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SUMMARY

P- "
o
=
-
Room temperature chloroaluminate melts of 7 dialkylimidazolium chlorides
.
. . . . . . ,
o were prepared and studied using eyclic voltammetry in basic (excess organic)
SRS and acidic (excess AICl,) regions. l-methyl-3-ethylimidazolium chloride waa
selected for further electrochemical studies. Twenty-one electrode materials
. N,
T were studied for stability in the melts, Initial studies were performed to
E identify and characterize the redox and metal deposition bhehavior of 25 cat-
;‘ ions (primarily chloride salts of transition metal ions).
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PREFACE . -

The work described in this report is part of the research performed in the » r
Electrochemistry Task at FJSRL by Dr. Piersma, a visiting professor from )y

. e

Houghton College, Houghton, New York, under the University Resident Research :_:i

Program of the Air Force Office of Scientific Research. ‘;
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INTRODUCTION

Room temperature (20°C) melts of 1,3-dialkylimidazolium chlorides with

S

R
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P
T ail e

aluminum chloride were recently discovered in this laboratory Their

relatively wide electrochemical windows (about 2.5 V), high conductivities

 Salt]
x

o rdrte r
K ) 3 .

(equivalent to the best non-aqueous electrolyte systems at similar tempera-
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tures) and wide range of Lewis acidity make these melts of particular interest

as electrolytes for high energy density batteries. This report summarizes our

g

preliminary electrochemical studies of 7 melt systems and the examination of

w
3
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21 electrode materials with initial work in identifying and characterizing

Caail o T,
o e S
P

redox behavior of 25 cations in l-methyl-3-ethylimidazolium chloroaluminate

melts. The purpose of the survey was to screen candidates for cathodes that

r
Q

Fi could be used in secondary battery cells employing the new low melting molten
rf salts,

X EXPERIMENTAL
Li Aluminum chloride (Fluka AG) was purified and the dialkylimidazolium
4

chlorides were synthesized and recrystallized following procedures established

% in this laboratory(‘). All melts were prepared by slowly adding AlCl3 é:
b
to the dialkylimidazolium chloride, Melts were made and all experiments per- g"
formed under a dry argon atmosphere in a Vacuum Atmospheres Corp. controlled :ﬁ
environment system, Cations were, in most cases, added as chloride salts i
(Alfa Products) without further purification, TiCl4 was vacuum distilled to iﬂ
;T remove TiOClz. Oxychloride was removed from MoCl5 by heating the salt, ‘3

inside the dry box, for 2 weeks at 80°C. Titrations of the melts with TiCl,

(*)

indicated oxide levels on

ex e

following the method of Osteryoung, et., al,

ko

the order of 3-5 mM with a maximum of 5 mM oxide in our melts,

Srm

Purc metal electrodes were made by coiling wires (approx. 26 gauge) in the

)

L et it sk ke

—r

dry box after they had been polished with silicon carbide paper (various

grades). A PAR/EGG hanging drop electrode was used as the Hg electrode.
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.1¢Pthgioupémétal_alpoys;o£ TiJandﬂTa-(Materialn Research Corp) were sealed in

teflon and the ends polished inside the dry box with silicon carbide paper. A
polished glassy carbon diek sealed in pyrex glass (geometric area 0.196 cm?)

was used for comparative cyclic voltarmetric atudies. A W rod, 0.C71 cm!

geometric cross-sectional area was sealed in glass and polished for the stud-

ies of W. Other electrochemical analyses were made with a Pine Instrument Go.

glassy carbon rotating disk electrode (geometric area = 0,459 cm®), The

temperature was 25 ¥ 1 °C unless otherwise indicated.

A simple, single-compartment pyrex glass cell (35 mm i.d. x 75 mm high)

with a teflon cover, containing a large (7.5 cm® geometric area) W feil

electrode as counter electrode, was used for CV (cyclic voltammetric) stud-

ies, Sweep rates were 50 mV/sec unless otherwise stated. In the figures,
where the initial point and sweep direction is not obvious, they are indicated
by an "X" and arrow respectively. Other electrochemical measurements were
performed in a two-compartment pyrex glass cell with the anode and cathc'e
compartments separated by a fine porosity glass frit. The reference electrode
for all measurements was a coiled Al wire (Alfa) immersed in 0.6 MeEtImCl
(methylethylimidazolium chloride) melt contained in a separate pyrex glass
tube (11 wm i.d,) with a fine porosity glass frit. Al wires were cleaned in
aqueous 5% HF/15% HNO, for 5 seconds (to temcv7e oxicde) and rinsed with
absolute ethanol just prior to being placed in the dry box. |

A PAR/EGG model 173 potentiostat was used with a PAR/EGG model 165 univer-
sal programmer and a Houston Omnigraphic model 2000 X-Y recorder for CV meas=~
urements. Dana model 5900 digital multimeters were used to measure potential
and current, and a Hewlet Packard model 710U BM strip chart recorder was used
to record steady-state currents. A Pine Instrument Co. electrode rotator was
used for RDE (rotating disk electrode) studies. Steady state cuorrents were
measured at a rotation rate of 1000 RPM. A PAR/EGG model 174A polarographic
analyzer was used for analyses of melts for oxides by titration with TiClA.
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After a series of measurements with a-given melt system was completed, the

" cell and electrodes were removed from the dry box and thorcughly rinsed\with»

digstilled H,0 (approx. 30 rinses). All glassware and W electrodes were then

“placed in a drying oven for a minimum of 12 hours before being returned to the

dry box. The glassy carbon electrodes were wiped dry with Kimwipes ond

returned to the dry box. In the GV survey of cations, a given salt was die-

L}

solved in basic melt (mole fraction AlC1, 0.40, denoted "0.4 wetlt" here-

. after), CV scane run, and thea AlCl3 was added to the system to give 0.6
melt (mole fraction AlGl, = G.60, denoted "0.6 melt"” haveafter). Following
~the GV studies in acidic melt, the cell and electrodes were removed from the

dry box and cleaned. When the CV cucrent peak heights changed with cycling, a

situationr occasionally observed ({particularly in basic melts), results are

reported for the initial cycle. 1In these cases, the working electrode was

removed from the cell and clzaned with a Kimwipe for each measurement. This

allowed gcod reprecducibility in peak currents and peak potgncials.
RESULTS AND DISCUSSION
Electrochemical Wiudows

Seven weit systems were surveyed using cyclic voltammetry and the results

for electrochemical windows are summarized in Table I, The electrocnumical

window is arbitrarily defined as the potential range for which the current,
measured at a sweap rate v = 50 mV/sec, is.less than or equal to 5 uA on
the giassy carbon electrode (A = 0,196 c¢m?®). Figvres 1-7 permit compariscus
of the CV behavior in the different melts. We observe thgt the 1, 3= diBulmCl
¢hloroaluminate melt exhibited the widest electrochemical window of the melts

studied. The results are easily compared from the following:

3
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: Except for minor differences in the CV's, which are likely due to impur-
‘ities formed during syatheses of the organic species, the procnsses which
:‘limit rhe electrochemical wiudows in the different melt systems appear to be

similar, B
r:The melts having the {1~methyl~3-¢thylimidazolium cation appear to behave
typically cf the seriesvof imidazolium~based melts, However, the MeEtIm melts
~had the moet favorable combination of éhysical preperties and ease of prepasa-
{'tion, s0 most further studies wer. donme in the MeEtlm system. All experiments
-in this revort were done in MeEtIm melts except those measurements of poten-
tial windows described above. In the basic melts, the anodic limit is oxida-
tion of Cl°, Fig. 8 demonstrates that as the arodic potential linmit is

increased, the raduction peak on the reverse sweep (between 0.3 and 0.6 V)

grts larger. The effect of changing tlie sweep rate, when the arodic limit s

lheld constant at 1.5 V, is seen in Fig, 9. From Fig. 10, in which the cath-

r

Ve I

v odic sweep is held for 15 sec at different potentials after an anodic sweep to
o

iﬁf 1.5 V, we conclude that oxidation of the melt occurs at potentials greater
Fe

. - than about +1.0 V. When the cathodic eweep is held at 1.05 V (where no
Nt

o appreciable oxidation vr reduction cccurs) for varying times (Fig. 11) aftor
L 4

