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FLECTROCHBEMICAL BEHAVIOR OF 0.2 °TO 3 MOLAR FERROUS
CHELORIDE- FERRIC CHLORIDE MIXTURES ON LEDGE-ON
PYROLYTIC GRAPIHITE ROTATED DISK ELECTRODES
by Riley O. Mitler

Lewrs Rescareh Centen

SUMMARY

Potentiostatic determinations in variwous mixtures of lerrous chloride
(l-‘(:CIZ) and ferme chloride (FeCly) with excess hydrochlorie acid show rest po .
tentials that are 0 1 volt less celectropositive than tie theoretica! values from
the formulated ratios of Fell to I'elll (probably as a result of compicxang).  The
standard rate constant l‘s ranges between 111()"'l and 6-10"l centimeter per
sccond  Tafel slopes b oof roughly 0 12 volt per decade mdicute single-
cleetron exchange kinetics  No signilicant trend an cither b or ks was at-
tributed to mixture composition.  The higher ks values occurred with an cdge-
on pyrolytic graphite that had andergune a permancent surface chuaage

INTRODUCTION

The clectrachemical behavior of the redox couple ferrous chloride - ferre
chloride (I-‘cCl._,_-l~'cC13) at 0.2 to 3 molar total concentration was explorad for
two reuasons. ‘The first was a practical one., there s the possibility of using
highly concentrated acidic solations of 1~‘0C12— Fc(;l3 as one of the cedon couples
in a scheme to store clectrie energy cheaply for matehing power production with
demand (ref. 1}, This scheme requires efficient, deep, and ropctiti v oxidaton
and rceduction of high-concentration aquenus electrolytes. It is desirable to know
the relative importance of electrachemical reactions in such processces.

Aside from the practical need. a second motive was a concern that clectres
chemical science now needs to explore redox reactions in uqueous solulinns with
concentirations higher than 0.1 molar. 1In this we have madce 2 start,

Potentiostatic polarization data were obtained for two rotated difk clec-
trodes of polished cdge-on pyrolytic graphite. Corrections had to be made for
current-resistance (I- R) drop. The electrodes were characterized by voltammon-
grams as well as microscopic examination., Our data are comnarced with those
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of other investigators  Finallv the data are discussced in terms of practical use
as well as basic coneept.

PROCEDU RE

The clectrode processes that we are concerned with are steady- state onces,
and therefore we wished to obtain data al well-established steadv- state condi-
tions. Conscquently, transitive techniques were used only 10 obtain supplemental
data, such as I-R drop

In a steadv-state helf- cell af convection is constantly controiled (such as by
stirring or by moving the clectrode) and f the veaction kinctices does not change
with overpotential n, an casy way to determne clectrochemically limited car-
rent lc is (o increase 1 to where current 1s constant and thercefore trinsport
limuted. This transport- limited current ]'l’ 15 used to calculate lC at several

lower i by the relation ]c' Ix“ - lx/l.l.)' 1. where l'\ 1s measured at - Un-
fortunately this method is limited to lower measured currents I.\: hecausc of
high I.R drop at the higher I values.

If a rolated disk electrode (RDE) technique 1s used. convection is well char-
acterized as a function of rotational speed w. "l‘ nced not be measured. and

higher 1 can be cvaluated. At a given 7, (lc)-] (I'\,).l - ('u}-l/z. so that I
can he caleulated if 1. 1s determined at several values ol w. we clected to use
this approach. (These particular aspects arve discussed also wn vefl. 2, pp. 27
to 30; the general methodology o (he RDE 185 reviewed in vef, 3)

At the high current densities that are expected i this work, the current den-
sity at a disk-shaped electrode 15 not undorny,. Nevertheless, we decided that
the cascof polishing and an abundant prior art outwaighed this disadvantage of
the RDE.  The maximum edge current density can be estimated from the mean
current density by use of Newman's Jd correction (vef. 1), Our rveference well,
containing a standard calomel electrode (SCE)y, was located far from the disk
(approximately 2 em as cantrasted to a Luggin capillary about 1 mm from the
disk).

