Tafel relation; unlikeq the case of
diffusion-control, the curreats, including Ip, for a surface reaction
process are linear in s rather than its square-roct as shown in Fig.
. AN -
3.1. This is an important distinguishing characteristic of a surface
process ‘in ;V compared with a diffusion-controlled one. In the
preseﬂt work, some miXed cases are encountgsgg, as will be treated
later, whére both diffusion and surface reaction processes appear to

take place in a consecutive and parallel relationship. - Usually this

shift of Vp is log in s, as with the Tafel relation in log I.

iv) The peak potential is shifted from the reversible value Hdue to a

polarization effecthas with an irreversible polarographic wave.

- B5 -
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Fig. 3-1: sweep-rate dependence of peak currents for a surface reactien
and & diffusion-controlled electrochemical reaction.

v I |

Fig. 3-2:(I-a) Shapes ¢f i v5 V profile with increasing s for a surface
process involving a 2-d array of adatoms on an electrode ec H on Pb.
(I-b) Shames of i ve V nrofiles with increasing 5 for a surface process
involving consumtion of a 21 surfact phase on an clectrode.
{I1I-a) Electrochemical reaction {nwolving diffusion process,

See (II-h) on next moe.

-
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AT X (at) (rev) or A/Tr X (bt)(irrev)

O
N

O
X

) !

F; -Z(E:-b)i Quant1tat1ve plots of cyclic-voltammetry current functions,

x(at).and w*x{bt}, for a reversible and an irreversible diffusion-
controlled process, respectively, plotted from Nicholson and Shain's
solution of the Fick diffusion equations for a le electrode process at a
plane electrode {transfer coefficient a taken as 0.5 for the irreversible
case; irreversible curve positioned on AE axis arbitrarily, depending on
rate constant. AE for reversible case is E'Ei’ the half-wave potential.)
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3.1.6 General om of=i vs V Profiles
N

In general, the CV I wvs V profiles for diffusion and@ surface
reaction gontrolled currents are found to be somewhat similar in their
peaked shape and overall fornm. The différences arise from the nature-

of involvement of concentration of the reactant species. In che
&

- Aiffusion-controlled case, reactant material is consumed from the

Qiffusion layer, eventually depleting the solution completely at the
electrode interface (limiting current condition). However, during thé
sweep, depending on its duration measured by 5'1,‘ reactﬁnt material
continues to diffuse into the boundary region so that the charge under

the I vs V(t) profile increases with ‘diminishing s. In the case of a

/ ‘ o .
j&:{;ce reaction there is a finlte quantity of material in the surface
Phase which 1is eventually consumed during passage of the the sweep so

» .
l that the current goes to zero apart, from the residual double-layer
¢

charging current Cdl(dV/dt) that passes at all potentials, as also in

thetgiffusion-control case. .

In {the surface reaction case, s}nce' the consumable reactant
quanti 1s fixed, <determined by the geometry and thickness of the
surface phase, the énarge, Q. under the cyclic-veltammogram (Q = fidt
= r(i/s)av), the total cna;ge méasured 1s independent of sweep-rate,
brovided the reaction 1s 100% coulogbically efficient, i.e. parasitic
or impurity currents are insignificant.

In beth cases, the rising side of the éurve is associated with tne.
exponential increase of current wién v, whiie the descending current
side is associated with consumption of the reagent - either from the

H

diffusicn layer cr from the surface phase, although, of course, the
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potential continues to increase. . In~ some easily recognizable cases,
h

the potential of <the electrode surface phase remains almost constant

during its consumption while for a Langmuir-type adsorbed layer the

petential varies as 1n(8/1-9). Refer to Fig. ,3.2; in-the first case,

descending side at various currents as the sweep-rate is varied. For
. )

the Langmuir ad—layer,. Nowever the curves " fall more symmetrically
above each o;ner (II) with increasing sweep-rate, especially in the
reversible reaction case. \7 ) . .

Referring again to the first case wne:e-ascending current cu?yes

are almost -coincident at various .weep-rates, this behavior ariées

because a regular Faradaic current paéses for essentially a bulk phase

-

" process where the thermodynamic potential doces not change during its

consumption (except at the very last stages). This situation applies
to multilayers or thick films. In the Langmuir ad-layer case,
howevef; only § noneclayver or submonelayer is involved where +he
thermedynamic potential is £(@) and hence changes during the sweep.
The resulting I vs V profiles are therefore different for these two
cases and both are different from the diffusion case.

Examples of all three types ¢f behavior have been encountered in

the course of the present study of the electrochemistry of mineral and

organic sulfides.
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3.1.7 Complications due to Pre- and Post-Electrochemical Reactions

. ) »

Other complications may arise in the CV study of electrode
reactions and reflect kinetic complexity Of the reaction pathway; e.g.
cnemic§1 reactions may precede or follow the potential-determining
charge;transfer Teactlon and product species may be either adsorbed or
formed directly in;o solution y;tnd;t adsorptien. Also, twﬁ or more
kinetically separate electron transfer pProcesses may take place. The
consequences of complications of these kin&s for :he_snapes and tnef
characteristic features of CV I vs V profiles have ﬁeen workedlcut by
several authors, e.g. by Nicholson ana Snain‘(23e) and Delahay (240)

P
for the regime of diffusion-controlled processes and by Kozlowska,
Cénway and Xlinger (241), and by Laviron (242), in various papers for

the surface reaction control cases. In favorable cases, kineties of

the pre- or post-electrochemical chemical teps may be evaluated.

3.1.8 IR Drop Effects

At high s values, and/or wit relatively reversinle surface
reactions, the currents generated in the CV experiment may be
sufficiently large in relation to the resistance R of the solution

tween the Luggin probe of the reference electrode and the surface of

, .
the working electrode, that significant IR arop, increasing with. s,

arises. Then an instrumental IR coempensation technique mus:t be used

'Or a calculated correction applied, €.9. as recently treated¢ in papers

.

- [

by Laviron (243)' and by Tessier and Conway (244). In most of the

experiments in the present work, which wag conducted at relatively low

Sweep-rates, these problems did not arise.
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PART ] -- INVESTIGATIONS WITH INORGANIC SULFIDES

3.2 LEAD SULFIDE {(GALENA) -

3.2.1 Cyclic-Voltammetry with PhLS

- The electrochemical behavior‘of galena (PDbS) ﬁineral crystals was
studied in some detail in collaboratien, in part, with Ho in this
laboratory.

) The general form of the cyclic voltammogram obtaiqed at Pps
electrodes at pH 9 in sodium borate buffer is shown in Fig. 3.3. For
convenience of discussion of +he results, the curreﬁt peaks are
designated A1, Ap (anodic) and Cy, Cz (cathodic) to correspond with
the peaks. '

With successive cycling of PbS electrodes in 0.1 M Na28u07 agueous

solutions over the potential range -0.45 to +0.35 V vs EF’ the

-

N

currents on the voltammograms progressively diminish in the 3 region
but increase in the A2 region (see Fig. 3.3). This behavior is not
due simply toO surfa;e area changes.

The currents in :ﬁe c2 region, which are generated after :aking‘tne
potential into the A2 region, also i1ncrease with cycling in proportion
to the increases which occur in the AA2 T potential ranée- At the more
negative potentials in the cathodic sweep, currents in the cl region
decrease with cycling as they do in the conjuéate Al region. The
Charge for the Cl process should include any reduction charge passed

-

at the beginning part of the next successive anodic sweep (i.e.,

without holding at -0.45 V} since it is found that the direction of

the current Is not Immediately reversed upon reversal of the sweep
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Fig. 3-3: Potentiodynamic current-potential profiles for a series of eight
. successive sweefs at a PbS electrode in 0.1'M aq RaBs07 at 298 K at™ sweep
“rate s=32 mV s=*. The anodic and cathodic cycles are divided inte JLwo regions
by the vertical line to distinguish corresponding anodic (A1 and Ap} and
cathodic- (C; and Cp) processes. '
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direction at -0.25 V. This means [cf. Refs. (245,246]] that the €1
process is not a revéfsible surface reaction.

The gradual increase of currents with cycling in the Ap  and Cp
regions arises from a transitional state formed in the plateau region
where a surface species is further oxidized from state Al to state As.
The longer the residual species formed aneodically in the Al région is
left on the surface, the greateri is the gquantity of the transitional
species and therefore tpe larger is - the current for the process By~
The effect is not simply due to a progress;ve increase of area of the
electrode since (a) curve 1 can be reproduced by hblding at P (Fig.
3.3) and (b) the currents in regien 51 'decrease rather than increase

with cyecling, which would be the case if the real area of the

»

electrode had increased.

‘The deprendence of ancdic and cathodic charges passed in the four
regions on the number of sweep cycles (Fig. 3.4) 4is shown in Fig.
3.5(b), énd discussed below.

~

3.2.2 - Irreversibility-Characteristic of the A,/ Region

-

1) Chargeé and the charge balance ratio, Qc/Qa

Tﬁe cathedic/anedic charge ratios Qc/Qa!, for each/)i—v prefile of
Fig. 3.4. _are shown in Fig. 3.5(a). » For sweep d in region Cp, Qg
almost dbalances the value of Q.. However, for éweep a the Qs "passed
in region Cyq 1is élways greater than the Q5 over region Aq in
successive sweeps. This disparity }s due, it is believed, to scme
continuing irreversible r;duction of the surface to SZ- species (Pbs +
2@ ===> Pb + 52_) which are not fully reoxidized ig'tne Al region.
Further evidence for this is provided in 2).
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Fig. 3-4: Potent%odynamic current-potential curves for a PbS e1gitrode in
0.1 M Na28407 over four different potential ranges at s=32 mV¥ s °,
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Fig. 3-5: (a) Ratios of cathodic, Qc, to anodic, Qa, charges for the four
curves in Fig. 3-4. Subindices 1 and 2 represent the charges passed in
regions 1 and 2, respectively, while subindex (1+2) represents the sum of
the charges. (b) Dependence of charges passed in the four regions on the
sequential number of the sweep (1 to 8). _ .
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The trends of cha:ge§ passed, ¢, in relation to the number of
cycles, f£for the four regions of Fig. 3.3, are iilustrated in Fig.
3.5(b) and allow a preliminary comment to be made on the hysteresis in
the i-V curves of Fig. 3.3. heéause of the close charge balance of
regions A2 and Cz in each run, ir can pe assumed that the process
associated with peak Co 15 the reverse of that in Ao. The‘probleq of
lack of balance between the charges passed in €1 and Aq; can be eased
by reference to the fact (Fig. 3.5{bd)) ﬁh t—the charge fbf Cy is
uniformiy greater éhan that for Al" ingependently of the number of
cyclés. This implies that another type ~of species is irréﬁérsibly
produced , independently of the prehisteory of the electrogde in the Cl

region. -
-

The decgline of both Cq and A, with nhbmber of cycles in Fig. 3.5(b)
can be understood if a comparison is made with the reduction‘ cf a
surface species such as Pbs0y. previously studied in this laboratory

and elsewhere. Thus, the explanation would be that, 1f an insoluble

preduct exists on..the electrode aqg can only be reduced in a

N
N

relatively slow process (as is the case Hwitn PRS0y, on Pb), any
residual sbecies. which is left on tne‘surface becaﬁse of the short
duration of the cathodic sweep, will provide smaller reactive area for
the anodic process on the next sweep in the opposite direction. . This
explanation is consistent with the fact that curve 1 (Fig. 5.3) can be
réproduceq again after the potential has been held at_-0.45 vV until
the current drops to tﬁe reprqduéible residual steady-state valﬁe at P

"(Fig. 3.3) before the next anodic sweep is initiated. However, from

the results of the rotating electrode experiments discussed below and
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shown in Figs. 3,11, 3.12, 3.13, 3.14, it seems that the”species
involved in the A4 region is not generated in a dissolution-
precipitation process as in the case of PbSOYL at Pb. Thus, PbSO) is

not generated at potentials in the Al regicn.

2) Current-Potential Behavior in the 3 /Cy Region

A more detailed study of the initial anodic peak (the P—A—B region
of Fig. B.é(a)) -and the shallow hultipeak region which follecws it,
i.e., the plateau region indicated in Figs. 3.3 and 3.4, 1is helpful
for further uhderstanding’ of ' the " electrode behavicr. Current-
potencial profiles in six linear poténtial.sweeps at 5, 10, 20, 50,-
100, and 200 mV s~l are shown in Fig. 3.7(a). Cerresponding relat1§e
refleccivities, (AR/R%I: vs V curves are plotted in Fig. 3.7(b) The
initial conditions, a: -0.4 V, were as stated previously for each
anodic sweep.