Y

5_‘5;:‘,-1‘*.‘;“ T T N T T T N LT N S R R TR N T T e T e T T T T T Y R T T T T U

N . ‘ \

) ' "

b4

v Electrochemical Windows

: 'Organic Chloride - | 0.4 Ybasic) Melt 0.6 (acidic) Melt

:(ﬁ 7 1,3-diMelnCl | 2,65V | 2,44V

Fiﬁ © 1,3-MeEtInCl 2,57 2,40

' | 1,3~MePrimCl 2,70 | 2,60

!!E ~1,3-MeBulnCl ) 2,60 . 2.3

. 0 1,3-¢iBuInGl 2,82 | 2,65

) : 1,2,3-tri MeInCl - 2,30
1,2~diMe~3-EtImC1 2,30 2.19
\ (See Table I for explanations)
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- an anodic sweep to 1.50 V, we observe the diffusion of chlorine away from the

~1/2‘

elentrode, A linear plot of ip c for chlorine reduction vs t ; for the

, €
data derived from Fig. 11 (cf. ¥Vig. 12) suggests that ai moderate sweep rates
the cuicent is controlled by linear diffusion of Cl, away from the elec-
trode, Steady state potent.ostatic measurements on the anodic process at a
glassy carbon RDE (1000 KPM) in 0.4 melt give a good Tafel slope over three
orders of magnitude of current (Fig. 13), with the liwmiting

anodic process being kinetic, not diffusion, controlled. The Tafel slope of

RT/F is consistent with the following process for €1~ oxidation:

Cl~ (ad) + C1 (ad) + e L)
Gl (ad) + Gl (ad) 95 c1, | (2)

Thus, at least on glassy carbon, combination of chlorine atoms on the elec-

trode surface appears to be the rate limiting step at the anodic limit of the
melts studied. t ' | ‘
The quantity of chlorine that can be reduced in a cathodic sweep is con-

trolled by diffusion of Cl, away from the electrode. From Fig. 12, we see

that linear diffusicn conditions hcld for up to about 200 sec. From CV meas-—

‘urements on Cl? reduction, we note that only one xeductionipeak is observed

- and (dEp c / Alog ip C) = ~0,52V which implies mixed kinetic and diffusion

~ control.

The cathodic limit in basi: melts is determined by reduction of the i-ida-
zolium ion. Variation in the cathodic limit of the several melt systems itay
indi. ate thit the ring subst_tuents have some influence on the reduction
potential. We should note that a vreduction proacess actually begins about 0.5V
before the meit limit and tha product of reduction remzins on th~ eloctrode.
Reoxidation of the cathodic product occurs at about +0.4V and the current for
that oxidutiou increases as the cathodic limit 1is extended. Further
identification of the limiting cathodic process in basic melt has not ween

dore.
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In acidic melts, the cathodic limit is determined by Al deposition,
Repéated cyéling at the cathodic limit (Fig. 15) results in some Al remaining
on the electrnde, Under the proper conditions, e.g., after several cycles in
¥ig. 15, three steps can be distinguished in the reoxication of the deposited
Al, perhaps relating to the three electron iransfers necessary, i-.e.,

AL » a1t 4 307 (3)
Steady state potentiostatic measuremeants n 0.6 MeZtImCl melt at glassy C are
represented in Fig. 16. The Tafel regign beginning at ~1.9V has a slope of
~-2RT/F, suggesting that for Al3+ reduction, the first electron tfansfer is
the rate limiting step, thus:
ALCLS + e xds , (4)
A second Tafel region, with a siope of -RT/F, is observed between -0.9V and
~1.1V. This process has not been identified and is not apparent from the cyc=
lic voitammograms. It may be related to reduction of the dialkylimidazolium
ion, however, no anodic process commected with guch & reduction is observed in
acidic meits. We conclude that Al deposition is the primary réduction process

in acidic melts and the electrochemical-window-limiting procesa. A reasonable

mechanism for the reduction of A1?017_ to Al 1is:

ALCL, + e+ aleL?T
ALEL2E » AlC,” + AICL,
alCl,” + &+ AICLET
alc1,?” » c1” + arc1,”

- - 9en
A1012 te * AlCl2

Alclz“ s+ 2C1 + Al

A12017 + 3e » Al + AlCl4 + 3C1
The limiting arodic process in acidic melts has not been determined. No

reducible chlorine can be observed from oxidation at the anodic limit in
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acidic melts, The variation in anodic limits for the Aifferent melts and the
lack of evidence of chlorine reduction lead us to favor oxidation of the dial-
kylimidazolium ion as the electrochemical-window-limiting proc. ss at the
anodic limit in acidic melts.

Electrochemical Windows in Ternary Melts

Several organic solvents were added to MeEtImCl melts in order to modify
physical properties (viscosity and conductivity). These ternary melts were
screened using CV and the results are seen in Figs. 17-21, and summarized in
Table I1. WNitrobenzene and nitromethane are reduced ahbout one volt aaodic to
the cathodic melt limit. m—Xylene appears unreactive in basic melt, but is
reduced in acidic melt about 0.2V anodic to Al deposition, Acetonitrile is
reduced in basic melt about 0.2V anodic to the cathodic limit. Prcpionitrile
is unrecactive in the melts ard in acidic welt appears to increase the over-
potential for Al deposition ty nearly half a volt. The alkylnitriles give a
two-phase system in acidic melt in the range 5% < [alkylnitrile] < 507
(w/w).

Stability of Electrode Materials

Twenty-one electrode materials (selected partly on the basis of availabil-
ity) were surveyed using CV in 0.4 (basic) and 0.6 (acidic) MeEtImCl melts.
The open circuit pctentials and approximate electrochemical windows are sum-
marized in Tables III and TV, Representative voltammograms are presented in
Figs. 22-43, As expected, electrodes which have lower electrocatalytic activ-
ity tend to have wider electrochemical windews., In the follewing we shall
briefly point out significant features of the voltammiograms for the materials
studied.

Silver (Fig. 22)

Anodic dissolution of silver occurs at open circuit In both basic and
acidic melts, and is the limiting anodic process, The limiting cathodic pro-
cess in acidic melt appears to be reduction of the MeEtIm ion, rather than
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aluminum deposition.

Aluminum (Fig. 23)

Dissolution of Al occurs at open circuit in both busic and acidic melts
and is the limiting anodic process. Al has a window of about 1.00V in basic
nelt, before reduction of the MeEtIm ion occurs., In acidic melts, Al dissolu-
tion and deposition are in equilibrium,

Copper (Fig. 24)

Copper dissolution occurs at open circuit in both basic and acidic melts.
A limiting cathodic process occurs at Cu in acidic melt before Al deposition.

Iron (Fig. 25)

Iron dissolution occurs at opeun circuit in both tasic and acidic melts.,
The limiting cathodic process in acidic melt occurs prior to Al deposition.

Nickel (Fig. 26)

Nickel dissclution occurs at open circuit in both basic and acidic welts
as the limiting anodic process. Reduction of the MeEtIm ion occurs about 0.2V
anodic to Al deposition in acidic melt oa Ni.

Lead (Fig. 27)

As with most of the maverials, dissolution of lead ozcurs in both basic
and acidie melts as the limiting anodic process., In acidic melt, there is no
evidence of Al deposition on lead.

Platinum (Fig. 29)

In basic melt, the limiting anodic process is oxidation of Cl  to pro-

duce C1 The open circuit 1in basic melt is approximately the cathodic

9e
limit. Yn acidic melt, there is reduction of the MeEt¥m ion about 0.6V anodic
to Al deposition on Pt, The processes occurring at the cathodic limite of
both melts merit further study.

Tantalum (Fig. 30)

Al deposition is apparent in acidic melt for the first cycle on Ta, how-

ever, no peak for reoxidation of Al is observed and successive sweeps slow

8
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large cathodic currents anodic to Al deposition.,
Tantalum/Platinum Group Metal Alloys (Figs. 30-32) :
Ta/20% Ru has the widest electrochemical window for any of the electrodes
examined in basic melt. The behavior at both anodic and cathodic limits shows
a gradual increase in current, not the marked increase that characterizes the

limits at most other electrodes. In acidic melts, the alloys show cathodic

ﬁ%; behavior similar to Ta, i.e., Al deposition is evident only on the first
:ﬂ:~ potential cycle and not on successive cycles.
‘ Titanium/Platinum Group Metal Alloys (Figs., 33-39)

There appears to be significant dissolution of all the Ti alloys in both
basic and acidic melts, The dissolution process appears to increase

significantly as the amount of Pt in the Ti/Pt alloys is increased. For all

the Ti alloys studied in acidic melt, Al deposition is observed only at Ti/5%

Pt.

