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Abstract : Theoretica anaysisof thetemperature
responsesin linear and cyclic voltammetry was per-
formedinthiscommunicationfor reversbleandtotaly
irreversibleeectrochemical reactions. The proposed
procedure of process ng the experimenta dependences
of peak current and potential on the electrolytetem-

INTRODUCTION

Linear and cyclic voltammetry iswidely used both
for andyticd application andfor investigating themecha
nismsand kineticsof variouse ectrochemica systemg®
4. In order to study the el ectrochemical behavior of a
redox couple, different parametersdetermined theview
of voltammetric response may be changed (e.g. sweep
rate, bulk concentrations, hydrodynamic conditions,
geometry and sizeof the utilized el ectrode, etc.). Mean-
while, analyzing temperatureresponsesiscomparatively
rarely performed in voltammetric measurements, al-
though such experimentsalow getting valuableinfor-
mation on thekineti csand mechanism of eectrodere-
actions. A limited quantity of works devoted to tem-
perature-kineticinvestigationsinvoltammetry theory and
applications, seemsto be accounted for by alack of

perature seemsto belesstediousthat the conventiona
method. © Global Scientificlnc.

K eywor ds: Temperature dependences; Linear and
cyclicvoltammetry; Activation parameters.

proper formalism. Thus, thiswork isaimed to thede-
vel opment of methodsfor processing thetemperature
responses of linear voltammogramsfor reversibleand
irreversibledectrochemical reactions.

THEORY AND DISCUSSION

Rever sibledectrochemical reactions

Let usconsder asmplereversibleeectrochemica
reaction:

Ox+ne” < Red @
Electrochemical reversibility presupposes that
Nernstian concentrationswill exist a thed ectrode sur-
face becausetheforward and reverse el ectron trans-
fersarefast and occur simultaneously, near to equilib-
rium. Thefollowing criterion has been suggested by
Matsudaand Ayabe® for the confirmation of €l ectro-
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chemicd revershbility:
k>0,3(nv)" )

where k? isthestandard rate constant (cm s?), visthe
potentia scanrate(V s?), nisthenumber of € ectrons.

It should be noted that this criterionisbased upon
the assumptionsthat thetemperatureis 298 K, the dif-
fusion coefficients of Ox and Red are closed to 10°
cm? st, and both activity coefficientsare equal to one.

The peak current for areversiblecoupleisgiven by
thefollowing equation®:

3232

H n F 12, ,12~0

i, = O.MGWSDOXV C., )
whereF isthe Faraday constant (96487 A smol?), R
istheuniversal gasconstant (8.314 JK*mol?), Tis

thethermodynamictemperature (K), sistheectrode
surfaceareg, D, isthediffusion coefficient, C;, isthe
depolarizer concentrationinthebulk solution. Notethat
ip inEquation (3) will haveunitsof AwhenD isincm?s
1 cg isinmol cm3, sisincm?, andvisinV s™.

At T =298K, Equation (3) istransformed into the
followingform:

i, =2.69-10°n**sD2v*C?, )
Thelatter formulaisoften named asRandles-Sevcik
equation.

Assuming that thediffusion coefficients of the oxi-
dized and reduced species are equal, we may write
expression for the peak potentia in caseof areversible
electrochemicd reectionintheformf@:

. RT
E,=E _1'109F (5)
where E° isthe standard potentidl.

Let usexaminefurther what information on elec-
trochemica system may be achieved from the experi-
mental temperature dependences of peak current and
peak potential. For the temperature dependences of
thediffus on coefficient, we can writeArrhenius equa-
tionasfollows™:

ED
Do>< =A Dexp[_ ﬁ:l (6)

where A isthe corresponding pre-exponentia factor;
E_ isthe corresponding activation energy of thediffu-
sonmeasstransfer.

Combining Equations(3) and (6), wederive:

E D
2RT O

r]3/2 F3/2 i ;
= SATVPCG, includes terms in

Inip=InK'—1InT—
2

where K'=0.446

Equations (3) and (6) which areindependent of tem-
perature.

Denoting thesum Inip+%InT ash(T), weget:

ED
2RT ®

In accordancewith Equation (8), theline plotted
onthecoordinatesh(T) vs. /T canbeusedinorder to
cdculatetheactivation energy of diffusonfromthedope
of thisline(Figure ). Itisevident that theintersection
intheordinate givesthevalueof InK”, hence A may
beeasily calculated.

h(T)=K'-

In ip +1/2 InT

1/T
Figurel: Determination of theactivation ener gy of diffusion

Naturaly, thelinear character of theplot h(T) vs 1/
T holdstrueif pre-exponentia factor and activation en-
ergy in Equation (6) do not change with thetempera-
ture.