The anodic peak potentials for the progcess in the Al/cl region move
to more positive values as the sweep rate is increased. The currents,
iy, at +0.1‘V and the peak currents, ip in Fig. 3.7(a) are linear in
square~root of sweep rate (Fig. 3.8(a}).  The ancdic pgak potenﬁials
vary with log s as shown in Fig. 3.8(b), indicatiﬁg an irreversible

process. , It should be noted that before each anodic sweep was: i

2
initiated, the potential was kept at P with NZ stirring until the same
initial conditions were reproduced in each run. The dependence of the
currents or charges on si in the P=-A-B region is hence not the result
. ‘ - ) -
of reoxidation of any solution-soluble species produced and recuced,

respectively} in the immegdiately previous ancdic and cathodic sweeps.
[l

However, the residual current hhich passes cathodically at P could
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Fig. 3-6: (a) Six potentiodynamic current-poteatial profiles (1 to 6) for
a PbS electrode in 0.1 M. ag NapBgD7 taken successively from an initial
potential of -0.4 V (EK) at P to various anodic limits. Letters A to G
designate regions of the profile referred to in the text. (b) The {AR/R)
vs potential relations are for the same conditions corresponding to i-V
profiles 1 to 6 in (a). ‘
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Fig. 3-7: (a) Series of potentiodynamic i-V profiles at PbS in 0.1 M aq

NaBB?O7 over the A,/C, region showing the sweep-rate
anod

ldependence of the

c’and cathodic peéaks s=5,10,20,50,100,200 mV s ~. (The potential is
held at -0.40 V at P at the end of each cathodic sweep before initiating

® the next anodic sweep to reproduce initial conditions.)

{(b) Series of

(aR/R}. vs potential profiles corresponding to the current-potential curves

of Fig. 3-7(a}.
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Fig.i3-8: (a) Linear plots of current i,, at V and the peak currents, i,
vs s? for the PbS electrode in 0.1 ¥ ag'Na,B,0,. (b) Dependence of th8
anodic peak potential Vp on In s. ‘ ' ’
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produce a reduced species reoxidizable in a diffusién-controlled
Rgocesg in the following anodic sweep. The situation is evidently
compleXx, - since 1f a steady state is established at P, subsequent
anodic ;weep~i-v g;cfiles taken from P after various times, Th* éf
holding at s‘hecome independent of flm (Fig. 3.9) if Ty > ca. 60 s;

they are actually almost independent o{ Th for shorter holding times,
< gca. &0 s. . : -

The anodic charges Qa in four runs at sweep rates of 200, 50, 20,
and 5 mv s~1 are plotted vs pozgntial over the range -0.46 to +0.1 V
i; Fig. 32.10 and depend on the sweiﬁhFE;e. The dashed lines in this
figure represent the charge that coh;&iii? L0 pass on  the following
cathodic sweep before the zero-current line is reached, for the six
Sweep rates in these experiments. There are three different regions
of the Q-V curves which can be seén most clearly in curve € for s = 5

mv s—1. A linear relation arises at the third stage, 1.e., in the

region after the first anodic peak, and can be discerned in all the

curves.

3} Experiments witn a4 rotating disc electrode related to the mass-
transfer behavior in the A1 /Cy region (cf. Fig. 3.3).

It was considered important to establish whether sclution-soluble
species are involved in the electrode pProcesses characterized by the
i-V profiles of Figs. 3.3, 3.6(a), and 3.4. Several experiments were
therefore conducted with the rotating-disc PbS electrode described
_earlier, by introduction of the rotation at various potentials during
the sweep and also throughout the sweep 1in the ancdic and cathodic

directions. The ratiocnale of these experiments was that if a solution-
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Fig. 3-9: Anodic and cathodic potentiodynamic -V profiles at PbS in 0.1 M
ag Nazago7 after holding the potential constant at P for varigus times:
(a)

curve » With holding for rh=6 S3 curvgl(b), rh=60 s; curve {c), Th=1800 S;
curve (d), rh=3 h, sweep rate’'is 20 mV s ~.
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*3-10: Dependence of ancdic charge Q, in the sweeps (a) 200 mV s-i;
? 50 mV s-1; (d) 20 mV s-1 and (f) 5 o s- 1, on potential, i.e., for
var1ous sweep rates. Forward (+) curves are for the anodic sweeps and °
backward (+) are for the remaining anodic charge passed in the beg1nn1ng
of the next cathodic sweep (see i-V profiles of Fig. 3-7(a)).
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soluble species or intermediite is produced, e.5., in the cathedic
process,' which gives rise to the residual current s;er the potential
range =-0.40 to -0.45 V, it could be spun'away from the electrcde, thus
much diminishing any reoxidation current peak that coﬁld arise from it
in a succeeding anodic sweep. The behavior in regions A¢ and Ay and
the correspondng Cl ana C2 regions (Fig. 3.3) was investigated.
Figures 3.11(a) and (b} show the i—ﬁ‘préfiles that arise in the
Al/cl region, with and without rotation of the electrode at 1600 rpm.
The numbers on the curves refe} to first, second, and third, etc.,

successive sweeps and "r" indicates whether the electrode was rotated

or not. Curves 1, 2, and 3 of Fig. 3.1ll(a) show, first, the situation

if the electrode is not rotated Auring the anodic sweep but is held at

-0.05 V at the end o©f the ancdic sweep for timel T = (.30 or B0 s,
‘ h

respectively. The cguantity of material redugible in the cathodic

-

-

sweep evidently increases with Ty.

-~

In FTig. 3.11(b} it is clear from lines rl for a repetitive

anodic/cathodic sweep that over the range -0.45 to -0.05 V, electrode
rotation eliminates the anodic and cathodic peaks that otherwise arisé
in this region (Fig. 3.11(a), cf. Fig. 3.7). If, however, <the
electrode potential’ is held (as in Fig. 3.1l1(a)) for some time at
-0.05 V, it is found that on the cathodic sweeps, marked 2 and r2 on
Fig. 3.11(b), a peak is still generated whether the electrode was
rotated (curve r2) during the holding period or not (curve 2), but in
the latter case the cathodic peak is enhanced by the holding, owing to

an increase in guantity of reducible species remaining available at or

near the electrqQde surface, as in Fig. 3.1l(a) after holding.
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Fig. 3-11: (a} Potentiodynamic i-V profiles for a PbS electrode in 0.1 M
aq Na,B,0, over the A /C, -region. Curve 1, repetitive Sweep; curve 2,
with foTdng at -0.05%, } 230 s; curve 3. with holding at -0.05Y, <.=60 s.
(b) As in (a) but showing'the effect of electrode rotation at 1600 ppm:
Curve 1, rotation in repetitive sweep; curve 2 , after holding at ~-0.05v,
7,230 s without rotation; curve r2, with rotation at 1600 rpm at -0.05V
dnring 30 s holding and during the following cathodic sweep.
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£ the sweep is restricted at the cathodic end to a potential of
-0.40 V (Fig. 3.12), no Ay anodic peak arises in either a stirred or

an unstirred solution. This proves that the species oxidized in the Az

peak does not originate by oxidation from the surface itself- at
potentials more positive than -0.20 V but rather arises from the
effect of holding (residual cathedic current) at P.

The rotation experiments (Fig. 3.1i(b)) and the restricted range
experiment (Fig. 3.12)-prove that the anodic peak in the Ay region is
due to oxidation of a species prod;ced during helding at P which Ean
De spun away from the electrode and hence is rendered unavailabie for
reoxidation. However, the behav;or in the Al region is not simply
':nat of a sclution-soluble species generated at P'as might as first
. Seem %0 be the case. This is indicated hy Ehe fact that the cathodic
current peak (curve r2 in Fig. 3.11(d)) can still be generated after
stirring during the holding periocd Th at -0.05 V and its profile
initiaily follows that of curve 2 (Fig. 3.11) for the unstirred
solution where a -;reater quantity of the cathodically reduciblg
species is generated. This latter observation means that S:rves 2 and
r2 are not simply i-V profiles for Adiffusion-controlled réduction of
different cuantities of species produced in the solution in tn; ancdic
Al region. The maintenance of an appreciable‘cathodic peak (cuéve rz2)
after rotation at -0.0S'V for Tph S (>0) means that a surface f;lm is

generated on the PhS gurface in the potential range =-0.20 to 0.0 V

‘(and bevond) but this process regquires the sclution-soluble species
generated at -0.45 Vv at P. Further evidence for this is given by the

results in Fig. 3.13, where rotation is commenced (indicated by rT in
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Fig 3-12: (a) Potent1odynam1c i-V profiles for a PbS electrode in the
region from -0.40 V (E,) to +0.40 V, where the A C, processes are

ag %t Curve 1, anodic and gathod1c sweep without rotétzon curve rl,

with rotation on the cathodic sweep from +0.40 V at 1600 rpm; curve 2, r2,

with and without rotation at 1600 rpm after holding at +0.40 V.with Th=60‘S.

(b) (&R/R). changes in the gnodic and cathodic sweeps taken only over the

A,/C, region (curve 1) in comparison with (AR/R), changes over the whole

p% Atial range -0.40 to +0.40 V (curve 2).

o

I
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Fig. 3.13) at tnreesuccessizjhgbtentials in the a region during the
1

anodic sweep; the cathodic peakxs (curves rl, r2, r3'and r4) dépend on

the potential at which rotation was commenced in the anodic sweep.

N
-

The conclusion that the Al peak [and the plateau }egion {(Fig. 3.3)

-

o -~

whicn follows it] is in part associated with formation of a film is

supported by the reflectance results. ‘ -
It could e surmised that the species that is generated

éatﬁodicglly at P and gives rise to the first peak in the A1 region
and to the behavior shown: in f&gs. 3.11 and 3.13, is the S~ ion
formed in the reaction. - {
. . i
> Pb (in surface) + 82"(solutionf
1

Some support for this supposition is afforded by the results shown in

Pbs + Ze

T—Pigs. 3.14(a) anéd (b). Fig. 3.14(a) -shows the regular behavior of the

PbS .electrode without and with rétation (curve 1l and rl; cf. Fig.
3.11(p)) over the potential range -0.45 to -0.05 V in the presence of
added S2- ion (as NajS) at a con;entrétion of 10-5 mol dm=3 (Fig.
‘5.14(b)). It is clear from'tnis figure that added S2~ ion reproduces
tne:benavior’ of the PLS electrode itself and, in tpe presence of
excess $2-, rotation of the electrode (curve rl, Fig. 3.14(b)) no

longer eliminates the anodic peak and its conjugate cathodic peak, as

~ ot

in Fig. 3.11(b) {(curve rl). This is'as expected‘siQSp the added S&-
is present throughout the solution at a significant concentration (ana

not just initially near the surface in the diffusion boundary-layer

-

. ~
regien).

b . '.ﬁ\
. .
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Fig. 3-14: Effect of added Sz' ion at l{]"5 M (as Na,S) on the electrochemical
behavior of the PbS electrode,in the A,/C, region: %a} Reference curves for
PbS in the absence of added S™ ion, as in Fig.-3-11(a): Curve 1, sweep with-
out yotation; curve rl, with rotation at 1600 rpm. (b) In the presence of add-
ed ST ion: Curve 1, without rotation; curve.rl, with rotation at-1500 rem.
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Since Fig. 3.12 shows'that no anohic process ‘due- to oxidation of
PhS itgself occur; in the Al region, it can be suggésted that tne.
species which generates the c¢hange of surface state of the ©PbS
ifidicated by the cathodic peak behazé?r in Figs. B.Il(a).' (b) and -
3-13'” and by ;Le reflectance chinge (Figs. 3.6(b) and 3.15) is §

adsorded or deposited on the surface in a step such as

$27 + PbS ~—-=> PBS, Sugg + 2 ch .
Alternatively, polysulfide ions 2foduced in a step such as -0
) 2 §8= ———> S%‘ (or nigher species) + 2 e ’
v ' ’ .

and adsorbed on :ng electrode could account for the behavior.

,

3.2.3 Behavior in the A, Region with Rotaticn

. . ,\ N . ..
The results obtained for the-az region, with and without rotation, -

are shown Iin Fig. 3.12 where i-V profiles taken from -0.40 V are

recorded. Under © these condition, no complications arise <£rom the

behavicr of +the species generated at less positive poteﬁtials which

has been described in Sections 3.221 and 3.2.2. ?rom curves 1 and rl

{(without ané with rotation), it is clear that no significant stirring’
c -
effects arise since the cathodic i-V profiles are -almost identical.