Tungsten (Figs. 40 and 41)

-1

The anodic limit on tungsten in basic melt 1is chlorine evolution. In

acidic melt, tunpste has the widest electrochewmical window of the electrode

f RN )

materials studied, The limiting cathodic process in acidic melt is Al deposi-

tion, with essentially reversible recxidation of the Al deposit on the anodic ;

sweep. é
Gold (Fig. 42) ;u
Ff‘ The overpotential for chlorine evolution in basic melt appears to be E
{" reduced by about 0.5V on Au. A 1limiting cathodic process in acidic melt )
i; occurs about 0.7V anodic to Al deposition. The open circuit in acidic melt 3
Sl accurs near the anodic limit which is probably dissolution of the Au electrode. R
;i Mercury (Fig. 43)
:. Dissolution of Hg occurs at open circuit in both basic and acidic melts. i
- Two reduction peaks followiny the anodic limit sugpest that Hg is oxidized to R
: the }lg2+ state.
. 9 1
b y
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The electrode mat riails which give the widest clectrechemical windows are

Feoe L Ty

most suitable for further studies in these melt systems. The three materials

with the widest windows are summarized as follows:

l
i
ELECTROCHEMICAL WINDOW :
|
|

e .»E'q.-_-. LEL TS e 4 {v -

ELECTRODE 0.4 MELT 0.6 MELT
Glassy carbon 2,60V 2,40V |
i
Tungsten 1.70 2.48 ‘
. Ta/20% Ru 2.95 2.40 :
:‘ CV Analyses of Cations i
E | To select cations that would undergo suitable redox reactions as battery ;
:- cathodes, we used cyclic voltammetry to survey a variety of transition metal i
1 |
|

9" salts. The following results are all for MeEtImCl melts using & polished
glassy carbon working electrode. We have studied the chloride salts of 22
cations, plus sulfur, Cr03, 1(201*207 and ferrocene, The open circuit

potentials are summarized in Table V for melts containing approximately 30 mM

Lk

; concentration for each species. Table VI reports the colors generated by the
E various species in basic and acidic melts., Some observations relating to col-
u ors in the melts are relevent:

E (a) All of the species examined were soluble in basic melts while

i four salts, AgCl, PbCl,, SnCl, and ZnCl2 were insoluble in acidic melts.
i These four salts became insoluble (white precipitates) at or near the neutral
[ melt composition. 1In basic melts, with excess chloride ions, the cations
probably are present as chloride complexes, e.g., FeClz, thus explaining

the solubilities of all the salts studied. In acidic melts which have no free
. . . + 2+ + 2+

chloride ions, the chloride salts of Ag , Pb , Sn2 and In become

insoluble. It has bcen reported that anodic dissolution of these metals in

)
acidic melts results in soluble species.

. 2+ 3+
(b) Tn several instances, notably with Cu  , Fe , the several

. + . . .
molybdenum species, SZC]‘Z’ w(’ and ferrocene, species which were lipghi1y

10
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colored in basic melts turned very dark in acidic melts., For these cases, we
have observed chemical reaction of the cation with the acidic melt (e.g., wc
noted a decrease of the reduction current peak with time). Kinetic studies
(following the charge in limiting cathodic current at a RDE with time) for
3+ 2+, . . . . ,
Fe and Cu indicate that the reaction is 2nd order in the cation. The
‘3+ o . -5
2nd order rate constant for Fe at 30°C is k ~ 5.9 x 10 L/mole-sec,
and for cu”t is 5.1 x 1074 L/mole sec,

At . . . . .
(¢) Ti' was an exception, being bright yellow in basic melt but

i VAN BCRCAC i CORRE RTINS |

colorless in acidic melt.

- 3+ e 5+ . .
L (d) cCr in acidic melts and Ta in basic melts and acidic

r

e e sl

melts pave cloudy solutions which may indicate a reaction with the melt,

;

"8 (e) Ferrocene appears, in some respects, to be unaffected by change
in chloride ion concentration, e.g., identical open circuit potentials and

identical peak potentials for oxidation and reduction are obtained in basic

.
‘I and acidic melts, yet gives a pronounced color change in going from basic to
k.
t acidic melt. We also observed chemical reaction of ferroceme with both basic

and acidic melts,

The CV responses of the 26 species studied are illustrated in Figs,

44-82, Parameters obtained from CV studies with variation of sweep rates from
1-500 mV/sec are tabulated in Table VII for basic melt and Table VIII for f

acidic melt. It should be noted that these parameters are derived from our ;i

survey studies and should be used in that light, i.e., as suggestive since the -
results are for only one concentration of each species in a single melt com-

position at pglassy carbon and for only one temperature., The terms used in

P Y

r Tables VIT and VIIT are defined as follows:

[ ]
- ]
¥
i
. Bol2 = (Ep,a + Ep,c)/2 where [, , is the potential at the anodic

'q current peak maximum and Ej . is the poten- (A

. . » .

' tial at the cathodic current peak maximum. =9
3 When multiple peaks are present (particularly

&' in acgfic melts) Ep/2 is given for the most .
1
Y v

»
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anodic redox couple, In general, F,/o was

found to be independent of pnt«-ntin? sweep .

rate (v). h

D = 0 - n n o s .

é‘l AEP nP.a EP.C ﬁﬁg mV for a reversible process ‘

S The values reported are for v = 50 mV/sec, g

e fep. The potential, at v = 50 mV/sec, at which @

E depogsition of metal by reduction of the 4

. cation begins. 3

Freoxid. The potential, at v = 50 mV/sec, at the i

anodic current maximum for reeoxidation of
deposited metal, after the cathodic sweep is

h reversed.

EAl reoxid. The potential, at v = 50 mV/sec, at the
anodic current maximum for reoxidation of Al
(which was deposited on the cathodic sweep),
after the cathodic sweep is reversed.

ip,a The current (in u amps) at the maximum of
the anodic current peak.
ip,c The current (in u amps) at the maximum of
the cathodic current peak.
d(EE/Z - EE) = 2,3RT if the process is kinetically
d log 1 aF controlled.
iﬂ;ﬂ equal to unity and independent of v for
i, ¢ reversible processes.
dEg = 30 if the process is kinetically
d log v an controlled
d{1ps?)
° p,c >0 suggests that a chemical reaction
dv precedes a reversible charge transfer.
i,
d{_2
p,c <0 suggests that a chemical reaction
.j dv follows areversible charge transfer.
.
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Discussion of Cyclic Voltammograms

Silver (Fig. 44)

Tt basic melts, Ag+ (present as a chloride complex) i3 reduced and
deposited on the glassy C cathode at -0.90V. The Ag is reoxidized at +0.12V,
AgCl is insoluble iu acidic melt.

Cobalt (Fig. 45)

C(.\z+ exhibits no electrochemical activity in basic melt. In acidic
melt., cobalt deposition begins at 0.48V, Apparently the overpotential for Al
deposition is lowerced by about 0,35V on the deposited Co.

Chromium (Figs, 46-48)

The behavior of CrO3 and K20r207 are essentially the same, and
very dif{ferent from the CV behavior of Cr3+. In acidic melt, no electro-
chemical processes are obscrved for Cr3+. In basic melt, Cr3+ exhibits
two irreversible reductions and two oxidation peaks are observed on the
reverse sweep. For CrO; and K,Cr, 7> ©one very large reduction peak is
observed with no subsequent oxidation., Metal deposition (assumed to be chrom-

ium) is also obscorved in basic melt with both Cr0 and K Cr207 and

3 2
again, no subscquent oxidation is seen., In acidic melt the voltammograms are
mwore complicated with 5 reduction peaks and 4 oxidation peaks in addition to

the usual processes at the melt limits.

Copper (Figs. 49 and 50)

2+
u

C has an apparently quasi-reversible oxidation-reduction couple in

both basic and acidic melts and copper deposition is observed in both basic

- . . 2+ .
and acidic melts. As previously mentionad, Cu is observed to chemically
react with the acidic melt. The second order rate constant for this process
: ~4 2+ . . .
is k ~ 5 x 10 L/mole sec. Cu has heen studied in more detail and
the results are presented in another report.

