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Abstract : Theoretical analysis of the temperature
responses in linear and cyclic voltammetry was per-
formed in this communication for reversible and totally
irreversible electrochemical reactions. The proposed
procedure of processing the experimental dependences
of peak current and potential on the electrolyte tem-

INTRODUCTION

Linear and cyclic voltammetry is widely used both
for analytical application and for investigating the mecha-
nisms and kinetics of various electrochemical systems[1-

4]. In order to study the electrochemical behavior of a
redox couple, different parameters determined the view
of voltammetric response may be changed (e.g. sweep
rate, bulk concentrations, hydrodynamic conditions,
geometry and size of the utilized electrode, etc.). Mean-
while, analyzing temperature responses is comparatively
rarely performed in voltammetric measurements, al-
though such experiments allow getting valuable infor-
mation on the kinetics and mechanism of electrode re-
actions. A limited quantity of works devoted to tem-
perature-kinetic investigations in voltammetry theory and
applications, seems to be accounted for by a lack of
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perature seems to be less tedious that the conventional
method. Global Scientific Inc.
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proper formalism. Thus, this work is aimed to the de-
velopment of methods for processing the temperature
responses of linear voltammograms for reversible and
irreversible electrochemical reactions.

THEORY AND DISCUSSION

Reversible electrochemical reactions

Let us consider a simple reversible electrochemical
reaction:

RedneOx 
 (1)

Electrochemical reversibility presupposes that
Nernstian concentrations will exist at the electrode sur-
face because the forward and reverse electron trans-
fers are fast and occur simultaneously, near to equilib-
rium. The following criterion has been suggested by
Matsuda and Ayabe[5] for the confirmation of electro-
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chemical reversibility:

  210
S nv0,3k  (2)

where 0

Sk  is the standard rate constant (cm s-1), í is the
potential scan rate (V s-1), n is the number of electrons.

It should be noted that this criterion is based upon
the assumptions that the temperature is 298 K, the dif-
fusion coefficients of Ox and Red are closed to 10-5

cm2 s-1, and both activity coefficients are equal to one.
The peak current for a reversible couple is given by

the following equation[6]:

0
Ox

1/21/2
Ox1/21/2

3/23/2

p CvsD
TR
Fn

0.446i  (3)

where F is the Faraday constant (96487 A s mol-1), R
is the universal gas constant (8.314 J K-1 mol-1), T is
the thermodynamic temperature (K), s is the electrode

surface area, D
Ox

 is the diffusion coefficient, 0

OxC  is the
depolarizer concentration in the bulk solution. Note that
i
p
 in Equation (3) will have units of A when D is in cm2 s-

1, 0
OxC  is in mol cm-3, s is in cm2, and v is in V s-1.
At T = 298 K, Equation (3) is transformed into the

following form:
0
Ox

1/21/2
Ox

3/25
p CvsDn102.69i  (4)

The latter formula is often named as Randles-�evèik
equation.

Assuming that the diffusion coefficients of the oxi-
dized and reduced species are equal, we may write
expression for the peak potential in case of a reversible
electrochemical reaction in the form[2]:

nF
RT

1.109EE o
p  (5)

where E0 is the standard potential.
Let us examine further what information on elec-

trochemical system may be achieved from the experi-
mental temperature dependences of peak current and
peak potential. For the temperature dependences of
the diffusion coefficient, we can write Arrhenius equa-
tion as follows[7]:











RT
E

expAD D
DOx (6)

where A
D
 is the corresponding pre-exponential factor;

E
D
 is the corresponding activation energy of the diffu-

sion mass transfer.
Combining Equations (3) and (6), we derive:

2RT

E
lnT

2
1

lnK'lni D
p  (7)

where 0

Ox

1/21/2

D1/2

3/23/2

CvsA
R

Fn
0.446K'  includes terms in

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

Denoting the sum lnT
2

1
lni p   as h(T), we get:

 
2RT
E

'KTh D (8)

In accordance with Equation (8), the line plotted
on the coordinates h(T) vs. 1/T can be used in order to
calculate the activation energy of diffusion from the slope
of this line (Figure 1). It is evident that the intersection
in the ordinate gives the value of lnK�, hence A

D
 may

be easily calculated.