. i~

Similarly, after holding at +0.40 V  for Th = 60 s, the cathodic

curves, although different because of furtner-)oxidation of _the
£
" electrode, are almost unaffected by the stirring {(curves 2, r2).

»The processes asscciated with the AQ/CQ region therefore appear to

{ be connected directlx with changes of the PbS surface itself although
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some 1influence from the material deposited’ (adsorbed?) in the Al

region is evident from the family of curves in Fig. 3.13 referred to

.

earlier. " The anodic i-v profile in the A region and the subseguent *?
2 .

catnodic'profiles_in the c2 region depend significantly on the history

.

and ceondition df the electrode in the Aq region. This is not
surprising, since if surfaee processes are invelved in the A2/c2
region iFig. 3.12), ;hey will most likely Dbe .influenced by whatever
species (8 or poiysylfide ion) are 'deposited or adsorked in the Al r
r?gion. ‘The charges involved in the Agféé region closely 5a1ance each
other in each run, indicating that a;more or less revérsible procéss

- .
exists (chemically speaking) anéd corresponds to ca. BSe/atom on.a plane

PrS surface, i.e., to 8/z monolayers, where z is the eiectron number

~

per site involved in the process.
Supperted by the reflectance experiments, it 'seems, in the A2
region, reasonable to suppose that surface oxidation cf the PbS occurs,

and with progressive cycling (Fig. 3.3) an increasingly thick,
. L

probably porous, layer of an oxidation product is built up. The state

of this~ layer is somewhat dependent on the surface species that is

generated in As from sclution-soluble 82" ions formed at the cathedic

.

end\eg the sweep at P, as discussed earlier.

It seems likely that the product formed in the A2 region in borate

-

solution would be PD(OH)Z formed in a reaction such as

1

PbS + 2 OE™ > Pb(OH)p + S (lattice surface) + 2 e  (3)

since +he surface Dbecomes passivated -after the initial passage of

anodic current in +the A2 ?Eéion and other anodic processes occur at \\
/\f l
- \_,-/
2 - : -



higher potentials, possibly involving S left in/on the PbS surface.
Reaction (3) probabdbly would occur in more than one step.
The probable formation of ?D(OH)Z is supported by ancillary

experiments carried out in 1 M ag NaOE in which PD(OH)2 would be
x N . ‘

soluble. Uncer such conditions, a Tezular exponentially increasing

anodic current (without passivation) is observed % the Ap region with

.
-

2 stirring-dependent, anéd hence Qiffusion-controlled, cathodic currens

in  the cathodic sweep. This is presumably due to reduction of
solution-sclubie (Pboz)z‘ ions produced in the previous anodic sweep
under the alkaline sclut:on conditions.

ther, more complex processes evidently occur at higher positive

4
potentials and cg

sulfur with <he

s
1]
L3 ]
rt
'J
1
§
g
u
it
| o
Q
o
[0}
by

formation of lead thiosulfate and yls mately P:squ (247), cr pessibly

- .0, as can be-seen frem the Pourbaix for P2S (247) ana o»

-

3
(248) itseirs. )

3.2.4 Conclusions on 3ehavier of DPhS ' i

Eased on the ahowve discussion, the following conclusions are nade:

Over the peotential range ga. =C.43 te 2.5 V. vs 2=, PbS in berate
L) O -
k]

solution undergoes several Principal electrochemica) reactions: (1)

reduction %o selution-soluble 52' ions at the most cathodic

Potentials; {ii) Teoxication of these ions at ca. -0.25 V in a

diffusion~controlled process, coupled with <the formation of an
£ N

adsorgéd or deposited filp having a substantial negative relative

s
- -

reflectance change (this film is only formed in unstirred solutions);

and (1;5§ strface cxidasticn

[9)
th

tne PSS 2t mecre psesitive sotentlals



probably giving a film of Pb(OH)2 the properties of which are,
however, dependent on the material deposited (S?) in the Ay region in
the same sweep conducted‘in unstirred solutions.

The behavior in the cathodic sweep 1s determined by (i) reduction
of the anodically formed Pb(OH)p  film; (ii) .reduction of S or

AN

polysulfide ion species produced from $2= in the anodic Sweep and
(iii) reduction of the film material derived from‘sz’ in the ancdic
sweep in the A1 regipn. when <the surface £ilm specieé derived from
$2-  remains on the su:gace (i.e., in unstirred solutions}, its
presence modifies the further oxidation of the PbS surface in the A2

region.

3.3 COMPARISON QOF ELECTROCEEMICAL REACTIONS OF PYRITE FES»

3.3.1 Reversibility-Characteristic of Cyvclic—-Voltammetry Behavior in
0.1 M HC1O,(pH 1)

\

The behavior of FeS,: in response to single-cycle, anodic/cathodic,

-
—

linear var:aticn of potential with time at various sweep rates, s, is
shown in Fig. 3.16 for the peotential range -0.l1 to 0.5 V Ey, using pH
1 aguecus HCI1O),. The general features of the curves of Fig. 3.16 are
unchanged if the starting potential is -0.2 instead of -0.1 V EH. For
FeSp, as with PbS, the anodic/cathodic cycle was always initiatea
after 60 s holding of the potential at the negative starting voltage
(-0.1  or =-0.2 V for FeSp). This . enablec’; a reproducible
electrochemical state of the electrode to be‘established pPrior to each

cycle at a given sweep rate.

To 14~
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Fig. 3-16: Cyclic voltammetry i vs V prgfﬂes for F’eS2 in 0.1 M.
HC10, at 298 K, Curves 1-10 for s x 10° = 3,6,12,24,50,42, 54, ¢

66 and 78 V s -, respectively. Curn 1l and 1' are for s = 0.03
¥V s °, before and after the series ’gﬁgﬁl\es 2 to 10, respectively.
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The most strikimg and significant feature of the current density i

vs potential V profiles for TFeSp (Fig. 3.18) is' that two

distinguishable peaks arise-in the anodic sweep which remain almost at
the same «potentials as s is varied from 0.6 to 0.01 V s-1, Also, -
similar peaks appear on the cathodic sweep but are displaced a Iittle

negatively by ca. T0.02 V. Thus, an almost reversible

oxidation/reduction process occurs at the Fe52 surface. The 1 vs V

profiles over the range bf potentials shown in Fig. 3:15 are not
influenced by eiect:ode-rotatiog {contrast the behavior of PbS), and
50 are not associated with a solution—soluble species. Tnis is also
indicated by the almost identical values of anodic and cathodic peak
'po:entials in Fig. 3.16. Sucn-behavior could no; arise in a process

in which small guantities of solution-soluble products were generated

-

and would thus respond according <o the bkehavior of a diffusion-

controlled reaction, viz., where anodic and cathedic peak potentials

~

are well separated (see i on p. 83).

q'; After a number of anodic/cathodic cycles (i1=-10 in Fig. 3.16), the
electrode surface becomes less active and currents at.a given s are
Adiminished (curve 1*' in comparison with 1 in Fig. 3.16). ,

If the potential range of Fhe anodic sweep at Fe52 is progressively
extended to more positive jglues than .that in Fig. 3.16, an
increasingly irreversible i wvs V profile results (Fig. 3.17(a)) -

Initially, almost reversible anodic [1({an} ana Zﬁan) Fig. 3.17{a)] anad
cathodic [1(cath) ana 2(catil}/§eaks are observed. As the sweep is

taken to more positive poteftials, a further regfon of [3(an), Fig.

3.17(a)] surface oxidation, leading eventually %o much larger Faradaic,

- 116 -
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w

currents, arises. On reversing the sweep, the reduction peaﬁ,
3(cath), corresponding to the oxidation process’ 3(an)° arises at
éubstantially less positive potentials, so the processes 3(an),
3(cath) are much more irreversible than the first two, 1 aﬁ@\?. The
cathodic currents arising after oxidation beyond 0.5 V alssg add %o
those in the region Z2(cath) and l(cath), increasing the-peak heights
at ca. 0.22 and 0.07 V. Over the wider potentiéiirange. the behavior
of FeS, (Fig. 3.17{(a)) 1is more similar to +that of PbS over a
compaféble potential range, where, in -»oth cases, strongly
irreversible processes are observeq.
Figure 3.18 shows the relationship between peak currents of'Fig.
—. ' ‘ a -
3.16 and s for the tyo main peaks, a and b of Fig. 3.16. The
-po;entials for énese peaks (Fig. *3.18) are almost independent of s and
thus (24%) correspond to almost reversible behavior of an anodic and
cathodic surface proéess involved in tné gfidation and . reduction of
the Fes2 surface. The fact that the cathodic and anodic peaks do not
match each other in Fig. 2.18 exac;lf?*;;:\*he peak potentials in Fig.
3.16 are independent of s; means probably that there is a small but
significant resistance of the material, giving an ohmic potential drop

which is in one direction in the anodic sweep and in the other in the

L

+

cathodic, . thus le;ding to & small separation between the Furves.

A Cifferen:;aﬁproach tp the investigation of reversibiiity of the
several surface proceéses in Fig. 3.16 as fne potential is changed was
made by reverging the sweep in the cathedic direction at various

potentials, as shown in Fig. 3.19. It is evident that, below 0.5 V

(contrast'Fig. 3.17(a)), the peaks developed in the anodic sweep are

- -
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- ‘ "
matched successively by corresponding peaks .in the cathodic direction
as the sweep 1s changed in direction at various potentials. This

behavier is typical of a more or less reversible surface process as

shown in bprevious work in this laboratory for Ru and Pt electrodes

-(250,251). However, the system canflot be directly compared with Pt or

.
-

Ru since either new oxXygen or hydrogen .species are electrochemically

deposited or desorbed at +those metals in cyclic-voltammetry

*
experiments but, here, chemical changes of an existing surface of a
- . .. . ~ Lt
molecular material are involved. The type of behavior shown in Figs.
3.15 and 3.19 also demonstrates that the i vs V profiles are not those

:o.- C:u

- -

sion-controlled precess - involving solution-soluble species

(see below), or a sclid-state diffusion process. N\ -

- \

3.2.2 Charges for the Electrochemical Surface Processes

-
-

| ] -
The significance of the currents in the cyclic-veltambetry profiles

of Fig. 3.16 can be’decduced Dby evaluation of the charge associated
l\ - .

with the peaks. The charges in the anodic or cathodic peaks are fdidna

to be ccmparable with these for the - monolayer processes of surface

e

oxidatiop of Pt (252) (to PL/0H a: 1.1 v )  or electrosorption of H

Thus, Fig. 3.20 shows oxidation isotherms of FeSz in terms of the.
charge passed per scuare centimeter of surface as a function of
Do

- -y

¢ .
potential, derived from successive anodic/cathodiC sweeps <taken to

-

+0.45 V Ey;. <harges of ga. 300-400 uC cm2 are involved (cf. the

charge-of 210 uC cm'2 for OH monclayer oxidation of Pt or depeosition

£ H at Pt).

- e
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Unfortunately, mo unambiguous real area measurement can ' be made
N
electrochemically af FeSp or FeS, since a potential region neither for

pure double-layer charging nor for B adsorption, as at pPt, -is

-

-

observed. Since SEM photographs (Fig. 3.23) show significant surfa

—

roughness, " the figure of 300-400 uc cm‘2 could correspond to a ane
electron "cer lte™ surface preocess at a less. than ideally smooth
surface.

[ -

+]

ne values ©f surface oxidation or rge observed in the

N N
case 9f FeSp are cof interest in /relation to the behavior of lead
sulfide Dbecause, 1n 'the latter case, the extents c¢f surface oxidation
are relatively greater than a: Fe32 and a dxifferent créer of magnitude

of oxidation charge 1s involved.

18

T

~st I

1g. 3.21 are shown the ratios of the cathodic charge, Qc' e
whe anodrlc charge, Qa, whosh  are involved in ¥ne cycllc-voliammesry

- -

curves of Fig. 3.16 UP fo variops potentials. It 1s seen that there

15 some -excess ©f cathodlic over anodic charge passing at the lowest
. = . -

Fprentials but the values in curves (a) aﬁﬁ () for wwo peaks, as far

v

as they can be resolved, tend toward a ratio of unity at the niges:

positive potentials. This disbalance of cathodic and anodic charge is

ofiwgn observed when some anecdic or cathodic dissolution occurs and

suggestis that there may De some solution-soluble sulfide ion species

generated at the more negative potentials, as was found in the case

with lead sulfide. . A
< .
This corresponds, of course, t0 reduction of the sulfide with some

T

evolution of HpS or formation of sulfide ion (SE ™ at pH 1) under the

acidic conditions when the potential is in a Eegicn where reduction

¢

~ - 124 -
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can occur. Actually, HZS can be smelled when the potential is held

éathodica;ly for some time.