Iron (Figs. 51-54)

. . 2+ 3+ . .
In basic melt iron (both Fo and Fe” ) has a quasi-reversible redox

13
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+ \ . . .
cHruple, As expected, Fe2 has essentially no reduction until after oxida-
. + . . . . . .
tion and Fe3 has essentially no oxidation until after reduction. No iron
deposition is observed in basic melts., In acidic melts a pronounced irrever-
crsqs . , . 2+ 3+ .
sibility is observed in the redox behavior of both Fe and Fe” . Iron is
Lo ‘g , _ 3+
co-depositcd from acidic melts with Al at the cathodic melt limit, Fe
reacts chemically with acidic melt and the second order rate constant at 30°C

is k ~ 6 x 107

L/mole serc, The chemical reaction in which the cation
is reduced by the melt appears to be similar for Cu2+ and Fe3+ (i.e., both
are 2nd order), More detailed studies of Fe3+ are presented in another
report.

Ferrocene (Figs. 55 and 56)

Ferrocene is the only species which has the same open circuit potentials
and same Ep/z in basic and acidic melts, suggesting that ferroeme is not
complexed with Cl~ in basic melt. The redox process for ferrocene is rever-
sible and the same peak potentials are observed in basic and acidic melts.
Ferrocene reacts chemically in both basic and acidic melts. In basic melt,
ferrocene is oxidized and a reduction peak at -0.87V (which shows no subse-
quent oxidation) appears and increases with time (cf. Fig, 56a). In acidic
melt, ferrocene is chemically reduced and an oxidation peak at +0.82V (uno sub-
sequent reduction is observed) develops with time (cf. Fig. 56b).

Mercury (Fipgs. 57-58)

In basic melt, llg2+ undergoes cathodic deposition at -1.4V, The reoxi-
dation of the deposited lg has a large overpotential and two oxidation steps
can be observed, with anodic peaks at =0,22V and 0,19V. 1In acidic melt,
Hyg is reduced stepwise, with cathodic peaks evident at about 0.96V and
N.72V, Reduction of llg2+ does not appear to follow the wusual deposition
behavior., The reduced Hg is oxidized in a single observable step at about
1.13V. Al deposition in acidic melt has a slightly lower overpotential (about
S0mV less) on the mercury deposit, but reoxidation of Al occurs at about 0.V

14
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more cathodic than in acidic melt in the abscnce of ”g2+.

Lithium (Fig. 59)

In basic melt no reduction is observed until the cathodic limit of the
melt, however, the process at the limit does not appear to be the seme as in
the melt alone. On the anodic sweep there is a small oxidation peak at

~-0.75V. 1n acidic melt there appears to be co-deposition of Li with Al.

Manganese (Fig. 60)

. + . . N
In basic melt, Mn“ has -r irreversible cathodic peak at =1.,53V, and an
anodic peak at 0,46V, In acidic melt, Mn co~deposition occurs with Al, The

overpotential for reoxidation of Al is significantly increased in the presence

of manganese.

Molybdenum (Fig. 61-70)

+ + +
3 , Mo4 , Mo5 s

In basic melt, the 5 wolybdenum species studied (Mo
M002012 and [EtaN][M0016]) all exhibit perhaps quasi-irreversible
redox couple with an average Ep/Z = 0,32 + 0,05V. The large irreversible
cathodic peak at about -G.55V has been clearly shown to be the oxychloride
impurity in the molybdenum compounds (cf. Fig. 65 for example), The irrever-
sible cathodic peak disappears when the Mo salt is heated at 80°C to remove
the volatile oxychloride, The material collected from the sublimation process
produces the -0.55V peak wher added to the melt. 1In MGOZCIZ, the rever-
sible redox couple is obscrved only after the oxychloride is reduced (see Fig.
67). With the M03+, reduction (in the redox couple) is observed only after
oxidation, The similarities observed suggest that the redox couple involves
the M04+ to M03+ process, with M05+ being reduced to Mol++ by the melt.

In acidic melt the vlectrochemistry is much more complicated. The irrev-—
eraible oxychloride reduction peak at abont 1.1V is obvious in all the salis
except the MoCl, salt specifically treated to remove the oxychloride. in
general the redox couple (except for the MoOZCI?) consists of two cathodic

peaks and two anodic peaks in acidic melt. Further detail can be observed in
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the voltammograms depending on sweep rate and sweep limits, and these are tab-
ulated in Table 1X for acidic melt. MWolybdenum compounds provide an interest-
ing area for further study, particularly since the Ep/2 for Mos+ is close
to the anodic melt limit in acidic melt.

Nickel (Fig, 71)

. . . L2, . L2+
No elentcrochemical behavior is observed £for Ni in basic melt, N1
is electodeposited from acidic melt at about 0,64V and it appears that the

overpotential for Al deposition is reduced by about 0.6V on the dencsited Ni
rurface,

Lead (Fig. 72)

Lead chloride is insoluble in acidic melt, 1In basic melt, Pb2+ unde =
goes electrodeposition beginning at about -1,1V, The reduction is stepwise
since, under the right sweep conditions, two cathodic peaks can be observed.

Sulfur (Tigs. 73-76)

We examined 3 sulfur species, elemental sulfur, SZCI2 and Na,S in
0.4, 0.5, and 0.6 melts. No electrochemical activity was observed for Na,$
in any of the melts due to the lack of solubility of Na,S. Sulfur and
§,61, gave very similar CV behavior, that is, in 0.4 (basic) melt they
show irreversible reduction with no oxidation. In 0.6 melt, they both exhibit
apparently the same redox coulple, whic his also irreversible, A significant
obpervation in acidic melt is that Al deposition occurs at about -0,4V in the
presence of sulfur or §,Cl,, i.e., uearly 300 mV cathodic to Al deposition
in the pure melt. Thus it appears that the sulfur species on the electrode
increasss the overpotential for Al deposition by about 300 mV, hence ex“ending
the melt limit by about 300 mV. In neutral (0.5) melt, an additional cathodic
process is observed with 32012 and an additional anodic process i
observed with sulfur.

Tin (Fig. 77)

R , - L2+ . .
8nCl, is 1ius~luble in acidic melt. Sn has a guasi-reversible rrcox

2
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couple with Ep/2 = -0,86V and a larpe irreversible anodic peak at about
+0,50V in basic melt.

Tantal.m (Fig, 78)

In basic melt, Tas+ has a - iasi-reversible redox couple with Ep/Z
-0,31V, A large irreversible reduction begins st about -1.4V and may be
associated with an oxychloride impurity, however, this has not been estab-
lished. 1In acidic melt, the quasi-reversible redox couple is missing. Ta
sppears to be co~deposited with Al.

Titanium (Figs. 79 and &2)

A quasi-teversible redox couple is obtainel with T14 in basic melt with

Ep/2 = =0.12V. A second cathodic peak, due to irreversible TiCClz reduc~
tion is observed at =~0.6Y. The TidCl, peak increases with time due to reac-
4+

tiou of oxychloride impurity iu the melt with Ti" ',
TiClg?™ + AlC 1, » TiOCL,*" + AlCl, (5)

Te estimate the amount of Ti"++ present in our 'I‘iCl4 as TiOCl2 we ran a
CV in DMF and the results are shown in Fig, 80, Assuming that the DMF con-
tained no oxide which could react with TiCl,, we estimate the amount of
TiOCl2 in the sample as nearly 5CZ.