Edge-on pyrolytic graphite (EOPG) was chosen as the current collector be-
cause it is a fairly well characterized, clectrically conductive. ¢lectrochemi-
cally active, high-density form of carbon, an clement that is abundant and cor-
rosion resistant. The RDE. made of this material mounted in fluorocarbon

polymer, was hand polished to a mirror finish with moistened 0, 1-micrometer
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diamond dust on a satin cloth.  ‘The frontal arca of the dish was 0,32 square
centimeter. The RDE drive, as well as the clectrodes, was fabrvicated fram doe-
stens doveloped at Case Western Reserve University,

‘The cell, made of borosilicate glass, was eylindrical @, cm in diam, s~ em
high). The counter clectrode was carbon cloth supported at the inside perim-
cter of the cell by a pohv-fluorocarbon mesh form. It was appronimateis 6 cen-
timeters in diameter and 5 centimeters high (the depth of the elecetrolvte in the
cell). The real surface arca of the counter clectrode was over 200 square coenti-
meters.,  The veference clectrode well was a sidearm connected to the ceil by a
tube which Hared into the bottom center of the cell about 2 contimeters frem the
RDE. This tube contained a finely sintered glass plug to slow diffusion of Fell
into the well. which contained 1 molar hydrochloric acid 01Ci). A snugly {it-
ting polypropylenc lid isolated the cell from the atmosphere.

The clectrolytes were solutions of FcClz, I-‘eClg, and HCl in distilled wwater,
In most of these the HCL was nominally 1 molar (in three cases, 0.5 molar).
The formulated molar ratio of FeCly:FeCl, varied from 10:1 to 1:10. Ap-
proximately 2.0 milliliters of the electrolyte was put into the cell bhefose s oset
of clectrochemical determinations was made, and argon gas was continuously
and genthy babbled tiorough the solution before and during the measitrements.

In cach clectrolyte, steady=state anodic and cathodic currents () were wea-
stred against the reference SCE potential by using a commercial potentiostat.
These measurements were made at RDE velocities (o) of 3,75, 15, and 60 re1p-
tions per second.  For cach solution the ohmic resistance between the RDEF and
refevence electrode well was determined by a carrent step method, (A cirveuit
consisting of the RDE and counter clectrode in servies with dry colls and resis-
tances was opencd or closed by a mercury=wetted relay, and clectron oscitlo-
grams were made of the instantancous change in potential between the RDE md
reference well, From the measured current and potential steps the desired
resistance was computed.) This resistance twhich was found to be reagsonaly
independent of disk current 1) was usced to correct the measured potenticl for
I'R drop. The chemically limited currents were then determined from the
I- R=correceted currents by linear extrapolation of plots of l'l against .,.-'1 &
to w =, Tafel plots werc then constructed from the chemically limited
currents.

To help characterize the RDE surfaces. continuous rapid triangulay wave
voltammograms were made, and the disk was visually inspected threugh a low-
power binocular microscope.




RESULTS AND DISCUSSION

Early in this work, we iound that the ohmic IR drop limits the measure-
ments to current densities of about 100 milliamperes per squuare centimeler or
less.  Above this value, accuride valuces of the electrochemieally controlled
polarization (;) cannot he obtiined.

An example of the polarization data and alel plot for one Fell=Felll so-
lution is shown in figure 1. The data points have been corvected for 11 R drop,
The clectrochemically limited unodic and cathodic Tafel plots {w = =) are shown
at the right.

The clectrochemical resul's are summarized in tuble 1. ‘The compositions
of the solutions, rest potentials, Tatel slopes by, exchange current densities
iy and standurd rate constent Ly arcin chronological order and are for two
rotating disk clectrodes (RDE B and RDE ) that bad initially the same type of
mirrorlike finish,

The experimental rest potentials E, were found to be consistently less
clectropositive thy 0, 08 to 0,11 V5 than their theoretical Nernst potentials from
formulated Feill-Felll concentrations and free encrgy data. This same trend
has been found in work donc elscwhere (refs. 5 and 6) at lower concentrations
as well as in recent ERDA/NASA contract work at total concentrations of 1 to
4 molar (ref. 2).