Experiﬁents at rotating FeSp disc electrodes show, however, that
the peaks on the anodic sweep,' after a previodé cathodic sweep taken
to -0.45 V with 60 s holding a: this potential, is completeiy
tninfluenced by electrode rotation. In this _respect, the behavior is
surprisingly different from that for Phs .(see Figs. 3.17(a) ana (b)

for comparison). This result indicates elither that solutlon-soluble
.

- - -

reQuction products are not significantly .feormed in  the previous

cathodlc sweep and on holding at —0;45 V Iin the case of FeS, or, if

formed, they are unreactive. Similar behavior is found with ?91_xs.

An Imporzant and further indication that the currents observed in

Svclz voltammetr of TFeS,  are mainly associated with surface
1 ’ .
rrocesses follows from the relation between the peak current and s,

N
-

ot

shown in Fig. 3.18. Fig. 3.22 (see below) shows cther plots of 1gn Vs

.

‘s for the two peaks ((a) and (b)) -‘at five pE values (see belcw). ALD

the 2p VS s plots are evidently linear and ex:trapclate almost through

——d

Zero. ~his Seéavicr ';ndlca:es again that. gurfage reactions are
%nvoIvec ratier  than diffuslion-controlled processes assoclated with
‘any dissclved species in solution ©r with sclid-state mass—sransfer
orocesses, €.g., 25 arise as :ne‘h;ckel/n;:ke: cxxde or :n; lead/lead

L}
nlcride electrodes.

- % N
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3.3.3 Cazacitanse Behavior as a Punétion of pH in the Range l1-11

In addition to expefiments carried ousz at ca. PH 1, 1 vs V prBfiles
for ?e52 were alsc recorded at pE 3,7,%%an?® 11 as various sweep-rates.
In going <towards alkaline pE, the coxidation and reduction currents .
significantly increase but the & vs V profiles become sonewhat less
Teversible than at p¥ 1 (Fig. 3.18). However,as ﬁentioﬁed above,  io

—

values for all conditions (Fiq. 3.22) are linear in s. The smaller
Teversibility may De connected with the fact thas in the neutral ana
alkaline solutions the state of § in the surface is more lonic than in
aclg  medium where the disulfide specles may'be protonated in the

interface. In alkaline sclusion

(1)
i
"

b De kisetically less easy o
Teduce the disulfide ion on accouns of its greater ionic character

in the surface than under acid solution conditions.

-

&n interestin feature of the lines in Fig. 3.22 is +thar thelir

slopes lngcrease wWith pE. Since the relation between ip and s is given,

-

for a surface grocess,hy

ip = s 7 ' .

-

where COg i1s the Faradaic reacticn cagpacltance associated with <zhe

»

. & ) . )
surface electrochemical reactfion, <he resulss of+Fic. 3.22 indicace
that the cagpacitance increases in a masjor way with p¥, e.g., from ca.

-2 . o . Al = - .
400 uF cm 2 at PE 1 te za. 2 x ;OL HE cm 2 at pE 1l, depending on

which current peak is taken. 4 Langmuir monolaver, it may be noted
{253), gives rise 0 a capacitance maximum at half-coverage (or

12lf oxidation/reduction of an electroactive monolayer) having a value

.

- b [ 8

Cp = gF/4RT, where K ¢ is &he charge <for meonolaver formation: with



Peak Current (mA cm™2)

pH=S
pH=3

pH=1

'Fig. 3-22: Plots of the peak currents in the reversible regions for
FeS2 Vs sweep rate over a range of pH values. Relations-for pH 1
are"shown before and after going to pH 11. Conditions as for Fig. .3-16.
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g = 210 uC em—2 {(as at Pt), Cp= 2200 pr cm'2 for Langmuir adsé:p:ion.

Changes of CP can arise with changing 1a£era1- interactions in a

monolaver (253) (Cp decreasing as they incredse), e.g., if the

electroactive surface species becomes more ionized at lower »H. % Tnis

does not seem chemically feasiBle in the Present case with FeS..

A pH effect on the surface reactian capacitance could arise from a
s .
greater reactivity of 55’ species in the surface of Fesh nder

alkaline conditions where sé" LORs can exist in the surface laver.
f/“\\\» ) - )

Under ac;? conditions these will tenad ?z’gz}pro:onated.

7 .

Since Cp depends on the real surfac;‘a:ea ©of the electrode material

-

(deterrcined by the value of g), the resulss of F;s:' 3.22 could most

e

-
easily De interpreted as due o an inc:easé/ef surface area with

cycling‘az high p#, due to a greater reactlivity of the surface under

the latker con&itions.

.

- ‘ .
is does no:'ﬁeem to De the case, however, since an interesting

Tesult found is thats an electirode giving a larse and Zincreased

capacitance at. p¥ S-11 relative ¢ <that a=

‘0

21, Sives only <+he
smaller capacitance again when resurned (in <¢his case withous

repolishing) to solutions at tE 3 or 1, as shown in Pig. 3.22.

-

One other possibility. for the results exhibited way be the effect on
the properties of semiconductors of different values of pH.
. 2 ) 5 ’
Furthetr information onr the s:ase of TeSp and TeS surfaces was

obtained by scanning electron nicroscopy.

{

3.3.4 SEM and X-Ray Emission Analysis )
/—N-J

A series of ?e52 electrodes that had Dbeen- subjected o 10

anodic/cathodic cycles at pH 1 and 11 were examined in a Semco Nanolahs

-
-

-
' scanning electron microscope provided with a wavelength-dispersive x-



<.

t

Fig. 3-23-1: SEM photograph of (a,b,e) FeSy and (c,d,f) Fej_yS electrode
surface before and after cycling in 0.1 M aq HC104 in the potential range
as Figs. 3-16 and 3-24. (a,c} uncycled, (b,d) cycled and (e,f) held at
cathodic end form 20 min. : .

{a,b)
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'as a porous surface structure speciés.

«

¢

Figure 3.23 shows the state of the Fe82

ray emission attachment.

surfaces before’and after the electrochemical.cycling and holding at

15 clear

-~

that some roughness of

cathodic end. Tt

surface takes place.

change of the

Alsc, the Fe:S ragio it the surface region® of
Bl .

the specimens is substantially Cchanged; t FeS.,, 8§ 1is relativel
2 T

ennhanced while at Feqj_S (Section 3.4) it 1s'relatively depleted, a3

shown below: . : s

Fe/S,signal ratioc in FeSp - Before cycling 1.81 # 0.13; .,
: . \
After cycling | 1.3¢ + 0.03; .
s *
L Helding at -=0.10 V. 0.05 % 0.01.°

Fe/S signal ratic in e _y S Before cvecling

v

Also by comparing SEK photographs of (i) an FeSo electrode cvcied
T ) 2

solution from =0.1 to +0.5 'V with (e) one held.at

V for 20 min, and from X-ray surface analysis results, it is

found that

on the surface which is then lost in sclution while the sulfur remains

The cathodic holding causes a

diminution of the Fe:S ratic. - -Thiss is another aspect of the surface

\

processes that iron sulfides”undergo electrééhemically.

1s utilized. for
to several hundreds of 2

® It is to be noted that the x-ray emission that
analysis arises from within a region down

below the‘surfggg_gs well as from the surface, depending on electron,

beam energy. °

- - 134 -
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- 3.3.5 Behavior after Holding the Electrode Potenial Constant for
Controlled Times

A useful approcach in cyclic-voltammesry studies as we have seern
. -

with PbS electrodes, is to hold the electrode potensial at certain

- fixed values for well—definedlperiods of time, Ty, and then follow the

-t
succeeding current-voliage profile  upon applyfég & <cathodic (or
anodic) opotential Sdéga\f: seme  controllied rate. Results ¢©f this

. -

procedure were obtairf®d for different heléding times, Tw = 3 to 1000 s

at ?esz. Trhere 1s a significant time effect in the degreée of surface

-

oxidation achieved at 0.35 V Ey, ccorresponding te SUDErimposition of a

slow process on the faster one revealed 1n Fig. 2.18.

Oxidation 4harge-pertential relations may be evaluated <for the

N holding experiments. They are of a shape similar zo those of Fig.

>, X . R i *
passed as‘a function of potential. Thls, cof course, L& on agsrunt gof
the time allowed for more Xvensive IcrmatIion of the rroduct cf
oxidation of the ?esz' surface. We have shown that <he behavior cf

. — : o

’ rFig. 3.16 corresponds approximately. ¢ a nonolaver level of oxidaticnh
. and reduction ¢f the surface while the data for ‘the heolding
/[N\uaexgsfiments correspend to some  "denetratIon” cf the 2JQegree cf
2 affagtion ané corresponding increase .n the <harge fgor reductilon with

time, T It is <found that af:zer *hoiding,' <che electrochemiczal

behavior of the mater:al st1l1) remains more or less reversitie, a:

least with respect to the potentialis at which the current peaxs
T P ' - ,

< {
J appear. This is to be contrasted with the -situat:on with oxidation of

the ' noble metals, where the potenwial o0f <the peak for cathod:is

. - T *
3.20 but correspond teo substantially. (10-25%) =nigher £Zharges deing

v - . \/“\-

' ‘w’>

u



reduction of surface oxide becomes substantiall y less positive with

2acreasing degree of  oMidatlon 0f the metal onl. acccunt of increasing
Stablliity of the cxide f1lm as mere of it 1s electirochemically formed

and a phase-cxide structure Ls  developed. The holding effect here

Corresprnds, It appears,  simply o MOre matrerial belng oxidized with

-

Time, DUl the state of the product remains essen:; Ily constant from

an €lectreochenical thermodynam:

0
‘U
O
pr
1
it
Q
v
Y
M
¥
*

AT Cne DCLnT LN the WOrK 1t seemed thar metallic iron o ght be

forned Lo othe surfacze of ireon sulfide after redustion at -R.2 V ER 50

that the De“a:;:r Soserves Lo Fig. .18 could congceivably be due to

Py

Ao e s mem e e A - - - - LR - - - -

Sermaticn and T recxidatlisn of thls L1ron ona miIsroscopic  scale afte
.

- - h R etadatuteioibot=tint - - v -

Tedustizn. ATcoraLngly, an experiment was Zsonfucted Lo order +o

dellne the gurrent-viltace preofile in sycliic-voltammesry for pure iron

i tne same aclc medlun  as that for the experitlents on ?esz. The
Deravicr found was noi, Lnoany way, similar <o thas of Fig. 3.16 ana
CnlY a@n  CXIZAtlcon WIth  Bassivatison Turve oSriginates, which  fg nos

- ! bl =4
unexpected {gf. 2%4%)

.= Helatlcn Tl the 2esults with Tns

It .s ClLear fr;: e rCesults shown  abov -hat there are gulte

substantial differences Dbetween the behavior of FeS, and  Phs. in

.

Fartigular, @ recglon of reduction progesses dlstinguishable from that

.:f cxidatlcon processes 1s less clear iLn the FeSs case except as
Potentilals mtre DOsitlve than .3V, and there fg much less, if anv,
evyidenze fgor formaticn  of sglutlon-scluble species. Thi was

=

indlcated IV experimerins with rotasins ?e52 electrodes In which the

~ -

| ]
[

[83]
!



current-voltage curves were found to be almost independent of rotation

rate, unlike the behavior at PbS. s

The 1 vs V preofiles of Fig. 3.16 are to Dbe contrasted with those

.

for PbS, menticned previously. Notably, . no reversible region is
observed at PbS. In this respect, tnefﬁénavior of the latter material
1s more similar to that of Fej_xs {Section 3.4).