In acidic melt the CV behavior is more complex and, in fact, not well
reproducible,

Tungsten (Fig. 81)

. b+ . : e
In basic melt % has a reversible redox couple with E 0,625,

p/2 ~
which is the most anodic couple cbserved in basic melt for all the species
studied. A second, irreversible cathodic peak, likely due to reduction of
oxychloride impuritv is seen at about =-0.68V, There appears to be some oxida-
tion of the product from reduction of the (assumed) oxychloride. In acidic
melt the CV for W6+ is very complex with no evident reversible redox behav-
ior and 5 cathodic peaks in addition to Al deposition with W co-deposition and

10 anodic peaks in addition to the anodic melt limit, Detailed studies of
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W6 arn being continuet, especially for Lasic and neutral melt,

Zinc (Fig, 85)

Zncl, is insoluble in acidic melt, Zn2¢ shows no electrochemical UV
behavior in basic melt.,
CONCLUS TONS

Based on our cyclic voitammetric studies and other physical properties,
sperifically melting point, cenductivity and viscosity (which are not dis-
cusged in this report), l=-methyli-3-ethylimidazolium chlovide was selected as
the best Jdialkylimidazolium chloride for detailed analyses in chloroaluminatu
melts. Of the electrode materials studied in the nelt, 3 electrodes, glassy
carbon, tungsten and tantalum/20% ruthenium all y gave the widest electrochem-
ical windows. In selecting cat.ons that may be useful as battery cathode

. .

reactions, we can initially examine the Ep/n values whichi are summarized as
&

follows:
Relative hp/z Values

Species 0.4 (basic) melt Species 0.6 fcidic) melt

anodic limit +1.00V anodic limit +2,35¢V
yo* 0.62 res" 2.22
Moot 0.31 Mo>* 2,67
Feo* 0.30 cu®? 1.98
cu?t 0.24 Sulfur 1.75
T -0.11 s.cl, 1.68
Taot -0.31 wg+ ) 1.62
et ~0.58 it 1.07
sn2* -0.86 Ta>* 0.77

For the purpose of comparison the relative Ep/2 values in the melts are
.. . . . . 3+
gimilar to E° values in aqueous solutions. For the cations studied, Fe
. . . . . e 6+ .
gives the most anodic redox behavior in acidic melt and W gives the most

anodic redox behavior in basic melt. The parameters derived from cyclic volt-

ammetric studies of ihe cations are useful hut should not be used withoul
18
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other supporting data for meochanism interpretation, hence we did unot include
mechanism discussions in this report., We are cxtending the electrochemical
2+ 6+

. . 3+ .
studies for selected ions, namely Fe  , Cu” , W and sulfur, using

tteady state potentiostatic and other techniques and these will be presented

in future reports,
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TABLE T

RLECTROCHEMICAL WINDOWS* OF DIALKYLIMIDAZOLIUM CHLOROALUMINATE MELTS

IMIDAT.OI..}_I_’E CHLORIDE BASIC MELT (0.4) ACIDIC MFLT (0.6)
1,3—Dimethyl(l) 0.90 to -1,75 V 2,40 to -0,04 V
1-Methy i-3-lithyl 0.97 to -1.60 2,35 to -0.05
1-Methyl-3-Prop;1 1.00 to -1.70 2,40 to -0,20
. 1-Methy 1-3-RButyl 1.00 to -1.60 2.45 to ~0.08
1,3-Dibutyl 0.97 to -1.85'2) 2,50 to -0.15
1,2,3-Trimethyl (3) 2.40 to +0,10
1,2-Dimethyl~3-Ethyl 0.8G to -1.50 2.07 to -0.12
% The window is defined as the potential region, with reference to an Al
wire in 0.6 MeEtLinCl acidic melt, measured at v = 590 mv/sec, for which

. (1) All compositions of melt required heating to ~5C°C.

& (2) Basic and neutral melts required heating to ~60°C,

E.‘ (3) Melt’ ~ point > 70°C.
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TABLE I1

ELECTROCHEMICAL WINDOWS IN TERNARY MELTS

ORGANIC SOLVENT

G.4 MeEtImCl Melt

0.6 MeEtImCl Melt

10% (w/w) Nitrcbenzene
107 (w/w) Nitromethane
10% (w/w) m~xylene

33% (w/w) Acetonitrile
15% (w/w) Propioaitrile
5% (w/w) Propionitrile

(binary melt)

6.96
0.94
0.98
0.90
0.91
0.91
.97

to
to
to
to
to
to

to

-0.46 V
-0,67 V
-1.60 V
~1.35V
-1.57 Vv
-1.57 V
-1.,60 V

2,47 to 1.09 V
2.43 to 0,80 V
1.66 to 0,18 V
(1.45 to -0.75 V)*
2,30 to =0,50 Vv
2.35 to -0.05 V

* 2 Phases present
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x TABLE TTT
:-f ELECTROCHEMICAL RESPONSF OF ELECTRODE MATERIALS IN BASIC MEL'T ‘._f
t( FLECTRODE OPEN CIRCUIT POTENTIAL ELECTROCHEMICAL WINDOW ﬁ
2 g
- Ag, -0,35 ~-0.35 to ~C.70 :g
. Al ~1.35 ~1.10 to =2.05 -y
- K
Glassy Carhon +0.25 +1.00 to ~1.60 J:
. Cu -0,63 None ri
& Fe -0.44 -0,40 to ~0.70 ‘
. !
| . Ni -0.35 ~0,25 to =0,55 1
b
8 Pb -0.76 None J
“ re -0.18 +0,90 to =0,15 ’
b .
f Ta -0.23 0.40 > ~1.00 1
3 Ta/20% Tr -0.25 0,80 to ~1.5V o
4 Ta/20% Pt -0.37 -0.1. to -0.80 J
Fy Ta/20% Ru . -0.27 +1.25 to ~1,70 ’
Ti/20% Tr ~0.18 ~0.15 to =0.30 i
' Ti/5% Pt ~9.34 -0,20 to ~0,70 ,
Ti/ 107 Pt -0.31 ~0.20 to -0.45
Ti/20% Pt -0.44 None y
Ti/30% Pt 0,25 None 1
Ti/20% Ru -0.27 +0,25 to -2,00 3
W +0.30 +0.85 to -0.80 ]
Au +0.15 +0.3C 1o -0,55 .';
lg -0.36 -0.35 to -1.05 “ 1
* 0.4 mole fraction AlCl3 in A1C13—MeEtImCl v
' 1
"
’ -~
_ 1
ih'l
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TABLE IV
X !
FLECTROCHEMICAL RESPONSE OF ELECTRODE MATERIALS 1IN ACIDIC MELT 3
RLECTRODE OPEN CIRCUIT POTENTIAL ELECTROCHEMICA!, WINDOW -
Ag +0.70 +0.70 to 0.15
Al 0.000 None
Glassy Carbon 1.35 +2.35 to -0.005 i
Cu 0.65 0.60 to +0,10 -
Fe 0.71 None ‘
4
Ni 0.93 1.00 to 0,00 ¥
Pb 0.36 0.3C -0 0.00 l
Pt 1.33 2.00 to 0,70 -
Ta 1.14 1.90 to 0.5C 1
Ta/20% Ir 0.85 1.95 to -0.05 g
Ta/20% Pt 0.54 1.05 to 0.3C
Ta/20% Ru 1.19 2.30 to -0,10 x‘
Ti/20% It 1.11 1.20 to 0.70 ‘
Ti/5% Pt 1,08 1.30 to 0,00
Ti/10% ic 1.07 1.10 to 0.60
Ti/20% Pt 1.03 None
Ti/30% Pt 1.09 None .
T3i/20% Ru 1.04 None :'..
W 0.78 2,40 to -0.075 »
Au 1.94 1.95 to 0.80
-l
Hy 0.99 1.00 to 0.03 3
. ,
0.6 mole fracticn AlCl3 in A1C13—MeEtImCI
R
E
h
A
]
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- TABLE V
y
5 OPEN CIRCUIT POTENTIALS OF CATIONS
, T
::9 $PLCIES 0.4 BASIC MELT 0.6 ACIDIC MELT iy
3 D
X Melt 0.25 vV 1.35V )
= Avt 0.86 insoluble _
o co 0.26 1.20
-l
! ceot 0.00 0.80 )
- Cro, 0.84 1.73 ';
3 » ) M
. Cu” 0.28 1.96 :
\ o2e §
A e 0.18 1.86 |
Fel* 0.30 1.98
Ferrocene 0,10 0,10
.- ug?* 0.32 1.30
£ ) Lit 0.30 1.20 -
b - 24 ] )
¥ Mn 0.27 1.55 1
b .
Mo 0.00 1.30 ;'1
3 ml 0.25 1.75 ':‘l
o 5+ . "
lg Mo~ (oxide-free) 0.84 2,10 r-l
e MoO,C1, 0.33 1.98 ']
¢ [Et,N]iMoCl,] 0.50 1.70 .
b Na_S 0.32 0.66
b .94»
Ni‘ 0,33 1.00
2+ i
Ph 0.15 insoluble B
sulfur .70 1.10
32(2412 0.65 1.80
St -0.11 insoluble _
T2 0.25 0.74 g
it 0,24 1.19 |
Wbt . 0 1.48 :
24 . :
Zn 0.2u ingoluble -
r -
glassv carbon indicating electrode ]
. Reforence is Al in 0,6 MeltImCl Melt :
: ; All species as chlorides unless otherwise indicated ]
I‘ _{
ro 4
g 25
-
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TABLE V1