Figure 1 : Determination of the activation energy of diffusion

Naturally, the linear character of the plot h(T) vs 1/
T holds true if pre-exponential factor and activation en-
ergy in Equation (6) do not change with the tempera-
ture.

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

(5) not only the last term 









nF

RT
1.109  but also the value

of standard potential (Eo) changes with temperature. In
order to obtain Eo vs. T dependence explicitly, let us
employ a method described in our works[8-10]. To that
end, one has to assume that the current density of the
electrochemical reaction under consideration may be
described by the following Butler-Volmer equations:
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(9)

where 0k


 and 0k


 are the rate constants of the forward
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and reverse reactions of electrochemical process when
the value of the electrode potential is equal to zero (E =
0) (in the scale of the arbitrarily chosen reference elec-
trode), respectively; á is apparent transfer coefficient;
C

Ox,S
 and C

Red,S
 are the concentrations of the reagents

Ox and Red in the near-electrode layer (i.e. its surface
concentration), respectively.

For the 0k


 and 0k


 values we may write the follow-
ing temperature dependences (Arrhenius equations in
an integral form):
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(10)
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(11)

where 0J


 and 0J


 are the pre-exponential factors for the
forward and reverse electrochemical stages, respec-

tively; 0Ù


 and 0Ù


 are the corresponding values of the
formal activation energies at E = 0.

In connection with the last two formulae, let us note
that the formal activation energy Ù is determined at a
constant electrode potential measured versus an arbi-
trary chosen reference electrode (at the same tempera-
ture, as the studied electrode)[8-11]:

E

2

T
lni

RTÙ 











 (12)

Assuming C
Ox

 = C
Red

 = 1 (standard state), we have
for equilibrium established on the electrode, the follow-
ing expressions:

0iii 


, ii


 , E = E0, C
Ox,S

 = C
Ox

 = 1,
C

Red,S
 = C

Red
 = 1 (13)

Combining Equations (9)-(13), we get:
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(15)

Hence, the temperature derivative of the standard
potential is given by:

0

0
0

J

J
ln

F
R

dT
dE





 (16)

Taking into account Equation (5), we obtain:

nF
R

1.109
J

J
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dE

0

0p
 



(17)

It should be stressed that the latter two equations
are valid only if the corresponding activation energies
and pre-exponential factors in Equation (15) do not
depend on the temperature.

As far as cyclic voltammetry is concerned, let us
conventionally accept that the forward sweep is ca-
thodic and the backward one is anodic. Then the fol-
lowing relationship between forward and backward
peak potentials (E

p,f
 and E

p,b
, respectively) are valid

for uncomplicated reversible electrode processes[12]:

nF
RT

2.22EE p,fp,b  (18)

Then we get:

nF
R

2.22
dT

EdE p,fp,b



(19)

Consequently, the value of (E
p,b

 � E
p,f

) depends
linearly on the temperature.

Thus, as expected, the temperature responses of
linear voltammograms in case of reversible electrochemi-
cal reactions do not allow obtaining data on kinetic char-
acteristics of the charge transfer process; only the acti-
vation parameters (i.e. pre-exponential 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 the temperature.

Irreversible electrochemical reactions

For uncomplicated totally irreversible electrode pro-
cess

RedneOx 
 (20)

the following criterion has been suggested[5]:
2150

S )nv(102k 
 (21)

where the meaning of the symbols and their units have
been defined above in connection with expression (2).

Electrochemical irreversibility means that the Nernst
law does not hold regarding the partners of the redox
couple at the electrode surface and the recorded current
is at any potential coincident with that relative to either
forward or the backward electrode reaction alone.

The peak current for an irreversible electrode re-
action may be given by the following equation[2,13]:

bðD0.28nFsCi Ox
0
Oxp  (22)
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where í
RT

ánF
b  .

Equation (22) is transformed at T = 298 K into the
form:

0
Ox

1/21/2
Ox

1/25
p CvsDná103.00i  (23)

Expression (23) is known as Delahay equation. In
formulae (22) and (23) i

p
 has unit of A when D

Ox
 is in

cm2 s-1, 0

OxC  is in mol cm-3, s is in cm2, and v is in V s-1.
Since the electrode surface area, bulk concentra-

tion of the Ox species and the potential scan rate in the
experiments are commonly kept constant, the variation
of i

p
 with temperature is only associated with a corre-

sponding change in the diffusion coefficient of
electroactive species.