The interesting reversibility found especially in acidic¢ solution,
as in Fig. 3.16, suggests that there may be a reversilbe redugtion of
- - ] - 2_ ) [T J 3 - S £ £ o
the ion to two S or SH ions 1in the” surface of the :e52
material. Presumably this could be a fairly facile process withou:
the necessity for mugﬁ fearrangement, at least locally speaking, of

. 1 - - .
the lattice. Such a process. would be reminiscent of the facile
]

reduction/oxidation of the disulfide linkage in crganic'mate?iars such

: ] ) >
as cystine (but see Segtion 3.6). -

A
; . ] >

3.% COMPARISON OF THE ELECTROCHEMICAL BEHAVIOR OF PYRRHOTITE .
GFey-) '

3.4.1 Cyclic-voltammetiry Results

-

A furcher comparison ¢©f the behavior of Fe52 was made with anather
sulfide, ?el_xs. This material, as the mineral pyrrhotite, differs
from FeSsp in having monomeric'sz' ions lp.tne structure rather tgan

"disulfide ions, 5%'. The purpose of this comparison was therefore -to
examine 1f the electreochemical reac;ivity of Fgl_x§‘ﬁas substantially
different from that of Fe52 on account of the change from a disulfide
ion structure to a monosulfidé one. Especialiy. the quéstion of
reversibility of reduction/oxidation was of interest in relation to

the electrochemical behavior of the S%' ion in FeS;. =,

C



o,

.
B H

The behavicr of ?e,_xs in pH I acgueous .Cloh 4t sweep rates similar
' . - - -
o those for Fe52 in Fig. 3.15 15 substantially different from that of

FeSp. The main electrochemical processes. occur over a differens

otential range, -C.4 to $.18 V Ex, and are much lass reversible than
Jol .

‘these ax ?esz. Reversals of the cathodic sweer at -2.35, -C.40, anzd

o

-0.%5 V show that <he maln oxifation beak at -C.2 o -
ILis% 2epends on prisr reduction ¢f the surface a- potentials nmore
negative than

3.4.2 -Trevers:bility and Surfacte Protess-Characterissics cf F

AP

-

?e:_vs beraves gernerally rather less revers.kly than ?e52 under
Varicus conelticns of pE and a2 typisal L vws Vo profile 1s shown in Fig.
.24 for pE L. Tne absence c¢f an effect of elecirode rotazion
indlcates again that sclutign-scluble species are nos formed, as was

also found with FeS;. Qualitawivelwy, 2n this respé&:, the behavior of

€1 w5 Fhus similar to thnat of FeSp.  AS with FeSp,  the peak

L
N
current P10t cur linearly in-s and are PH dependent. The Dpeak-

-t

CUrrQnis show & general cendency.oC Lncrease with PH, as with Fesz,
. p » '

7]

Dut not, in the uniform way found with ?e82 (Fig. 3.22).

The general strugtire of <the 1 *ws ¥ orgflles 13, however,
substantially differen: from +hat <or Fesz; there are four peaks
distinguisharzle cver Lhe potential Tange shown in Fig. 3.2%, one of

them Dbeing reproducibly mnuch larger .than the thers. No two-peak
. .
reversible regicn, of the type seen in Fi - ,3-16 for Fesz, is observed

as Fehﬁrs' The large anodic peak 1n Fig. 3.24 for FE¢_XS depends on

the potential tc Which the cathodic sweep has been taken (Fig. 3.25)

~
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0

Cathodic
-
3.58 i

264

Cathodic

1.76—

02 01 00 -01 -02 -03 -04
' Potential (Volt, Ey)

Fig. 3-24: Cyclic voltammetry i vs' V profiles for FeS in Q.1 M HC]DZ
Curves 1-10 for the same respective sweep rates as in the F1g 3-16,
over the potential range -0. 40 to +0.20 V E
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Current Density (mA-cm™2)

Is

5.262

0.000

3
B

3.508 __ - ! ! '
0.00 -0.20 ~0.40
: Potential (Volt, Ey)

Fig. 3-25: Dependence of main current peak for anodic oxidation of
Fe, S in 0.1 M HC1Q, on potential limit (-0.35, -0.40 and -0.45 v
wi%ﬁxso s holding time} of previous cathedic sweep. Cathodic and
anodic sweep rates = 25 mV s” . Anodic peak is independent of
electrode rotation rate.



and thus depends on the prior state of reduction of the surface. The

current peak 1s, however, independent of the electrode rotation rate

-ané 1s thus not due to solurion-soluble 82"0: EH' ions, as was found
with PRS.
b
3.4.3 Comoarison of of PbS

the Behav:ier with thas

In the experiments carriled out in low pH {(pH C, 2, 2 ana 3) aqueous
sclutions 1t was found that HZS gas evp}ves at =0.40 V. This was
confirmed ¥ a test with lead acetate paper which turned d&ark.
Referr.ng «c the Poubarlx :isgfém {248), <this potential is just in the
egurlrbrium range fcr Ho5 stablity. Thus, <he reduction current at.

the most negaiive end of the potent:ial sweep 15 assocliated with the
reducilcn Drocess:
Tes -~ 2 e > Fe + 32‘ (latz:ice)
- . ot s
and 5= (latzice) + 2 H > #ps 4 -
Y . .
Here the S<~ produced on <the lattige or 1n  some other form is not
-

sglution except in HoS 1s formed. Thus, the

fellowing large anodic peak :n the region, =0.13 %o 0120 V shows no

wrectatlon dependence of the Since E2S can evidently actually”

be formed, and thus alsoc some SHE- and 52‘ i10ns, the absemrce of a

—- -

reotation dependent current, at Fer1_»S must De due to the

reactivity of

in high pE

the ?el-xs

soluticns

was no detectable S,

surface for E28 ¢or sulfi

the reduction current st

a5 may be expected under

o

de recxidation.
i1l arises but
‘e

alkaline conditions.

lack of

tnere.



In case 'of PbS, we recall that <the anodic peak A, was affected by

electrode rotation, due to formation solution-scluble species which

were recgxidized at the PrS surface. The § speciles formed on the

- s

lattice of Feq _ appears the same as for FeS,, as can Dbe observed
1 ) 2

from the SEM photographs ané confirmed-by the x-ray analysis results.

3.5 CONCLUSIONS ON REACTIVITY OF MINERAL SULFIDES,

——

-Tne surface ané succeeding bulk-phase electrochemical reactigms of
Fesz and Fel;xs are evidently gquite complex and electrochemical
tudies alene can not provide a full understanding of the reactions
which can proceed over various ranges of potential. More work of an
analytical kind on couloﬁbic yie;ds of products of oxidation would,

for example, be reguired <for a better understanding of the

electrochemical reactivity of <the iron - sulfides to Dhe reached.
However, the folléwing can be said 'abou: some aspects of the surface
processes which can be followed electrochemically.at tnése ninerals.
After reduction of the surface of Fesz at the initial teptial of
anodic sweeps, reversible oxidation-reduction processes in two peaks
arise, as we have shown in Fig. 3.)6, provided the potential in the
anodic sweep does not'éxceed ga. 0.5 V. L similar reversible process

is not observed at PbS or Feq_,S.

Since the latter sulfides are structures containing the s2- ion,

~

while Fe52 contains tne‘S%‘ ion, it seems likely*that the reversible

surface preocess at Fe52 is

2 e+ £- (lavzice) == 2 §2- (lattice) - (@)

- 142 - .
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Two peaks are observed in the ‘reversidble regxon ¢f the Fesz

rqguction/ox:datlon 1 Vs V profiles. This 1s suggestive 0f two

-

separate, one electiron, reducticn processes In (4) but the charges

under the twe peaks de net  appear to be cuite {Ee same.

Polycrystallinity is an obvious possibllity fCr  tne origin of nore

ape
14

than cne peak £for a surface process (¢f. the g;:ua:ion 'of
electroscrption on Pt (25C,255).. However, in experiments carried oug
wlth single-crys:al mineral specinens of FeSo, :né_:wo-peak Sehavier
.0 the revers:.ble reg;oé ;as Still observed.

with PbS, evidently reductive dissolusion can occur, [PhS + 2e —_
°r - s2- (scinl]. giving rise to solution-scludble SE~ or S2- ions,
depend;ng on PH. This 15 not observed with ?El—zs or Fe52 in the time
fréme ©f an anodiC sweep or else any SH™ or 2= ;ons_'“a: are formed

-
—d

at the negative end of- a sweep, or on reductive holding of the

-

potential at that end, are k;ne:icaliy unreactive, anéd/cr remain fixed
as lattice-structured species with regard to their reoxidation at the
iren sulfide surfaces.

At potentials more positive than ca. 0.5 V at Fe82 anad ?e}x S,

ther anodic processes evidently occur (Fig. 3.17(a)) {2558}, as they

d¢ with PbS (Fig. 3.17(v)}, leading eventually +to substantial,

-—35;2:\\,_59ntinuous Faradaic currents for oxidation of the bulk material. This

can produce such species as SO%'} SZO%', SOE', and rel* ions. After
sufficiently long periods of anodic eoxidation in a cell,'Soﬁ' and rFeJ*
ions can be chemically detected (reaction with 3aCl, " and CNS™ ionm,

Lespectively).

-



Recently, it is to be recorded, FeS; has been successfully embodied
as a cathode material in a Li/?eSz primary battery.

r

1y
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3.6-1. Characteristics of the Cvcliz-voltammograms

PART II1 —--— INVESTIGATIONS WITH ORGANIC -S—Sf AND S-H COMPQUNDS

CYSTINE: CYCLIC-VOLTEMMETRY BEHAVIOR

The cyclic-veltammograms .at acid" and alkaline "PE's (1.3 ané 1i,

repectively) exhibit <wC curren:t maxima in the cathodic and anodic

sweeps with voltage separations of ca. 0.03 V. At neutral

3]
HH
~J
.
}=
—

-

rather more complex peak structures arise, pronably on account of the

Cystine Dbeling present in two states of ionization at the electrode

interface. -~

- The charge balance between the cathodic and anedif curren:t vs

.

potential proflles is always exbessive in  the cathodic irection,

suggesting lrreversibilsaty in <the extents of cathodic and anodic

Teaction and/or diffusion of a cathodfcally fermed oproduct into

solution.

The currents are either partly or completely diffusion-controlled

FER =

as will be shown Delow, Wwith some 2ndications of a surface reaction

process but cnly under certain conditions. In view of the suggest;bns

-~

ang cther evidence 1n the literature (140-143) for surface compound

formaticn with Hg, 1t 1is surprizing that the electrochemical behavior
- -

.$ racther largely characserized by 2ffuslion cenirel  with peak

"
currents usually being found tec be proporticnal to s<.

*

- Y



3.6.2 Behavior at Acid pE 1.33

” -
- N -
The cyclic-voltammetry behavior at 3 bH's f;om acia, through

neutral to alkaline pH was investigated at various sweep-rates.

Typical curves after 10 min iniitial cycling are .shown in Fig. 3.26 for

PH 1.33 and at various sweep-rates, s (V s‘l)- At this pH, cystine 1is

* 3
largely 1in a positively ionized “state, RNnj- Initially, some

variation of the shapes of the profiles takes place with successive
cycling, as 1llustrated in Fig. 3.27(a) where xt is seen that a second "
thocdic peak becomes established after a period of cycling (10 min)
using initially a fresh electrode and fresh soluticn. This is the
> N .- .
general and reprodiclble behavior cbserved in all runs. J

s

An  experiment was conducted t0 examine if <the eledtrochemical
response c©f an adsorbed film only  of cystine, uncomplicated by
reaction of cystine from the bulk, could be measured. . A fresh Hg

electrode was dipped into cystine solution for 3'min., <hen cycled in

the dlectrolyte without any trace of free organic disulfide or thiol: '

it is found, as in Fig. 3.27(b), that the second ciigodic peak,

referred to above, 1is much larger than the f£irst one in the first
sﬁeep, Dut their heights are reversed on the second sweep. The ratios
of cathodic (Qc) to anodic (Qa) cnérges over the whole region of’
curves 1 and 2 of Fig. 3.27(a) are 1.94 and 1.97, respectively. These
charges (QC) prohably contain an appreciable cdmpenent for cathodic Ho
evoluticn Revend -C.4 V while over the region 0.45 to -0.05 Vv, Qc/Qe:=

0.66 = 0.05 for both curves. In an experfg;n: $rig. 3.26) where the

Cycling itself was only over the range 0.50 to -0.2C V, the Qc/Qa

ratios are ga. 0.85; they depend somewhat on sweep-rate. The cathodic

- 146 -
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-0.06—
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-0.03

I
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0.0
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0.0B
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-

r

Fig. 3-26: Cyclic voltammetry § vs V profiles of cystine
at the Hg electrode at various sweep-rates in pH 1.33 aq

solution

i

- 147 -



CATHODIC .

ANODIC

@
@ 31 sweep

®. atter cyciing 10 mia.

g.
|

! ! 1 !
O‘GC’ 0480 020 0.00 ~0.20 =040 ¢ =-0.60 .

Potential {V, En)

N

. A (b) . ‘

. -~Cathodic “without RSSR :
with RSSR ;.