COLORS OF CATIONS IN MELTS

SPECIES 0.4 BASIC MELT 0.6 ACIDIC MELT

Melt Clear, Colorless Clear, slightly yellow
Ap,+ Pale green~yellow White precipitate

002+ Robin's egg blue Medium blue

Cr3+ Bright viol. t Cloudy, light violet
Cro, Yellow Orange-yellow

K2§5207 Yellow Orange-yellow

Cu” Pale yellow Dark orange

Fes* Pale yellow Bright yellow

Fe3+ Pale vellow Dark green

Ferrocenc Yellow Turns dark green on standing
Hg2+ Clear, colorless Clear, colorless

Li* Clear, colorless Clear, coiorless

Mn2+ Clear, colorless Clear, colorless

Moo? Violet Cuck nou-distinct

M04+ Dark yellow orange Dark green

MoS+ (oxide~free) Bright yz1low Dark non-distinct
Mo0,C1 Pale yellow Dark red-brown

[EtaN] [MoCI6]— Bright yellow Dark orange-brown

Na,§ Clear, colorless Clear, slightly yellow
Ni§+ Deep blue Bright yellow

Ph2+ Clear, colorless White percipitate
Sulfur Clear, colorless Clear, yellow

Szgiz Clear, colorless Dark brown

Sn Clear, colorless White precipitate

1ot Cloudy (white) Cloudy (white)

Ti%* Bright yellow Clear, colorless

w°* Bright orange* Dark red-brown

Zn2+ Pale yellow-green White precipitate

*

Lime~green in 0.5 melt.
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FOOTNOTES FOK TABLE VII
The anodic peak poteitial is Jependent on cathodic sweep limit and
becomes more anodic as the sweep limit is mude more cathodic; e.g., with

a sweep limit of -1.0V, Ep 4 = 0.17v, for a limit of =1.8V, Ep a
o gt
+0,04V, The anodic peak is a broad peai and develops a second peak as
the sween iimit is made more cathodic, e.g., with a limit of =1.8V, the
2nd peak has E = 40,42V,
p,a
is Jependent on v, being .wre cathodic as v incrcases. After

Edep
initial deposition of Cu, a reduction peal occurs on subsequent sweeps
with a peak potential identical to the initial deposition potential of
the cathodic sweep, indicating that the overpotential for Cn deposition
on the deposited Cu is less than on glassy carbon.

Ereoxid is dependent on cathodic sweep 1limit and ou v, bLeing more
cathodic as the swoep limit is wmade more cathodic or as v is iucreased,
The reoxidation of deposited Hg occurs in two steps with peaks at -U.24
and +0.40V. The potential of the -0.24 peak is independent of cathodic
sweep limit and of v, however the other peak is very sensitive to
both. The rtelative heights of the two peaks are dependent on both
cathodic sweep limit and v.

The current for reoxidation 1is very small, being less than 1% of the
deposgition curvrent.

The oxychloride is readily reduced but shows no related oxidation peak.
After the oxychloride is reduced, a redox couple appears as indicated.
This couple is not seen if the cathodic sweep is stopped short of the
oxychloride reduction (~ =0.2V).

Depending on v and cathodic sweep limits, the deposition of Pb appcears

to occur stepwise with cathedic peaks at -1.20 and ~1.50V.
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FOO'INOTES FOR TABLE VIT (CONTTNURD)

(8) B eoxid is dependent on cathodic sweep limit, being more anodic as tho
sweep limit is made more cathodic, When the cathodic limit is negat ive
to -1.1V, a second anodic peak (much broader than the 1st peak) occurs at
~ +0,5V. The second peak is dependent on catkodic sweep limit, being
more anodic as the sweep limit is more cathodic,

(9) sn?t shows an oxidation peak at ~ 40,53V, but the product is
appa~antly not reduced, i.e., there is no evidence of a cathodic peak.

(10) The i_ /i is very dependent on v, e.g., at v = 5,

p,a p,c
ip,a/ip.c = 0.5, at v = 500, ip,a/ip,c = 2,3, The current

peaks increase significantly with cycliag.
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10.

11,

12,

FOOTNOTES FOR TABLe VITIL
Uo2+ deposits on the deposited Al layer at +0.55Y on the anodic sweop.
In pure acidic melt, Al is depnsited at -0.075V and is reoxidized on the
anodic sweep at +0,22V, |
Al is co-deposited with Cu (as seen by separate oxidation peaks on the
anodic sweep before an Al deposition peak is obtained). Al deposition is
shifted anodically to +0,25V.
The potential for reoxidution of Al on the reverse sweep is dependent on
the cathodic sweep limit. As the limit is made more cathodic the reoxid-
ation poteutial is shifted cathodically to a limiting value of +0,55V,
Ng deposition is preceeded Uy an irreversible reduction with a peak at
0.96V, probably Hg2+ + e - Hg+. The Hg deposition potential 1is
very dependent on sweep rate, but the reoxidutionvpotential is indepen-
dent of v,
Mo5+ exhibits 2 reduction neaks about equal in magnitnde. When the
cathodic sweep is limited to potcntials positive to +0.8V, the anodic
pear splits inte 3 peaks.
A large irreversible reduction peak associated with the oxychloride spe-
cies occurs at +1.06V.
This Mo complex exhibits 2 reduction peaks and 3 oxidation peaks.
Al deposition is shifted anodically, apparently being reduced on depos-
ited Ni at +0,5v,

.5+
f'a

has 3 cathodic peaks and 2 anodic peaks. Data given 1is for the
first cathodic and first anodic peaks.

R . .

T peak potentials and peak currents are not r~producible and change
significantly with cycling.

6+ . ‘s . . _
W has a very complex CV in acidic melt with 5 cathodic peaks and 11U
anodic peaks. Another major peak is irreversible, probably associatced
with an oxy=-chloride with HP ¢ 0.865V,

3
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J

13. The anodic peaks for reoxidation are significantly smaller than the mectal ‘
deposition peak.

14. Tafel slopes shift to 60 mV when analyses are mace for full sweep cycles. ' B

Tod

1". No reproducibility could be obtained. ]
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ABBREVIATIONS AND SYMBOLS
cyclic voltammetry
potential (in volts) of anodic current peak

potential (in volts) of cathodic current peak

[ + F 2
¢ pP,4a P,C)/

(in mV)

R E
p,a PsC

potential (v = 50 mV/sec) at which metal deposition hy
reduction of the cation begins,

potential (v = 50 mV/sec) at the anodic current peak for
reoxidation of the deposited metal.

potential (v =50 mV/sec) at the anodic current peak for

reoxidation of Al.
current (in u Amps) at the anodic current peak.
current (in u Amps) at the cathodic current peak.

sweep rate (in mV/sec) for CV measurements.
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TLLUSTRATIONS
CV of 1,3-dimethylimidazolium chloroaluminate melts. (a) basic

melt; (b) acidic melt.

€V of 1-methyl-3-ethylimidazolium chloroaluminte melts. (a) hasic

meley (b) acidic melt.,

GV of l-methyl-3-propylimidazolium chloroaluminate melts. (a) basic

melt; (b) acidic melt.

CV of i-methyl~3-butylimidazolium chloroaluminate melts. (a) basic

melt; (b) acidic melt,

CV of 1,3~dibutylimidazolium chloroaluminate melts. (a) basic melt;

(b) acidic melt.
GV of acidic 1,2, 3-trimethylimidazolium chloroaluminate melt,

CV ol 1,2-dimethyl-3-~cthylimidazolium chloroalusiinate melts. (a

hasic melt; (b) acidic melt.

Influence of anodic potential limit on chlorine formation in 0.1

MeltImCl melt, Sweep rate = 100 mV/sec.

Effect of sweep rate on chlorine formation and subsequent veduction

in 0,4 MeFtImCl melt. Anodic limit = 1,50 V. 1. ? mV/sec, 2. »

P Lo

mV/sec, 3. 10 wV/sec, 4. 0 wV/sec, 5. 50 mV/sec, 6. 100 mV/scc,

200 mV/sec, 3. "9 v/ sec.