These less clectropositive vest potentials are consistent with the notion
that Felll forms complexes with €17 or certain othe r mions (e g., sulfate) if
present in sufficient concentrations). Indeed, Popoff and Kung in 1929 (ref., 7)
clearly showed that increasing !(‘I'J can shift l-_'o to significantly less clectro-
positive values,  The shift of 0.1 volt, found in this work (and by others), in-
dicates that in the electrelvtes studhed the effective ion concentration ratio
[Fe™ ™ J/[¥e* "] is an order of magnitude less than the formulated concentra=
tion ratio [ Felllj/[Fellf.  From the stability constants that ave sparscly avail-
able for complexes of Ci™ with both re™* and re't (ref. 8, p. 280) this
order of disparity docs scem to he possible.  Furthermore, as the [Fell)/
[Felllj ratio fncreases (table I, the negative difference in l-I0 increases; such
a result could show that l-‘cCl2 viclds CI7 to complex with l-’c+++.

Most of our Tafel slopes, b, (table I) are roughly in the region 0.12 volt per
decade, which would be expected for a limiting single=clectron exchange. In
some cases a second Taflel region was found (sce fig. 1),

To compare exchange currents, io, for different nominal molar concen-
trations, [FeCl,| and [FoClg). we have calculated standard rate constants




="~

~

-\

B ]

coeg V20 0 -1/2 -1
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first rotating disk clectrode (RDE I gave intial l:b

, I being the Faraday (ref. 9, p. 164). The
values ol 1. 0. l““l centy
meter per second when run with iron solutions from 1 to 2 molar in which the
molar ratio of Felll.Fell varied from 2 0 1 to 0 1:1. ‘fhese imtral determina-
tions on onc current collector showed thut large changes in composition of iron
solution had little effect on ks Such a result is not surprising when one con-
sideres that ks is defined in terms of cquilibrated or quasi-cywmlihratedy reac-
tions (Randles. rvef. 10)  One must remember that the ks valuces as deter-
mened from our data dable ) and from others table 1) arce not corrected fur
the cffects of complexing Performance suddenly increased, however. while
RDE | was being yun in 0.1 0.1 molar Fell-Felll,  After being repolished,
values, 6x10”% and 5x1077

respectively, 1n 0.1 0.1 and 1.4:1.4 molar Fell-Felll, We hoped to determine

RDE I still showed high I;s cenumeter per second.,
more exactly the cause ol this tronsition to higher performance: thervetore, a
sceond rotated disk clectrode (RDE 11) was polished and further determinauons
were made. With RDE 11, the ks values ranged from 1 le')" to 3.-1\10'4
centimeter per second and did not go migher.

Figurce 2 shows voltammograms (made under identical sweep conditions) of
both clectrodes in ¢ molar HCL after all polarization runs on cach had been
completed. From the enclosed arca. the overall activity of RDE 1 1s concluded
to be significantly higher than that of RDE II. Voltammograms consistently
showed an oxsdation peak at about 0.45 volt (referenced o SCE) for RDE 1n
HCL. This perhaps indicates some surface-held iron Xo such peak 1s seen
with RDE [ Microscopice inspection showed RDE | to have a unttorm fineh
cratered surface that RDE 1 did not have '

We interpret our ks results to show the existence of two regimes
(A and B) of clectrochemical efficiencey {or Fell- Felll redos on EOPG thatas,
ka (A) ~ l>-:l()"4 to 3x10—4 centimeter per sccond. and ks By - :)\l(,\"l o (ix]()‘4
centimeter per second  This trend 1s also suggested by the overall comparison
Most of the ks

ics) of several forms of carbon fall in regime A, Aleva and Austin (ref. 5y show

of the work of others in table 11 values (from five separate stud-
that basal planar surfacc of pyrolytic graphite to give a ks in regime A and an
cdge-on surface. a ks in regime B Our work shows edge--on surfaces to per-
form in both the regimes and regime B behavior to result from a permanent
modification of the edge-on surface. OQur cevidence. albeit tenuous, sugzests not
only that an increasce in this surface area has occurred, but also that some 1ron
has become part of the active surface. To date, we have not reproduced this
modification (which was obscrved only with RDE ).
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Regime B dable . howevers, may not be the ulumate that can be achiceved
n the redox of Yell-Felll on carbon. From voltammetiie data, Taylor and
Humffray (ref 11) repont ks values that were temporanmly as high as .’)'1><1(J"'l
coenptimeter per sceond on speceally treated glassy carbon, Although these high
clectrochemical efficiencies (ref. 11) did not pers st lor more than scveral
minutes at continuously evehing potentials, we are hopefud that earbon can he
improved as a vedos current carrier,