-

Hwmn— O

] - : | . ’ 1
01 550 . 000

- Potential AV, Ey)

Fig.  3-27: (a) Cyclic vc,ntaxmét_ryd vs V profiles of cystine ot the Hg -

electrode in pH 1.33 ag solution showing difference of initial curve {1)

frem that developed after 10 min of cycling (current-peaks at -3.5 ¥ (E,)
" appear; to be assoccated with H, evoliticn}. (b) Fresh Hg electrode diphed

into cystine solution for 3 mih, then cycled"in electrolyte without any.

trace of free organimgdisulfide or thinl.~" : R S

. ™~ " -. ’ . " . y
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- »
Deak has only a small conjugate anodic component, A, visible only
. . + ; o3

a5 a shouldeyr cn the anodic current.profile (Fig. 3.28). However,

3
<

(n-3u) ,NC10, , .added t0 suppress = evolution, the anodic and cathodic
L=y e 2

k-/Co peaks are both seen more clearly. Also, at a slow sweep-rate,
- -~

n

with sweeps successively reversed at progressively incteased carthodic

potentials, TFig. 3.28 shows tter which peaks on the anodic sweep

-

correspond, respectively, to those on the cathedic side — in our

nomenclature, the so-valled "cutiing™ experiment

The sweep-rate dependence of peak currents, iP'- can distinguish

{238,241), in favorable, cases, if the electrochemical processes
correspondling to these curr nts/are controlled by @iffusion (ip« sf)

or criginate from a reacticn 0f a chemisorbed species or a surface

csmpound (:p& S). Figs. 3.29(a) and (b} show plots of the ip values

-for C2 and C:? of TFig. 3.26gr regimes of .lower and higher sweep-

rates; at low s, ip's are approximately linear in s while at higher s,

B
-
<

:Hey‘ése linear 1in s<, indicating partcipation both 0of diffusion-

controlled and surface reaction processes.

‘For parallel surface reaction and diffusion-controlled processes,

one can write . ' N

P

ip = ki S + Ko 1]

- which may be expressed either as

- o4
ip/s = ky + kés’# [2a]
or . ; _
/ r
p/sé = klsi +ky [2p] ’



)

-

where-the k'S are seme arbiltrary proportionality constants

tne correct dimensions. E:ther egn. [1] or

13

[2] predicts tha

be more i?arac: ristic cf :;e surface process at high s <th

This 1s contrary to the obsé?&éd behavior

but having

T oip will

an at low.

referred %o abovqkfFrgs.

3-.2%{a) ané (t)) so >t seems that the "mixed" sweep-rate dependence

which the i1p values exhibit experimentally

"series"” relationship Dbetween the surface

controgled processes, l.e. the surface
e

diffusion to or from the bulk solutien

represen:ed in terms ¢©f Limpedance by a

resistance in seriles with a Warburg impegdance.

the corresponding current components, at

inversely proportionai o the COrresponding

in a recﬂa;ocal fashion. Thus, at high s,

by the "s!" component that increases less rapidly with s

"s" component. In the series situaticn,

— .

may better corre
reagticn  and
pfocess 15 dep
phase. This

L

Faradaic surface

For such a

a given potenti

impedanfff in se

the curren:t is

the reaction and

CUFIQF:S, at any moment, are of course equal.'

Plots of the data of Fig. 3.26 and at 10x slower s, ac

eqﬁ. (2b), give the relations shown in Figq.

N
%
I

ip/s® is constant with s

egn. 2b), i.e. a behavior contrary to eqn.

L]

Cy in the Hy evolution region, diffusion control

- 1
*

of s is indicated by the constancy of ip/s~

Al L]

only at sufficiently large s

3.30 which i1lu

S o

spond to a

diffusion-

endent on
would Dbe

- ‘j
:eactig; .
situation

al, being

ries.. ada

determined

TS
than deces the

diffusion

coréding to

strate how

values (cf.

(2b). Note that for peak

with s=.

over the whole range
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Fig. 3-28: Cyclic voltammetry of cystine at Hg electrode in-pH 1.33 agq
solution with sweep reversal at several potentials over the reactivity
range. : .
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3.6.3 Behavior at Alkaline pH 11

-

- - .

The cyclic-voltammograms for cystine at this PH are shown In T
3.3 for various s;eep-rates. AT this pH, cystine is largely in the
fofm_cf a singly charged anionl Again tweo princizal cathodic peaks c2
ana CB; arewo:served{ _Thé anodié one’ 33, conjugate =o CB, is now
Detter resolved than in acid. tiso, as in acié solutions, there is,
sone change of :ne‘ ivsyvy profilé with time of cycling during the

initial stages of an exoeriment; in ?articular, Deak CB is inmitially

-large and decreases ":h_p:o;onged cycling. The Qc/Qa Tatios gré

'

S, whizh valtes are to be comzared with those recerded fer the azsi

-~
v .

sciutions referred wo in Section (3.8.2}. Thne raszic of i values for

-~
-
-

C2 and c3 1s alsc dependent on cycling history since the curves 1 and

§ in fig. .31, taken at +the Deginning and end of the experiment on

-~

A}

ifi liczle,

éweep-rate dependence, differ sicnificantly bu¥ rache
The sweep-rate dependence cf ig values for CZ and c3
that i acid in so far as ip i1s linear in s for low s but linear inm s?

e

s similar to

[ S

" (@iffusion gcontrol) for higher s wvalues (Fig. 3.32). The ' same

considerations therefore 2PPlY here as were made for the behavior in

e

‘acid solutions. It is also found that ip values for AB and 32 on the

anocic sweep are linear in s* (data Frem Fig. 3.31).

-

\ - ' - 154 -



-0.30—

-0.20

CATHODIC

= | | 1 I - Ar /l
0.1 -0.31 -0.51 . FOT1
' Potential (V, Ey) ' '

.Fi‘g. 3-31: Cyclic voltammetry of cys'ti‘ne at the Hg, electrode at
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3.6.4 Behavior at Neutral'bH, 7.13

L2

The cyclic-veltammetry behavier at neutral pH is shown 4in Figs.

-

3.33(a), (b) and (c)- The i vs V profiles at various sweep-rates
appear to differ substantially from those at acid or alkaline pH's,
shown abover, in that "the region referred o as Cq in Fig. 3.26 is now

-

developed to a full peak at potentials less cathodic than for C2 .ana

C3. There i1s a corresponding well developed reo#idation regien Al on
the anodic sweep, as is seen in ‘Fig. 3.33(a). ' However, closer
inspection of the.bepavior in acid solution shows that there gs.an
appreciable current/charge component on the cathodic and anodic sweeps

: 4 . . .
ir the region designated as Ci{ but no clear peak is developed. The
complication here is that if the anodic 1limit of the sweep is taken
any further positive, large anodic Faradaic currents pass, probably

due to oxidation of Hg. In the alkaline solution at pE 11, the

- : ‘: Y
characteristics of peaks C, and C3, as well as of Ay, are noweverT;E%

. -

rather similar to the corresponding ones of the gurrent peaks observed
in acid solution (Figs. 3.26 and 3.33(a)). At low sweep-rates, the

péak currents again follow an approximately linear relation with s

while at 1l0x greater rates, the peak currents are neither linear with

s ner s . . - . oy
The ratios of cathodic and anoéic charges are as shown in Fig.
3.34; again there is a disbalance of cathodic charge over anodic”
reoxidation charge with QC/Qa_approacn;ng a ratio of 2t0 at tpe higher
sweep-rates.. This Qc/'Qa ratio tends to become guite ponstantﬁat the

value 2.0 with incréasing sweep-rate beyohd 0.1 V s‘l up to the

maximum value.used, 0.9 V s—1.° 1p ac}d solution, on the b;ner»hand/

&
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* Fig. 3-33: (a)~Cyclic voltammetry of cystine at the Hg electrode at
various sweep- rates in pH 7.13 aq solution.
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Qc/Qa' 5ver a similar potential range. app;oacnes a value ofll.31
This suggests or indicates that in alkaline solution the redox process
is cpemically less reversible and/or <that a relatively greater
fraction of the reduced gpeciés 1s irreversibly <transported into the
bulk selution. This difference of behavior may be connected with the
changing state of ionization and resultant solvation of the product
Teduced species as pH is made more alkaline.

The chQ=‘ numbers obtained under various conditions are probably
nct to be interpreted in terms of any exact stoicﬁioﬁetric relatien
between charges for the reduction ‘and recxidatlpn cf the species in
the reaction sinqe diffusionlprocesses are ;qvolved and the Qc/Qa
ratios deéend ign;fgcantly on the sweep-rate and tné diffusion

-y
conditions. ' |

3.6.% Concentration Dependence of Peak Currents.in Acid Medium

Tl
+

A .series of experiments was conducted at 7 concentrations of
. . >
cystine at pH 1.65. The currents for peaks Co and 32 are shown in

Fig. 3.35(a) as a function of concentration for io values of s. For
all values 6f s investigated, the ip values tend toward a limit as the
concentration is increased, except for the data at the highest
concentration, 6.0 mH; The non-linearity of thése plots shows clearly
_{cf. refs. 239l240) that .the peak currents are not simply diffusion-
coﬁtrolled {(with an apparent reac;ion order of unity} as was also the

conclusion reached -earlier in this section from the 'ip vs s or st
plots. In fact, the initial approach to limiting values of ip with

’

increasing concentration suggests the role . of -approch to a saturation

~
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Ab]

condition of adsorption at the electrode surface. Possibly the
further incrgase 6f ip at the highest concentration is associated witn
multilayer formation (BET adsorption behavior); Similar curved plots
-
are found for the currents of peak Cqg bdf\;hat of C4, in the Hp
evolution regicn (Fig 3.35(b)), is more linear ih concentration over
the whele range up.to 6.0 mM. This is consistent with the observation
that the peak currents in that region are linear with s over all of
the s range (see Fig. 3.38), i.e. the process is "meore completely"™
diffusion~controlled with the consequent apparent reactiqn order of 1.

3.6.6 ©pH Effect on Peak Potentials s

The potentlals, VP' ~of the distinguishable cathodic and anodic

-

peaks were measured and plotted as a function of pH as shown in Fig.
3.37. T+ is 1important to note thaﬁ the peak potentials plotted are
referred, as in the cyclic—voltammograms; to potentlais of the
H2/H+-H20 electrode in the same solution as the working electrode and
thus correspond to the same pH's. The observed slopes of VP vs pH are
0.065 + 0.003 V based on data for 3 pH's. The same slopes are found
for each of the anodic and cathédic peais, as follows freom the lines
drawn in Fig. 3.37.

From these results, it can be concluded that each of the current

peaks corresponds to the same <type o©of process as far as the

stoichiometric reguirements for electron and proton transfer lare

e
concerned. In particular, the overall reaction written Wws the
. ' _ .
hydrogen-H+/H20 electrode process must involve one net proton ansfer
per e transferred. Thus it is eclear that the potentigi-determining

process (in- the limit of reversibility) cannot be, for e Ple,
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i)

RSSR + 2 H¥+ 2 ¢

> 2 RSH

-

-t

which would have a Vp value that was independent of pH when expressed

. (>4
vs the R.H.E. in the same solution.

A chemical reaction involving Hg (cf. . refs. 140,142), followed by

an electrochemical equilibrium, could be written formally as
RSSR + 2 Hg —> 2 RSHg

RSHg + H* + e
!

>.RSH + Hg or RS$H(Hg)

but this alse would lead to no PpH effect on VP eXpressed relative to
the R.H.E. It 1s clear that any process that involves the same number
of electrons and protens in the same elementary reaction will not give

—

the observed behavior. A process S{JCh as

RSSR + 2 e

>2RS™ (+ 2 H &==* 2RSH) (5)

15 regquired. This will lead to & pH dependence of Vp of 0.055 V

according to the overall stolchiometric 2e reaction.

RSSR + Hp &= 2 RS™ + 2 H' ' (6)

‘Similar steps in which the RSSR or RS~ species are complexed with Hg
will lead to the same pH dependence as reéuired experimentally.

It must bDe noted that in the case of cystine or cysteine, two.or
one ionizable -COOH éroups exist in the moleéules. respectively,
compliﬁa;ing the balance of charge. Hdwever, these -COOH groups do

not participate directly in the redox process and, at a given acid pH,

will remain almost in the same state of lonization before and after

9
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thé redox reaction has taken place. However, when cystlné in the
partially docubly ionized state (pH 1l1) is reduced to a "mongmeric®
thiol, the inductive effect between the two -COO™~ groups which makes

the lst and 2nd pKg's of the =COOH groups (which normally differ by

ca. 4 units) 1is lost, each then retaining a pKyz of ca. 4.5. Thus, at

PH less than but near 1ll, we can have the situdtion

2 TOOCR'SSR'COCH + 2 e > 2 TDOCR'S™ + HY (7

(cf. egn. 5). Combined with the 2e, 2H?, the Hy electrode reaction,

process (7) corresponds to

> 2 “0OCR’'S- + 3 Ht .