Effect of hoid o cathodic swoep at ditferent potentials on chlorin:

reduction in acidie Melitim melt. 1. contingous sweep, Held for 1o
sec at different potentials: 2. 1,270 vV, 3, 1.1%0 Y. 4, 1.050 v, *.

0,942 V, 6. 0,845 V,

Effeet of holding cathodic sweep at 1,05V for varying times :'t.

anodic sweep to 1,50 V., |, 1.0 sec, 2. 5 sec, 3. 10 sec, 4, 15 soo

[y

[¢

e 30 sec, 6. 60 sec, 7. 120 sec, 8. 180 sec, 9. 300 sec, 10, 6(n

Sec.
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Fig 12 ip for chlorine reduction vs t where t is the time
(in sec) the cathodic sweep is held at +1,05V after sweep to
1.50 Vv,

E vs log i at anodic limit in 0.4 MeEtImCi melt.

1/2 for C1~ oxidation in 0.4 MeEtImCl melt.

ivs o
Effect of cycling at c#thodic limit in 0,66 MeEtImCl melt. Numbers
indicate nth cycle.

E vs log i at cathodic limit in 0.6 MeEtImCl melt,

CV of nitrobenzene in MeEtImCl melt. (a) 10% (w/w) nitrobenzene in
0.4 melt. (b) 10% (w/w) Nitroben:ene in 0.6 melt.

CV of Nitromethane in MeEtImCl melt. (a) 10% (w/w) Nitromethane in
0.4 melt. (b) 10% (w/w) Nitromethane in 0.6 melt.

CV of m-xylene in MeEtImCl melt, (a) 10% (w/w) m-xylene in 0.4 mel-
t. (b) 10Z (w/w) m-xylene in 0.6 melt

CV of 33% (w/w) Acetonitrile in 0.5 MeEtImCl melt

CV of Propionitrile in MeEtImCl melt

(a} 15% (w/w) propionitrile in 0,4 melt

(b) 5% (w/w) propionitrile in 0.6 melt

CV on Ag in MeEtImCl melts. (a) basic melt. (b) acidic melt (two
scans with different cathodic limits: 1. 0.075 v, 2. 0,050 V)

CV on Al in MeFEtImCl melts. (a) basic melt., (b) acidic melt

CV on Cu in MeEtImCl melts, (a) basic melt, (b) acidic melt

CV on Fe in MeEtInCl meits. (a) basic melt, (b) acidic melt

CV on Ni in MeEtImCl melts. (a) basic melt; (b) acidic melt.

CV on Pb in MeEtImCl melts. (a) basic melt; (b) acidic melt.

CV on Pt in MeEtImCl melts. (a) basic melt; (b) acidic melt (two
different sweep limits).

CV on Ta in MeEtImCl melts. (a) basic melt; (b) acidic melt (two
succesgsive scans; 1. first, 2. second),
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CV on Ta/20% Ir in MeEtImCl melts., (a) basic melt; (b) acidic melt.
CV on Ta/20% Pt in MeftImCl melts. (a) basic melt; (b) acidic melt.
CV on Ta/20Z Ru in MeEtImCl melts. (a) basic melt; (b) acidic melt.
CV on Ti/20% Ir in MeEtIt©l melts. (a) hasic meit; (b) acidic melt.
CV on Ti/5% Pt in MeEtImCl melts. (a) basic melt; (b) acidic melt.
CV on Ti/10% Pt in MeEtImCl melts. (a) basic melt; (b) acidic melt.
CV on Ti/20% Pt in MeEtImCl melts., (a) basic melt; (b) acidic melt.
CV on Ti/30% Pt in MeEtImCl melts. (a) basic melt; (b) acidic melt.
CV on Ti/30%Z Pt in basic MeE¢ImCl melt; ex- anded CV at higher i.

CV on Ti/20Z Ru in MeEtImCl melts. (a) basic melt; (b) acidic melt.
CV on W in MeEtImCl melts. (a) basic melt; (%) acidic melt (two
sweeps at cathodic end).

Further details of CV on W in basic melt,

CV on Au in MeEtImCl melts. (a) basic melt; (b) acidic melt (four
s:ans).

CV on Hg in MeFtImCl melts. (a) basic melt; (b) acidic melt.

CV of Ag+ in 0.4 melt.

CV of 002+. (a) 0.4 wmelt. (b) 0.6 melt (1. three scans with suc~
cessively lower cathodic limits, 2. cathodic limit = 0,25 V).

CV of Cr3+. (a) 0.4 mert with varying cathcdic limits, 1., -1.0 V,
2, =14V, 3, -1,8 V; (b) 0.6 melt

CV of Cr0,. (a) 0.4 melt; (b) 0.6 melt

CV of K,Cr,0,. (a) 0.4 melt; (b) 0.6 melt

CV of Cu2+. (a) 0.4 melt; (b) 0.6 melt

CV of Cu2+ in 0.4 melt showing effect of cycling. Numbers indi-

cate nth scan.

CV of Fe2+. (a) 0.4 melt; (b) 0.6 melt

CV of Fe3+. (a) 0.4 melt; (b) 0.6 melt., Sweep ruate = 100 mV/sec.
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Fig 53

Fig 54

Fig 55

Fig 56

Fig 57

Fig 59

Fig 60
Fig 61
Fig 62
Fig 63

Fig 64

Fig 65

Fig 66

Fig 67

- . .
TN W S

SR ST e T S D S R N A A R N

(a) CV of F93+ in 0.5 melt (slightly basic¢). (b) Detail at cath-
ndic limit for Fe2+ in 0.6 melt. Two cathodic limits: 1. 0.10 V,
2. 0.20 Vv,

eV of Fe?* + Fe>* in 0.6 melt

CV of ferrocene. (a) 0,4 melf; (b) 0.6 melt (two scans taken sev-
eral minutes apart, 1, first, 2. second).

(a) CV of ferrocene in 0.4 melt rhowing effect of chemical reaction
with melt, curve taken 3 hours after curve in 55(#), (b) CV of fer-
rocene in 0.6 melt after 12 hours on a clean electrode.

CV of Hg2+. (a) 0.4 melt; (b) U.6 melt {l. sweep started at 0,30
V and swept anodic first, 2, swéep started at 1.3 V and swept cath-
odic first).,

CV of Hg2+ in 0.4 melt with cathodic sweep limited to avoid
appreciable Hg deposition,

eV of Li'. (a) 0.4 melt; (b) 0.6 melt (three scans swept to dif-
ferent cathodic limits: 1. 0 V, 2, =0.05 V, 3, -0.,10 V).

CV of Mn2+. (a) 0.4 melt; (b) 0,6 melt

CV of M03+. (a) 0.4 welt; (b) 0.6 melt. Sweep rate = 100 mV/sec.
CV of M04+. (a) 0.4 melt; (b) 0.6 melt
5+

CV of Mo” . (a) 0.4 melt; (b) 0.5 melt

. 5+ : . 5+,
(a) CV of oxide-free Mo~ in 0.6 melt; (b) Details for Mo in
anodir region in 0.6 melt at v = 5 mV/sec.
(a) CV of oxide~free byt in 0.6 melt; (b) CV when substa:ce
(oxy-chloride) sublimed from MoClg is added Lo melt
CV of Mo0,Cl,. (a) 0.4 melt; (b) 0,6 melt

Detail of Mo0,Cl, in 0.4 melt, (a) Clean electrode, sweep lim-

ited to -0.2V; (b) Trace taken after reduction of oxide peak
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Fig 68 Detail of Mo0,Cl, in 0.6 melt. (a) Sweep limits: 2.5V
to 1.0V; (b) Sweepo limits: 2,5V to 0.2V

CV of (EtaN][MoCI6]. (a) 0.4 melt; (b) 0.6 melt

Details of [EtaN]{MoCI6] in 0,6 melt, (a) 2.2 to 1.2V, v = 10

mV/sec; (b) 0.7 to —-0.15V

CV of Ni2+. (a) 0.4 melt; (b) 0,6 melt

CV of Pb%* in 0.4 melt. (a) 0.85 to -1.5V; (b) 0,85 to ~1.85V

CV of sulfur. (a) U.4 melt; (b) 0.6 melt

(a) CV of sulfur in 0.5 melt; (b) CV of §,Cl, in 0.5 melt

CV of 5,Cl,. (a) 0.4 melt; (b) 0.6 melt

$,Cl, in 0,6 melt showing Al deposion at -0,4V

CV of Sn* in 0.4 melt

CV of Td5+. (a) 0.4 melt; (b) 0.6 melt (two sweeps).