If we substitute Arrhenius expression for the diffu-
sion coefficient (6) into Equation (23) and then perform
some simple algebraic transformations, we may obtain
the following temperature dependence of lni

p
:

2RT

E
lnT

2
1

lnK''lni D
p  (24)

where 
R

ánF
íðA0.28nFsc'K' D0  is independent of tem-

perature.
Note that Equations (7) and (24) are quite analo-

gous in their structures. Hence, acting similarly to the
procedure described above, we may denote the sum

lnT
2

1
lni p   as f(T), and then obtain the following lin-

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

 
2RT

E
lnK''Tf D (25)

Thus, according to Equation (25), the values of E
D

and A
D
 may be calculated from the slope of such a

linear dependence (see Figure 1). Similarly to the case
of reversible electrochemical processes, the intersec-
tion in the ordinate allows evaluating the quantities of
lnK� and A

D
.

The current flowing in the initial ascending portion
of the voltammetric peak is known to be independent
of the sweep rate, provided the current is equal to zero
at the initial potential[6,12,14]. Then the following equation
holds for currents measured at the foot of the peak
where i < 0, li

p
:

It should be stressed that these conditions are ful-
filled in case of irreversible liner voltammograms at the
foot of the i vs. E curves.

It is clear that the value of 0Ù


 can be calculated
from the intersection in the ordinate of the line plotted in

coordinates Ù


 vs. E, the slope of this plot giving the
value of the transfer coefficient . Performing analo-
gous measurements and calculations for the backward
scan in cyclic voltammetry allows obtaining the value

0Ù


. Then the real activation energy of the electrochemi-
cal reaction under study at equilibrium potential may be
evaluated by means of the following equation[10,11]:

000 ÙáÙ)á1(A


 (28)

However, some difficulties arise with processing
voltammograms when using the initial ascending por-
tion of the current peak. Firstly, for large enough values
of (E

p,b
 � E

p,f
) (i.e. at a high degree of electrochemical

irreversibility; the standard rate constant is too small in
such a case), the backward peak becomes no longer
detectable in the potential range which is experimen-
tally available for the solvent employed. Secondly, the
measurements of current at the foot of the voltammetric
peak are not accurate enough. In addition, in many cases
standard potential E0 is not strictly known.

Therefore, we have suggested an alternative and con-

áFEÙÙ 0 


 









00
S

0
Ox EE

RT
áF

expknFsCi (26)

On the basis of this equation the kinetics param-

eters of the electrode process á and 0

Sk  can be evalu-
ated by plotting lni vs. (E � E0) dependences if E0, s,

0

OxC  and n are known.
Hence, using i vs. E responses obtained at differ-

ent temperatures at the foot of the current peak, the
formal activation energy of the forward electrochemi-

cal reaction Ù


 may be found. To this effect, lni vs. 1/T
dependences should be plotted at E = const; accord-
ing to Equation (12), the slopes of these lines being

equal to RÙ


. It was earlier shown[10] that under ki-
netic control conditions the following expression is valid
for the apparent (measured experimentally) formal ac-
tivation energy:

(27)
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venient method for processing temperature responses
in case of totally irreversible electrochemical reactions
studied by linear voltammetry[15]. This procedure is
grounded on the following theoretical propositions.

Apart from Equation (22), another expression for
the peak current of an irreversible electrode process is
valid[16]:











 


RT

)EánF(E
expk0.227nFsCi

0
p0

S
0
Oxp (29)

For the temperature dependences of the standard
rate constant we may use Arrhenius equation as follows:











RT

E
expAk a

a
0
S (30)

where E
A
 is the standard activation energy of the charge

transfer; A
a
 is the corresponding pre-exponential factor.

Combining Equations (29) and (30), we obtain af-
ter simple transformation:

RT

)EánF(E

RT

E
lnBlni

0
pa

p


 (31)

where 
a

0

Ox A0.227nFsCB  .