“OOCR'SSR'COQH + Hp

This would give rise to an unusual pH effect on Vp of (3/2) x 0.089 V,
= 0.089 V, a value not observéd. Processes (5), (6) are th; basls of
a preferre? grplanation of the experimental Dehavior. Of course, 1in
acid solutions below pH B, the -NH;. groups of cysteine or cystine
become ionized as cation centres lnvolviné one or two other proton
transfer equilibria while zwitterion states can exist between the

-CO0C and —Nﬁg groups on the same C atoms, depending on pH.

The four pKg's, of cystine and the two of cysteine are recorded in

_ Buckingham's Dictionafy of Organic Compounds, together with the_pKa of

the -SH group in cysteine (see also ref. 142).

—0 ‘ : i
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3.7 CYSTEINE: CYCLIC-VOLTAMMETRY BEHAVIOR

'

3.7.1- General

{ - .
The electrochemical behavior of cysteine (fRSH') was examined

\ -

' comparativeiy to tha:t of cystine, reported above, using a similar

program ¢of experiments at pﬁ 1.23, 7.1, 11.3 anad 13.2. 'In thls'case,
of course, the oxidation and re-reduction had to be’exam;n;d Ey
dommeﬁczng sweeps {rom an‘ appropr;ate negative potential but going
thitially in the positive di;ectlon in the first sweep. . As before,

zhe cyclic behavior was examined as a function of sweep-rate, .pH and

concentration.

3.7.2 Behavior at pH 11.3

First will be shown the behavior at pH 11.3 as this 15 the simplest

(Fig. 3.38(a)): apart from a small secondary current component on the

cathodic re-reguction side; - the whole shape of the anodlc/cptnodic 1
vs V profiles 1s similar to that expected for an irreversible, pure

diffusion-controlled process; the peak currents are clearly linear in

s as in Fig. 3.368(b) and the anodic/cathodic peak potential

-

separation 1ncreases with s. However, the cathodic peak currents are

some 20% greater than corresponding anodic ones, for a given sweep-

rate.
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3.7.3 Behavior at Acidic pH 1.21

P

- -’

At pH 1.2%, ' in dilute solution (0.5 mM}, the profiles are again
reasonﬁbly simple (Fig. 3.39(a))but with <two current components .on
each side that are linear over some‘range of 5, either in.'s5 or s.

This is shown Dy testing the results with the combined plotting

-

function referred to in an eartier section:
1p/s? = Xy 5% + kp

A two-3lope grabh results for both the main anodic and cathodic peak
currents (Fig. 3.39(b)). * ’H

At higher concentrations uﬁ to 12.5 mM, and already at 2.5 mM (see
Fig. 3.40), the profile becomes complicated by a cathedic current
component an tﬂe anodic sweep and an anodic component on the cathodic
sweep. on the ahodic sweeps beyond the main current maxima, a sharp
shoulder 1s observed with rapidly decreasing curfentsf On the
following re-reduction sweép, ancdic current maxima precede tne.main
cathodic peaké.' It seems that the continuing oxidation of RSH on the
anodic sweep 1s inhjbited .at some critical potential, ga. 120 mv
positive of the main maxiﬁa, but this inhibition is relieved on the
following cathodic sweeps so that curreqt for continuation of az;
irreversible oxidation of RSH passes on the cathodic sweep over a
short range of potentials before the expected (cé..}ig. 3.38(a)) rise
of cathodic current in the main peak. The charge balance between the
main anodic/catho&ic processis is near 1 for the curves of Fig. 3.40.

. The anomalous behavior shown in this Figure is™roind to be enhanced at

higher concentrations, 4.5, 6.5, 8.5, 10.5 and 12.5 ﬁH, and the sudden
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inhibition effect on the anodic sweeps 15 more pronounced. -~ At the
. red . o~

higher'concentrations, the i vs V profiles look less and 1less:like

those expected for pure diffusicon control, <though peak currents are
: ) i .
Py

“
st1il) well represented by linear.s g}ots.

¢ '

3.7.4 Behavior at Neutral pH 7.1

,Tne penavier at pH 7.1 is the most complex anpd unusual, as shown' in
rig. 3.41. Here the "RSH"™ molecule :s 'malnly in the form of 2
£ . .

zwitteriomn. The £first anodic peak 1is followed by a con:iﬁqousl&.

' . N

increasing anodic current with no return to the zero-current line over
accessible ranges cf po:en:ial.T The reduction profiles »sShow LWO Or

three peaks of ccmparable current magnitude.. Both anodic and catfizdic.:

peak currents are again well represented by linear plots in 55.'.basec_
on 10 s values, Dbut the overall form of :ng‘; vs V profile clearly

not that for a simple diffusion-controlled process.

is
‘N\

o

3.7.5 Concentration Effects . N

R . PN .

For cysteilne oxidation at Hg, ‘the main peak currents at various

. ) -
n - >
sweep-rates are almost linear in concentration (Fig. 3;42§a)). as
reguired for a diffusion-controldead process. However, the

corresponding re-reduction ' peak currents are clearly not linear in

concentration (Fig. 3.42(b)), indicating the  participation'of a

surface process and/or coupled chemical steps following the inirial

N

oxidation process.
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Fig. 3-38: (a) Cyclic voltammetry of cysteine at the Hg electrode at various
sweep-rates, in pH 11.3 aq solution.
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Fig. 3-39: (a) Cyclic voltammetry of 0.5 mM cysteine at the Hg electrode
at various sweep-rates in pH 1.21 aq solution.
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3.8 REACTIVITY OF o~LIPOIC ACID AT Hg

3.8.1 General

The reactivity of @-lipeic acid at Hg was compared with that of
cysﬁine and cysteine-reported above. The ©pH's of the sélut;ons were
1.21, 11 and 13. Since this meolecule has an w-COQH group unconjugated
with any other functions, it pas a normal PK, so that the molecule is

uncharged at pH 1.21 and fully ionized as an anion at the high pH's.

3.8.2 Behavior at pE 1.2

-

Figs. 3.43(a}, (b) and (c) show families of cyclic-voltammetry i vs

V profiles at various sweep-rates. Two peaks are evident on both the

cathodic and ancdic curves, but the relative heights are quite
B ' -

dependent ¢©n concentration (ceompare curves in Tig. 3.43(a) with those
in 3.41(d))." The cathodiC curves for 0.l mM branch successively from
an almost common .ascending current line and similar benav;or is seen
on bo;h the anedic and cathodic curves at higher concentrations (Fig.

- -
3.43(b) anda (c)).

The relation of the cathodic to the anodic curves is interesting in
relation to concentration: the charges, Q., rise in proportion to
concentration {Fig:- 3.44) which would be consistent with diffusion
contrel but the Q. values reach a clear limit of ca. 180 € ecm™2  with
increasing concentration above 0.5 mM. This suggests that the anodic

*

curves correspond to reoxidation of an adsorbed complex ' or surface

c ﬁpound at monolayer saturation (the 1B0 uC em—2 is near the charge

. o . L
igure for a le process ih a monolayer) - or that reoxidation is from a
- k,';. .
H .
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Fig. 3-40: Cyclic voltammetry of 2.5 mM cysteine at Hg electrode at
various sweep-rates in pH 1.21 aq solution.
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3-43: (a) Cyclic voltammetry of 0.1 mM a-11p01c acid at the Hg
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Fig. 3-43: (b) Cyclic voltammetry of 0.5 mM a-lipoic acid at the Hg
electrode in pH 1.21 aq solution.
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di;solved Hg-complex formed in the cathodic sweep but at saturation
solubility in the solution. The-latter alterna%}ve is consistent with
tHe observation (Fig. 3.45) that the anodic peak currents are, over -
éll of the range of s, linear 1in si. However, tge cathodic peak
currents reach a plateau limi; at high s after increasing with si.
This i# because the curves spread out, rather than increase in height
with si, ' as s becomes larger. This 1is again not consistent with
Eimple diffusion control.

At higher concentration, (Fig. 3.43(b) and (c)) the shapes of the

double-peaked curves do not resemble those for either an irreversible

or a reversible diffusion-controlled process although, again, currents

3

are more linear in s~ than in s. Both anodic reoxidation profiles at

the higher concentrations break away from common ascending current
lines which is a pnendmenon not associated with currents arising ina *
pure diffusion process. The contrast with the anodic profiles for the
most dilute sclution (0.1 mM) (Fig. 3.43(a)) is wparticularly
noticable; there, in'Fig. 3.43(a), the snépe is much more like that
for a regular diffusion peak. = A%t the higher concentrations, it will
be noted that the second peak is much ﬁore revgrsible than the first
but the relative heights of the Ifirst ana sec$£¢ Eatnodic peaks are
now reversed in Fig. 3.43(b) and (¢), relative to those in Fig.
?.43(a)‘ for otherwise comparable conditions. This system 1s very
concentration-sen;itive in 1ts’ benéﬁior. Current density vs
concentration plots for C2, A2, and cj,.a3 a;e shown in Figs. 3.46(a),

{p), {c) and (a). wnile there are clearly diffusion-control

components in the behavior, other aspects such as reaction through a

v
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prufﬂes for a-lipoc acid at Hg as a function of concentration
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Fig. 3-46: Peak éiirrents for processes Cp, Ay, C3 and A3 in cyc'licKro'ltametry
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surface or adsorbed phase Seem to be indicated, as well as two stages

that are concentration-dependent.

3.8.3 Behavior at pH 11

The behavior at pE 11 (carbonate buffer) (Fig. 3.47(a)) is quite
different from that at acid pH. Three clearly separated current peaks

arise on.the cathodic sweep but, the third of these in the range -0.715

,\\\io —0.965‘V E?i 1s almost certainly associated with a catalytic effect

of the reduced "RSH" form of g-lipoic acid on the Hp evolution process

hi}wnich coqmeﬁces at significant rates at these more negative

-

potentials. A small reoxidation current peak is observed on the

anodic sweeps and this corresponds to the first peak on the cathodic

sweep.

Peak currents can again be represented as linear functiohs of sé
(Fig. 3.48(a)) but, in\thig-case, the data for peaks Cy and Cp also
plot out well as a linear fpnction of s (Fig. 3.48(b)). The plot of
Vp vs 1n s 1s shown in Fig. 3.47(b). The cathodic t°vanQS£E;P£§EEE
ratio is again 1 based on the 1st and 2nd cathodic peaks. The peak
potentials for ng CL and Ap vary significantly with s (ca. 30 nv per
decade) while those for C3 are almost independent of s indicating
that, for this p?ocess, the reaction is hardly polarized over the s
range used. However, the process 1is not in a chemical sense

reversible since no corresponding anodic recoxidation region is

observed.

The anodic peak region is quite different from those in Figs.

3.43¢a), (p) ana (c)‘ for pH 1.21 where the forms of the peaks were

specially remarked upon in an earlier paragraph (see Section 3.8.2).
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The daifference of the behavior here from that at ph 1.21 is
presumably due to. the fact that ét pH 11 the ﬁolecule and fts
feduction product(s) are completely ionized as anions so that their
adsorption at Hg will tend to be quite different from that at‘acidic

PH's.

3.8B.4 Behavier at pH 13

The behavior at pH 13 (NaCH) is shown in Fig. 3.49(a): +the i vs V

profiles are now again quite complex and surprizingly different from

those at pH 1ll. Initially a single asymmetric cathodic peak 1is

cbserved, trailing into the Hp evolution region (-0.895 V,ER). Sweep

reversal results initially in a continuation of the increase of
current on the ancdic sweep; it seems that this is cue, as at pX 11,
to catalysis of the cathodic hydrogen evolution reaction by a preoduct

of reduction, "RSH", of the @~lipoic acid, as in the cyctine/cysteine

i

case. However, at more anodic potentials in the anodic sweep, almost .
no anodic peak arises. Consequently, the Qé/Qa ratic here i§.very
large and the process 1s "totally irreversible™, i.e. either the

product species is electrochemically inactive or its active form is

removed by a chemical reaction, .., isomerization, complexation,

-

etc.