CV of Ti4+. (a) 0.4 melt; (b) 0.6 melt

CV of ti** in DMF. (a) background in DMF; (b) with 1:ic14

CV of W6+. (a) 0.4 melt; (5) 0.6 melt

LV of Zn2+ in 0.4 melt
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FIG 1C(a) CV OF 8.4 diMelImCl MELT
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FIG 4(a) 8.4 MeBulmCl MELT
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FIG SC(a) CV OF 8.4 d1BulmCl MELT
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FIG 1@ EFFECTS OF STOPPING 8WEEP AT DIFFERENT POTENTIALS ON CHLORINE REDUCTION
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FIG. 17(a) CV OF NITROBENZENY TN 0.4 MebuImGl MELT
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FIG 1f ) CF OF NITROHMETHANE IN 8.4 MeEtImG! MELT
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FIG 18(bh) CV OF NITROMETHANE IN 0.6 MeEtImCl MELT
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FIG 19 (a) CV OF M-XYLENE IN 8.4 MeEiImC! MELT
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FIG 20 CV OF 33% ACETONITRILE IN 0.5 MeEtImCl MELT
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FIG 21 (u) CV OF PROPIONITRILE IN 8.4 MeEtImC! MELT
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FIG 22(a) CV OF Ag IN BRABIC MELT
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FIG 22(b) CV OF Ag IN ACINIC MELT
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FIG 23 (a3 €V OF AT IN BABIC MELT
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FIG 26 () CV OF Nt IN BASIC MELT
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FIG 26 (b) CV OF Nt IN RCIDIC MELT

"
+
E (VOLTS)

(Bclin) I

E*'l+

' 1 'y 1 ' 4
n n n n 0 n
[ ] o - ¥ 4 - ”u_— ”
1 1 1 + + +




TTTTETTE T T Y TR T W W T TR

LW W W TE N OTY TR OO

Bv

[t ict oft sl SOy | 11. J 14\.
{§170A) 3 (8LI0A 3
] 1 ! . .
. . . e1_ _ _ ceao
© w o 71 't 8°0 G0
T T a3~ T -r Sh+
4 ve- 1 a2+
48~ \ .A 1+
- -
w m
\ 181 18-
4 ¥ 1 83~
8¢l ar-

1713M DOISUE NI Gd 30 AD (9)Z2 OId LT3 OI6HE NI Gd 40 AD (®) /T D14




R T . wee

FIG 28 (w) CV OF Pt IN BRBIC MELT
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FIG 29 () CV OF Ta IN BABIC MELT
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FIG 30(a) CV OF Ta/28XIr IN RABIC MELT
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FIG 30 (k) CV OF Ta/28XIr IN ACIDIC MELT
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FIG 31 (a) CV OF TeRBXP¢t IN BABIC MELT
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FIQ 21 (b)) CV OF To/2B%Pt IN RCIDIC MELT
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FIQ 34 a) CV OF T1/8%P¢ TN BRBIC MELT
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FIQ 34 (k) CV OF T1/8%Ps IN ACIDIC MELT
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FIG 38 CV OF Tt/738%Ps IN BABIC MELT
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FIS 39 (a) CV OF Y¢/P2BXRu IN RRBIC MELT
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FIG 70(w) C/ OF W IN BABl. MELT
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FIG 42 (u) CV OF Au IN BRSIC MELT
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FIG 42(b) CV CF Au IN RCIDIC MELY
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FIG 43 (s) CV OF Hg IN BRASIC MELT
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FIG 43(b) CV OF Hg IN RCILIC MELT
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FIG 44 (m) CV OF Fg(X) IN B.4 MELT
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FIG 44(8) CV OF Ag(I> IN 8.4 MELT
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FIG 45 Ca) CV OF CoC(II) IN 8.4 MELT
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FIG 40 (m) CV OF Cr(III) IN O.4 MELT
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FIG 46 (b) CV OF Cr(III) IN 8.8 MELT
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FIG /48 (u) CV OF K2Cr207 IN 8.4 MELT ]
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FIG 48 (b) CV OF KECr207 IN 8.8 MELT
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FIG 11 (b)Y CV OF Fe(II) IN 8.8 MELT
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FIG 53 C(a) CV OF Fa(III) IN 8.3 MELT
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FIG 53 (b3 CV OF Fe(3II) IN 8.6 MELY
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FI@ 54 CV OF Fe(II) AND Fe(III) IN 8,8 MELT
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F1G 55(a) CV OF FERROCENE TN 0.4 MELT
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FIG 55(bh) CV OF FERROCENE IN 0.6 MELT
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FIG 50 (a) CV OF FERROCENE IN 8.4 MELT
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FIG 57C¢a) CV Ot Hg(II) IN 8.4 MELT
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FIG 59 Cm) CV OF L1(I) IN 8.4
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FIG 0 Ca) CV OF Mo(IV) IN 8.4 MELT
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FIG o2 (b) CV OF Ma(IV) IN 8.6 MELT
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FIG 51 Ca) CV OF Mo(V) IN @.4 MELT
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FIQ 63 (k) CV OF Mo(V} IN 8.8 MELT
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FIG 04 (b)) CV OF Ma(V) IN 8.6 MELT
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FIG 05 () CV OF Ma(V) IN 8.8 MELT
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FIG oo (m) CV OF MoORC12 IN 8.4 MELT
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FIG 65 (a) CV OF MoQ2C12 IN 8.8 MELT
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FIG 68 (b) CV OF MoO2Cl12 IN 8.8 MELT
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FIG 70 C(a) CV OF Et4N MoC!8 IN 8.8 MELT
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FIG 70(b) CV OF £t4N MoCl8 IN 8.6 MELT

- 49

o0 b

-18 }

-4t

-.. =

w. ok . ____k _ 8
° bt . ~ hrd ~
) ) ) ) ® *

E (vOLTS)

| SRR

heiim 1. PSSO SN S

ddn..




ﬁ ‘a e e - o - s
1
i
|
| A B “
! 19+
- 181~ -
g | g
. _ )
e | -
5 | | z
g | - 5 1es
g ; é ;
z m z m
~ ~r
& _._ % w
o {10°'s o
~ ”~
~ =
~ / — {82+
-~ r~
& g
L ; 8¢ L.
— —l 4 2°1+ 1 1 e LY 78
® ® - o« ® n
¥ T 3 ..u. 8 3
-
(SBin) I (SBRN) T
= e -/ aeea . -/ T - R |



| H,
ﬁ |
L ,
r |
_“
,. w 3- i L
b
| |
s
. .
m 191 - ﬂ . 1%°1- |
| % !
| ® L
i & &
. ~ ! ”~
3 :
_ g 2 g ;
_. £ 18- 8 19°- 8
t ~ “ -
. & W s ("
| 5 5 |
”~
. L4 m ﬁ
~ o .
G - “.* c L “o‘-
4 (o)
e le
: 1
9 | 4 d .oﬂ* g iy . e .ou.’ A
m m 2 m m m 3 2 2 » 32 m L
\ , ' : by ' 1 ) +
| (Salin) I (Bbin) I
[ | A ® .. “
- . | .4 \ A > = . o |




1 (v Ps)

1 (uAMPE)

- 188

- 104

- 12

+4

-189

+188

DA T LA A T T T T T - - - Ba aiiadan o u
P
PTG 73¢a) oV 0F SULFUR 1M 004 MELT
..J
S ‘
3 ‘<
i
i
- ':
,1
5
L A A
- ] « - - - y -
L ] L ] L ] - L)
¥ ) ' v v |
E (VOLTSH)
y
1
FIC 73(b) ¢V OF SULRLFUR IN 0.6 MELT ’1
- )
1
.
,
b <
3
4
- 1
’
1
L A (-
i)
g g 8 : 8
¥ 3 3 ¢ |
E (VOLTS) ’
<
p|




e e ey s e T T T T oy e e ey T e rmeeem e

- Wy w W EF - = "= @' =" ==

FIG /' (a) CV OF 8ULFER IN 8.5 MELT
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FIG /5 () CV OF SRBCI12 IN 8.4 MELT
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FIG 77 CV OF 8n(II) IN @.4 MELT
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FIG 32 CV OF Zn(II)> IN 8.4 MELT
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