Asconcernsthe temperature dependences of the
peak potential, it should be stressed that in Equation

(5) notonlythelast term [— 1.109%) but dsothevadue

of standard potentid (E°) changeswithtemperature. In
order to obtain E°vs. T dependence explicitly, let us
employ amethod described in our workg®9, To that
end, one hasto assumethat the current density of the
el ectrochemical reaction under consideration may be
described by thefollowing Butler-Volmer equations:

i= nF(lZ °C,, Sexp[- E]— k °chsexp[(l'ﬁD 9)
* RT ' RT

where k° and k° aretherate constants of theforward
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and reversereactionsof e ectrochemica processwhen
theva ueof the el ectrode potentid isequal to zero (E =
0) (inthescaleof thearbitrarily chosen referenceelec-
trode), respectively; o isapparent transfer coefficient;
Coxs @d C, sarethe concentrations of the reagents

Ox and Red inthe near-electrodelayer (i.e. itssurface
concentration), respectively.

Forthe k° and k° valueswemay writethefollow-
ing temperature dependences (Arrheniusequationsin
anintegra form):

[ o

k°=J.exp —R_;’_ (10)
- e

k®=J.exp —R_‘I’_ (1)

where J, and J, arethepre-exponential factorsfor the
forward and reverse el ectrochemical stages, respec-

tively; Q, and Q, arethecorresponding vauesof the
formal activation energiesat E=0.

In connectionwiththelast twoformulag, let usnote
that theformal activation energy Q2 isdetermined at a
constant el ectrode potential measured versusan arbi-
trary chosen reference d ectrode (at the sametempera-
ture, asthe studied € ectrode)®14:

—
oT ).

AssumingC_ =C__ = 1(standard tate), wehave
for equilibrium established onthedectrode, thefollow-
ingexpressons.

(12)

i=i_T=O’-i.=‘i-’E=EO’Co><,s=Co><:1’
Creas™ Craa =1 (13)
Combining Equations(9)-(13), we get:
o [ eFE] o, [(-a)FE°]_
k exp[ RT }_k exp[—RT }_ks 14
E°=ﬂ|n'f—=ﬂ(lni+ﬂ) (15)
F k* F| 3, RT

Hence, thetemperature derivative of the standard
potentid isgiven by:
dE° R, J,
=—In=
dT  F J,

Taking into account Equation (5), weobtain:

(16)
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dE, =EInL—1.109i 17)
dar  F 7, nF

It should be stressed that thel atter two equations
arevalidonly if the corresponding activation energies
and pre-exponential factorsin Equation (15) do not
depend on thetemperature.

Asfar ascyclic voltammetry isconcerned, let us
conventionally accept that the forward sweep isca
thodic and the backward oneisanodic. Then thefol-
lowing relationship between forward and backward
peak potentials (E of and E b respectively) arevalid
for uncomplicated reversible el ectrode processes*?:

RT

E,-E, 6 =222— (18)
. . nF
Thenweget:
dE,, —-E,, R
T 2.22E (19)
Consequently, the value of (E oo E p,f) depends
linearly onthetemperature.

Thus, as expected, the temperature responses of
linear voltammogramsin caseof reversibled ectrochemi-
cd reactionsdo not alow obtai ning dataon kinetic char-
acteristicsof the chargetransfer process; only the acti-
vation parameters(i.e. pre-exponentid factor and acti-
vation energy) of the diffusion process may be calcu-
lated from the experimental dependences of peak cur-
rent and peak potential on thetemperature.

Irreversibledectrochemical reactions

For uncomplicatedtotalyirreversbledectrodepro-
cess

Ox+ne = Red (20)
thefollowing criterion has been suggested®:
k® <2-10°(nv)¥? (21)

wherethe meaning of the symbolsand their unitshave
been defined abovein connection with expression (2).
Electrochemicd irreversbility meansthat theNernst
law does not hold regarding the partners of the redox
coupleat thed ectrode surface and therecorded current
isat any potential coincident with that relativeto either
forward or the backward el ectrode reaction aone,
Thepeak current for anirreversibleelectrodere-
action may be given by thefollowing equation(2*3;

i =0.28nFsC’ ,[nD,.b (22)
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where b= onk V.

RT
Equation (22) istransformedat T =298K intothe
form:
i, =3.00-10°na**sD2v**Cy, (23)

Expression (23) isknown as Delahay equation. In
formulae (22) and (23) ip hasunitof Awhen D, isin
cm?s?, ¢! isinmol cm®, sisincm?, andvisinV s

Sincetheelectrode surface area, bulk concentra-
tion of the Ox speciesand the potential scanrateinthe
experimentsare commonly kept constant, thevariation
of i . with temperatureisonly associated with acorre-
sponding change in the diffusion coefficient of
€l ectroactive species.