Let us designate the sum 
RT

)EánF(E
lni

0

p

p


  as q(T):

RT

)EánF(E
lniq(T)

0
p

p


 (32)

Consequently, we have:

 
RT

E
lnBTq a (33)

Thus, there is a linear dependence q(T) vs. 1/T (Fig-
ure 2) which enables us to calculate Arrhenius param-
eters � the activation energy of charge transfer (E

A
)

and the pre-exponential factor (A
a
) from the slope and

the intersection in the ordinate, correspondingly.
It should be noted that for performing calculations

described above one has to know the values of E0 for
different temperatures. These values may be computed
from the experimental dependences of E

P
 vs. í and i

P

vs. í according to the procedure reported in work[17].
To this effect, the following equation for the peak po-
tential of irreversible electrode reaction should be used:

 bDlnlnk0.78
ánF
RT

ÅE Ox
0
S

0
p  (34)

The charge transfer coefficient á is to be drawn out
from Equation (34) by plotting E

p
 vs. ln í. Then the

value of the diffusion coefficient D
Ox

 may be easily cal-
culated on the basis of Equation (23) by linearizing the
experimental data in the coordinates i

P
 vs. í1/2 (at a

constant value of 0
OxC ) and (or) i

P
 vs. ( 0

OxC  at a constant

value of í). Finally, the standard rate constant 0

Sk  as
well as the formal standard electrode potential E0 may
be determined solving simultaneous Equations (29)-(34)
using preliminarily determined values of á and D

Ox
. In

order to solve above mentioned nonlinear simultaneous
equations, some commercially available software is to
be applied.

Figure 2 : Determination of the activation energy of charge
transfer

Quasi-reversible electrochemical reactions

Uncomplicated quasi-reversible electrode pro-
cesses in conditions of �usual� linear and cyclic
voltammetry is defined by the following criterion[5]:

    2150
S

1/2 nv102knv0.3 
 (35)

The expression of the peak current for a quasi-re-
versible charge transfer can be written as follows[18]:

 ,vá,kKCvsD
TR
Fn

452.0i 0
s

0
Ox

1/21/2
Ox1/21/2

3/23/2

p  (36)

where v),kK(á( 0

s  is a suitable function depending upon
transfer coefficient, standard rate constant and poten-
tial scan rate.

For the difference between peak potential and half-
peak potential the following equation is valid[18]:

   ,vá,kÄ
nF
RT

EE 0
sp/2p  (37)

where v),kÄ(á, 0

s  is another function of transfer coeffi-
cient, standard rate constant and potential scan rate.

From our point of view, it seems to be rather in-
convenient to use Equations (36) and (37) for defining
the temperature responses of linear voltammograms as
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v),kK(á( 0
s  and v),kÄ(á, 0

s  are reported in the literature
as tabulated functions[18].

It is well known that the same electrode reaction
can exhibit either a reversible or a totally irreversible
response depending upon the scan rate employed[18,19].
With an increase in the sweep rate, a transition from a
reversible to an irreversible behavior progressively oc-
curs. Thus, the easiest way to gain information on the
activation parameters of the charge transfer is that of
employing suitable (i.e. increased) values of the poten-
tial scan rate where voltammograms show typical irre-
versible electrochemical response.

CONCLUSION

The theoretical expressions describing temperature
dependences in linear and cyclic voltammetry were de-
rived and analyzed. Convenient and accurate procedures
of calculating the activation parameters were developed
both for reversible electrochemical reactions and for ir-
reversible ones. In case of reversible electrochemical
processes, the temperature responses of linear
voltammograms do not allow obtaining kinetic param-
eters of the charge transfer; only the activation param-
eters (i.e. pre-exponential factor and activation energy)
of the diffusion mass transfer may be evaluated from the
experimental dependences of peak current and peak
potential on the temperature. On the contrary, in case of
totally irreversible electrochemical processes, reported
methods for processing the temperature responses of
linear voltammograms enable calculating activation en-
ergy and corresponding pre-exponential factor both for
the diffusion mass transfer and for the charge transfer. It
was observed that the theoretical models become too
complicated in case of quasi-reversible electrode pro-
cesses; the easiest way to obtain information on the ac-
tivation parameters is that of application of increased
values of the sweep rate in order that voltammetric re-
sponses show typical irreversible behavior.

The theoretical procedure reported in this work has
been applied to the calculation of the activation energy
of the charge transfer for Cr(III)Cr(II) irreversible
cathodic reaction studied by means of linear voltammetry
technique in methanesulfonate and sulfate solutions[15].
Comprehensive statement of the data concerned goes
beyond the scope of this report. For more detailed inter-

pretation of the issue, the reader is referred to the
works[15,20].
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