In practical terms, we conclude that

1. Increasmg concentration per sc i the l"u(,‘lz- l~‘c(’l:,' redox system does
not drastically change clectrochemical parameters such as ks nd rest poten-
tial, albet the Tatter s less electrapositive thun one would expect irom free
cnergies and lormulated Fell- Felll concentrations, if complesing 1s ighored,

2 The bimst on current density is expected to be due o T R drop. not
clectrochemscal polarization.

3. The clectrochemical elliciency of carbon hopefully nught he increased.

From the more haste standpnint, it 1s understandable why nu defimtive ex-
perimental work in steady -state mechamsties has been reported at concentra-
tions above 0.1 molar. The need {for 1. R corrvections 1s not onls a burden but
also admits crmr which mncreases as lavger current densities are approached.
The usclulness of a ring and disk clectrode combination heeomes problematic
in highly concentrated reactants, bhecause uneven current distrbutions result
on a chisk when current densifies are large (due to tugh activity) w:ti respecet to
the ohmic conductivity of the clectrolyte.

Our results, nevertheless, show that basie electrochemieal behavior an
the moire hghly concentrated tron chlonide solutions does not sigmificantly differ
from what 1t 1s at fractirnal molarities. that s,

1. In most cascs. but not always, our lirst Tafel slopes b imply single-
clectron exchange reactions to he limting in 1 to 3 molar iron. as others have
found for fructional ivon molaruies,

2. With respect to current density 1 the 1 to 3 molar iron solutions show
activities effecively proporuonal to the formulated concentraiions of Fell and

Felll.
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TABLE . -« EXPERIMENTAL RESULTS

'ormulated Rest potential, Tafel stope b, Eachange | Standard
COmposIInn, V refl. SCE V/ decade current rate
moles/hter deasity, | constant,
Expers- | Difference | Anodie | Catnadie . Kk
e C ceC : nt: s UM s’
FeCl, | FeCly | HCH) mental from ma cm
theory . Soe
cm” sec
107
EOPG RDE 1
z.0 0 001 .65 | ceem-- 0. 12 0.06 0.31 -
—— 09 .96 ———
2. 0. 10 Ju.50) v.527 -0. B8O 0.1 0. 0% 1.05 0. 96
2.0 1.0 0.5} 0,433 -0.044 0 2y .20 13.3 0.99
L S B e 29,1 2.2
0.10 1.00 1.00] 0,356 -0.113 0 12 013 2.7 0.95
0. 10 0.1 1.00¢ 0,136 -0.093 0.106 0.15 2.8 6.0
§.-43 1.43 0.96] 0,478 -0.091 0.09 (F I I 6.9 5.0
EODPG RDE 1]
0. 30 3.00 1.00] 0.365 -0.104 F O S pUCEPUC, . 2 - 3_
3.d4 1.42 0.96] 0,426 -0.093 0.0 | ----- 32 2.3
e 1.035 14,0 .97
———— .11 47 3.4
0.10 } 0,10 [1.05} 0.431 -0.078 0.14 0.12 0.97 1.00
.18 17 1.63 1.68
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TABLE N - TWO REGIMES OF ELECTROCHEMICAL ¥ FICIENCY

FOR Fell - Felll ON CARBON

Experimental conditions

Regnne

d
A

Bb

standard rate constant,

k

1)

. em/see (> 10")

Graphite paste RDE in <0.2 M Fe:
[c17 | and [ClOy" | varied ref. 12,
19623

0.9-2.13

pyrolytic graphite {bDE in ~2 “I.5 (l:') 2
M Fe o HCH (ref. 5, 1973

spectral graphite in 1077 10 0. 4 0.9-17 | = -----
M Fen 1,850, (ref, G, 1975)

vVitrous carbon in t to 4 M Fein 1.2-2.4 | eeae-
NGl (ref. 2, 1976)

Edge-on pyrolyvtic RDE in 0.2 to S Y0.9- 3.4 ;.', -6

4 M FFein HCL (this work, table D)

o e
“ks -1 - 9x3077,

h"'s e 5 Gx10

CBasal planar pyrolyvtic graphite.
dE(lgc-on pyrolytic graphite.
Exewly polished electrode.
l'x\lodihod clectrode.
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