If wesubstituteArrheniusexpression for thediffu-
son coefficient (6) into Equation (23) and then perform
somesmpleagebraictransformations, wemay obtain
thefollowing temperature dependenceof Ini o

E

Ini =InK"—1InT— £ (24)
P 2 2RT
where K"'= 0.28nFsc01/nADv%F isindependent of tem-

perature.

Notethat Equations(7) and (24) are quite anal o-
gousintheir structures. Hence, acting smilarly tothe
procedure described above, we may denote the sum

i, +2InT asf(T), and then obtain thefollowing lin-

ear relationship between f(T) and reciprocal tempera-
ture

w_ Eo
f(T)=InK o

Thus, accordingto Equation (25), thevauesof E
and A, may be calculated from the slope of such a
linear dependence(seeFigure1). Similarly tothecase
of reversible electrochemical processes, theintersec-
tionintheordinate alowseval uating the quantities of
InK”and A,

Thecurrent flowingintheinitia ascending portion
of thevoltammetric peak isknown to beindependent
of the sweep rate, provided the currentisequa to zero
at theinitia potentia®2*4, Thenthefollowingequation
holds for currents measured at the foot of the peak
wherei <0, i :

(25)

(26)

Oox' 'S

. aF
i =nFsC{ k°exp{—ﬁ(E— EO)}

Onthebasis of thisequation the kinetics param-

etersof the electrode processa and k? can beevalu-
ated by plotting Ini vs. (E— E°) dependencesif E%, s,
¢’ and nareknown.

Hence, usingi vs. E responsesobtained at differ-
ent temperatures at the foot of the current peak, the
formal activation energy of theforward € ectrochemi-

cal reaction Q may befound. Tothiseffect, Ini vs. UT
dependences should be plotted at E = const; accord-
ing to Equation (12), the slopes of these linesbeing

equal to Q/R . It was earlier shown that under ki-

netic control conditionsthefollowing expressonisvdid

for theapparent (measured experimentally) formal ac-

tivation energy:

Q=0 +aFE (27)
It should be stressed that these conditionsareful -

filledincaseof irreversbleliner voltammogramsat the
foot of thei vs. E curves.

It isclear that the value of @, can be calculated
fromtheintersectionintheordinateof thelineplottedin

coordinates Q vs. E, theslopeof thisplot giving the
valueof thetransfer coefficient o.. Performing analo-
gous measurementsand cd cul ationsfor the backward
scanincyclic voltammetry allows obtaining thevalue

Q, . Thentheredl activation energy of thed ectrochemi-

cd reaction under study at equilibrium potential may be
eva uated by meansof thefoll owing equation11:
A, =(1-0)Q, +aQ, (28)

However, somedifficultiesarisewith processing
voltammogramswhen using theinitial ascending por-
tion of thecurrent peak. Firstly, for largeenough values
of (E o E p,f) (i.e. at ahigh degree of eectrochemical
irreversibility; thestandard rate congtant istoosmal in
such acase), the backward peak becomes no longer
detectablein the potential rangewhichisexperimen-
tally availablefor the solvent employed. Secondly, the
measurementsof current at thefoot of thevoltammetric
peek arenot accurateenough. In addition, inmany cases
standard potentia E°isnot strictly known.

Therefore, wehavesuggested an dternativeand con-
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venient method for processing temperature responses
incaseof totaly irreversibleeectrochemica reactions
studied by linear voltammetry!*®. This procedureis
grounded on thefollowing theoretica propositions.

Apart from Equation (22), another expression for
thepeak current of anirreversibleelectrode processis
valid?e:

_ oo anF(E, —E°)
i, =0.22/FsC K expl ————— (29

Oox *S RT

For the temperature dependences of the standard
rateconstant we may useArrheniusequation asfollows:

o __ - Ea
ke=A, exp[ RT]
whereE, isthestandard activation energy of thecharge
transfer; A, isthe corresponding pre-exponentia factor.
Combining Equations (29) and (30), weobtain af-
ter smpletransformation:

E, anF(E,-E

(30)

Ini =InB——2 (31)
P RT RT
where B = 0.227nFsC° A, .
: FEE, - E°
Let usdesignatethesum |nip+(xn (R”T ) asq(T):
(T)=Ini_ +42FE—E) 32
q - p RT ( )
Consequently, we have:
Ea
q(T)_mB-ﬁ (33)

Thus, thereisalinear dependenceq(T) vs. UT (Fg-
ure 2) which enablesusto ca culateArrhenius param-
eters — the activation energy of charge transfer (E,)
and the pre-exponential factor (A) fromthesopeand
theintersectionintheordinate, correspondingly.