\
With further repetitive cyecling, a2 more complex 1 vs V profile

develops (Fig. 3.49(b)) with several cathodic peaks at comparable
currents and néw a compound anodic recxidation peak. Again, however,

Qn >> Qg at all sweep-rates, as was found for acidic pH's.

.
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Fig. 3-49: (a) Cyclic voltammetry of a-lipoic acid at the Hg electrode of
various sweep-rates in pH 13 (aq NaOH) for initial sweep.
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Fig. 3-49: (b) Cyciic voitammetry of c-lipoic acid at the Hg electrode of
+ various sweep-rates in pH 13 (aq NaOH) after a number of repetitive sweep.
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Evidently, the processes at alkaline pH are much less reversible

than at acid p¥, and this may be due, as was suggested above, to the

anionic nature of the molecule at alkaline pH's where it would be

7

repelled <from the surface at the negative charge densities which

obtain over the potential range where the observed currents arise. It
¢t

can be suggested that the difference from the results at PE 11 (Fig.

3.47) 1is due to ionization of the -SH group which is formed in the
product and, as RS~, will nave different adsorption and reoxidation

behavior from that of RSE at lower pH's.

As before, peak currents are predominantly linear in s rather than

N

—

.

3-8 GENERAL CONCLUSIONS OK REACTIVITY OF ORGANCIC SULFIDES AT EE

The reaction of cystine, @-lipoic acid and cystéine at the Hg

) ‘ + .
electrode 1is not a simple 2H , 2e process. Invariably, several

reduction or oxidation peaks arise, which vary in their relative
-

Neights depending on concentration and electrochemical cycling

history. There is not any systematic l:1 relationship between the

peak currents for 'two of the peaks that could correspond to .two

separate eleciron-transfers at different potentials. ther it seems

'?%nat surface processes occur in parallel and consecutively with
~ .

diffusion-controlled e, HY reaction steps ﬁhicn make the i vs V
profiles have unusual forms dependent on reactant c¢oncentration and
cyclinglhistory of a given Hg surface in the solution.

In most cases, the current profiles correspond predominantly to

épparent diffusion control but the forms of the i vs V profiles are

- 183 ~-.
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not of the simple and calculatable form expected for such a process.

Thus, sogs//coupled surface and diffusion-controlled reaction steps

seem to Dbe involved which give rise to complex electrochemical

behavior.

At Pt and Au it is surprizing that over a wide range of potentialg
no reduction 1s observed with the lindar or cyclic -S-~S8- molecules and
cysteine i1s conly oxidized over the ;surface oxldation region™ at Pt (>
0.8 V., Ep) or Au (> 1.4 V'. Ey, see Fig. 3.56) in aci@ solutions.
These results confirm the earlier sugﬁested importance of complexation
with .Hg' in sulfide or <thiol reactivity at the Hg electrode.
Similarly, even at Pb, there is no reductive or oxidative activity for
disulfides or thioels (Fig. 3.51). The role of specific interaction of

the =S=-5- or -SE groups with Hg s evidently c¢ritical for the

..

reactivity of these types of molecules at an electrode interface.
- .

‘Unfertunately, the Present werk shows that the complexity of the
inceraction witn. Hg, and the variety of resulting possible
intermecdiate species and coupled chemical and diffusion-controlled
react}ons that can be involved, makes the electrochemical study of the
redox behavior of cystiﬁe/cysteine and GQ-lipeoic acid unexpectedly
difficult. However, in the present work a systema:ic}phencmenology of
the eiectrochemistry of these materials as a function of PpH,
concentration, type of électrode metal and sweep-rate conditions has

been demonstrated and characterized.
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1?)9. 3-50: Cyclic voltammetry of cystine at Au electrode in pH 1.22
aq solution, showing only oxidation process occurs at ¥ > +1.4 Vy-
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3.10 QOVERALL CONCLUSIONS

with pyrite, Fesz, an electrochemically reversible reduction and
re~oxidation process is observed by-means of cyclic-voltammetry over a
wide pH range. This is attributed to the couple (5-S) + 2 e + 2 Bt

-—=> 2 SH~ reacting .n the " surface structure of the mineral crf%tal.

The absence of diffusion-contreolled currents shows that the process

occurs at the boundau§r region of the ’'solid phase Fe52 without
participation_ or formation of species 1n solution.
Pyrrhotite, Fej.yxS, <qualitatively, Dbehaves similarly to pyrite,

.

except with much less reversibility. . -
For galena, PbS, irreversible reductive dissolution occurs giving

rise to solution-soluble SH™ or 52' icn, depending on pH; this i1s not

observed with FeSp or Fej_S.

- »

’

Comparatively, the redox reactivity of the organic sulfides,

S

cystine, cysteine and a-lipoic acid, are critically dependent on ¢

complex formation with Hg, producing an intermediate with the Hg
electrode. A mixture of surface reaction and diffusion-contrclled

processes is involved, and both types of process exhibit reversible

4

and irreversible behavior, dependent on = conditions of sweep-rate,

concentration and pH. .The cgncentration employed influences the
relative current contributions from the diffusion-contreolled reaction

_pathway in comparison with that invelving complexes on the Hg surface.
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CLAIMS TO ORIGINAL WORK

1. The electrochemical surface reactivity of galena, PnS, has been

characterized over a range of electrode potentials, using the

. .

techniques of cyclic-voltammetry coupled with rotating electrode

.

instrumentatien. The datter allowed the role of formation of

solution-soluble electro-active product species; probably sulfide

lons, to be identified, and their formation related to holding of the

potential constant at various values for controlled times. By

éxaminatlon of the current response to varying rates, s, V s'l, of
potential change in’ cyclic—voltammetrg and by use of the rotating
electrede technique, - surface and Fiffusion—contrclled electrode
processes at the PbS interface could be distinguished according.to
@ependence of the currenés on s or si, and on electrode rotation rate.
a

2. The above approach was extended to the study of single-crystal
surféces of pyrite, FeSZ, and comparatively ‘pyrrhotite, Fel_xs. It is
fpund that no so;ution—soluble sulfide spécies are generated- in the
electrochemical Qxidagion or reduction of FeSp; but a striking region
versible oxidation/reduction behavior is observed over a

Poyentiyl range of za., 0.40 V. It is shown that this reversible

proce \involves a species anchored in the surface of the Fe52 crystal
-a&s the currents generated in a cyclic-voltammetry experiment are
clearly linear in .sweep-rate s, a characteristic criterion = an

electrode surface reaction. ;
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3. The currents for <the reversible electrode sﬁrface reaction
arise, i:’is argued, from the process 52' + 2e _F=é 252' where the
S%’ and t;;\S?' remains, in the case of Fesz, in the surface structure
of the crystal, no diffusion-controlled process being Aindicated for
the currents over the potgntial range for the reversible procassf

4. Suppor:c for the 1dentifiction of the reversible progess in (3)
is kased on compariéon with the behavior of TFe _,S where ohly the |
moncmeric 52' ion is present in the structure sSc that no dimer/monomer
redox react%on _is poséible. with Feq_ 4 S, 1O reversible region is
observed in cyclic-voltammqtr&, " nor are electro-active seolution-
soluble -species detectably generated.

5. With the FeSo ‘mineral, the currents for the reversible process
increase by about 10-fold with increaglng pH 1n the range pH = 1 to

*11, but after cycling through this pH range, fhe currents return to
the smaller Qalues’wnen the same FeSp electrode sample is examined
again in the pﬁvl solution. This behavior is not fully unders:éod.

-

At PH 1, the charge involved <for the reversible surface process is

-
found to ;orrespond approximately to reaction in a monolayer of S%'
species. . B
§. SEM examination was made of the mineral surfaces Dbefore and
after electrochemical cyciing; some degradation of the original smooth
or polished surface is indicated.
7. With each of -the mineral materials, the successive stages of
electrochemical reduction, which are indicated by the shapes of the

voltammograms, are related to corresponding stages of oxidatien in

cathodic/anodic sweep cycles. This 1is referred o as the "cutting

.
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eXperiment”, i.e., a sweep in a given direction is "cut" and reversed
k]
at successively more positive or more negative potentials during

‘successive cycles. Only with FeSz does this procedure reveal a

reversible process over part of the potential range of the sweep.

g. wWith PbS, relative reflectivit; measurements are used to
provided a éomplemen:ary Gualitative insight into the changes of
surface state of éhe mineral crystal during electrochemical surface
reduction an@ oxidation. - The reflectivity behavior is relatéd to the
regions ¢f electrochemical reactivity that are’ indicated ny éne
cyclic-voltammograms.

S. For each of the mineral sulfides, the electrochemical cathodic
anad anpdic reactivity was examined by progressively increasipg the

Dpotential 1limits cof voltage sweeps in linear potentidl-sweep

experiments. In some of the experiments, chemical identification of

resulting product species, e.g. So&‘, Fe3*t was made. At cathedic -

potentials, reduction to st (at acid pH) was identifiea by the smell
of gas generated and by the coloration reacticn observed atlwet lead
acetate paper.

10. Comparativé experiments on the reduction/oxidation behavior of
two organic disulfides, cystine and a-lipoic acid, and one thiol,
cysteine (the‘conjugate 2e, 2HY reduced form Q{\fystine), were carried
ocut in order to examine if a reversible disulfide/thiol electrode
procegs ctould be identified, analogous %o the disulfide/sulfide
reaction at FeSo. Reduction and oxidation current peaks were

.

demonstrated and characterized, but the processes were shown not to be

simple nor to be purely surface reaction controlled. At the Hg

-
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electrode, +the reduction of disulfides and the reoxidatiocn of the

thiol, cysteine, proceeds via a Hg complex as indicated in werk

reported in previous literature.
11. Systematic cyclic-voltammetry eXperiments conducted over a

_range of sweep-rates showed that the currents arising in reduction and
reoxidation processes 'nave invariably an important diffusion-
controlled component although, under some conditions, a surface
reaction process could be identified and characterized. Gene{iiiz,
mmixed" surface reaction and diffusion-controlled kinetic behavior is

observed.

12. A new method for dealing with the mixed reaction control in
(11) 1is proposed and tested: peak currents in cyclic-voltammetry are

plotted according either to the equation

ip/s = ¥y + kZS'i

1
*
<

/st = k155 + ko

where ‘2 and kl represent constants characteristic of the diffusion-
controlled and the surface reaction controlled current components,
respectively.” This approach, it 1is shown, helps to clarify the
complex mixed reaction contrcl behavior observed with organic sulfide
*and thiol reactions at th?’Hg electrode.

13. The impeortance of complexation with Hg for reactivity of the
organie di#ulfides and the thieol, cysteine, 1s demonstrated Dby

comparative examination. of <he electXpchemical behavior of these
-

N

“ha
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substances gﬁ‘Pb, Au and ?t electrodes: at Au and Pt, and even at Pp,
ne reduction takes pléce over accessible ranges of potential before
cathodic hydrogen ewvolution beégmeg dppreciable in rate, while
oxidation only takes place over the surface oxide formation regions at
Au ang Pt, as with most other organic substances. Evidently, éhe
electrochemical reactivity of the organic sulfides land thiols
requires, specifically, complex formation with Hg which acts as a
mediator intermediate for the electrochemical redox process with these
S-containing organic substances. No reversible redox behavior is
observed, as was demonstrated in the case of FeSo.

14. The forms of ine cyclic-voltammograms for redox processes at Hg
with cystine, cysteine.and o-lipoic acid were characterized over a
range of concentrations and of pH's from ca. 1 to ca. 13. i pH and
concent:ation effects are - substantial, and arise from a) changing

tate of ionizatien and gdsorbability of the S-compounds with pH and
b) changing extent of "surface" and nfrom bulk" diffusion-controlled
reaction of the reagents with increasing concentration. The forms of
cyclic-voltammogrms are recognizably not those corresponding to
diffusion-controlled reaction from species in ?ulk solution and only
under one orrtwo conditions of pH and congentration are simple forms,
characteristic of diffusion-control from bulk, observed. The
differences from the diffusion-ééntrolled forms indicates the role of
surface reaction processes while the observed non-linear relations
between reduction and/or oxidation currents agd bulk concentration,

support the significant role of surface processes under most

conditions. The limited solubility of the sulfide compounds studied
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introduces unavejidable dif;pééé@icontrblled conditions tc‘signigicant
extents. » ‘

15. At the most negative potentials, beyond ég. -0.9 V 'EH'
important "catglyticﬁ'effects on the cathodic Ho evo;utioxrreaction at

Hg are observed, as were found earlier in polarographiC experiments

with cysteine by Brai¥ka.

=
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