It should be noted that for performing cal culations
described above one hasto know the values of E° for
different temperatures. Theseva ues may be computed
fromthe experimental dependencesof E_ vs.vandi,
vs. v according to the procedure reported in work(*7,
To thiseffect, thefollowing equation for the peak po-
tentid of irreversibledectrodereaction should beused:

RT —
Ep =E0—an—F(O78—|nkg+|n DOxb)

The chargetransfer coefficient « isto bedrawn out
from Equation (34) by plotting E vs. Inv. Thenthe

(34)
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vaueof thediffusion coefficient D, may beeasily cal-
culated onthebasisof Equation (23) by linearizingthe
experimental datain the coordinatesi, vs. vV (at a

constant valueof C;,) and (or) i, vs. (C;, a aconstant

value of v). Finally, the standard rate constant k; as
well astheforma standard electrode potentia E° may
be determined solving S multaneous Equations (29)-(34)
using preliminarily determined vauesof aand D . In
order to sol veabove mentioned nonlinear s multaneous
equations, somecommercidly avallable softwareisto
beapplied.

In ip +1/2 InT

T

Figure?2: Determination of theactivation ener gy of charge
transfer

Quasi-reversibleeectrochemical reactions

Uncomplicated quasi-reversible electrode pro-
cesses in conditions of “usual” linear and cyclic
voltammetry isdefined by thefollowing criterion!™:

0.3(nv)” >k > 2.10°(nv)" (35)
Theexpression of the peak current for aquasi-re-
versiblechargetransfer can bewritten asfollows*®!:

32312

. n*F
i, =0452———sD%v*C K (a,k’v)

R 1/2T 12 (36)

where K(a(k?,v) isasuitablefunction depending upon
transfer coefficient, standard rate constant and poten-
tial scanrate.

For thedifference between peak potentid and haf-
peak potentid thefollowing equationisvaidi®:

RT
E,- Ep,2)=FA(a,k2,v) (37)

where A(a, k?,v) isanother function of transfer coeffi-
cient, standard rate constant and potential scan rate.
From our point of view, it seemsto berather in-
convenient to use Equations (36) and (37) for defining
thetemperatureresponsesof linear voltammogramsas
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K(a(k?,v) and Ao, kS, v) arereportedintheliterature
astabulated functiong®®.

Itiswell known that the same el ectrodereaction
can exhibit either areversible or atotally irreversible
response depending upon the scan rate employed819,
With anincreaseinthesweep rate, atransitionfroma
reversbleto anirreversiblebehavior progressively oc-
curs. Thus, theeasiest way to gaininformation onthe
activation parametersof the chargetransfer isthat of
employing suitable(i.e. increased) va ues of the poten-
tial scan ratewherevoltammograms show typica irre-
versibled ectrochemica response.

CONCLUSION

Thetheoretica express onsdescribing temperature
dependencesinlinear and cyclic voltammetry werede-
rived and andlyzed. Convenient and accurate procedures
of calculating theactivation parametersweredeveloped
both for reversibledectrochemical reactionsandfor ir-
reversibleones. In case of reversible e ectrochemical
processes, the temperature responses of linear
voltammogramsdo not alow obtaining kinetic param-
etersof the chargetransfer; only the activation param-
eters(i.e. pre-exponentid factor and activation energy)
of thediffuson masstransfer may beevauated fromthe
experimenta dependences of peak current and peak
potential onthetemperature. Onthe contrary, in case of
totdly irreversibledectrochemica processes, reported
methodsfor processing the temperature responses of
linear voltammogramsenablecd culating activation en-
ergy and corresponding pre-exponentid factor both for
thediffuson masstransfer and for thechargetransfer. It
was observed that the theoretical modelsbecometoo
complicatedin case of quasi-reversible electrode pro-
cesses, theeas est way to obtain information on theac-
tivation parametersisthat of application of increased
valuesof thesweep ratein order that voltammetricre-
sponsesshow typical irreversible behavior.

Thetheoretica procedurereportedinthiswork has
been appliedto thecad culation of the activation energy
of the chargetransfer for Cr(I11)—Cr(ll) irreversible
cathodicreaction studied by meansof linear voltammetry
techniquein methanesulfonate and sulfate solutiong?®.
Comprehensive statement of the data concerned goes
beyond the scopeof thisreport. For moredetalled inter-

pretation of the issue, the reader is referred to the
workg520,
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