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ABSTRACT

Activation energy is a well-known empirical parameter in chemical kinetics that characterizes
the dependence of the chemical rate coefficients on the temperature and provides
information to compare the intrinsic activity of the catalysts. However, the determination and
interpretation of the apparent activation energy in multistep reactions is not an easy task. For
this purpose, the concept of degree of rate control is convenient, which comprises a
mathematical approach for analyzing reaction mechanisms and chemical kinetics. Although
this concept has been used in catalysis, it has not yet been applied in electrocatalytic systems,
whose ability to control the potential across the solid/liquid interface is the main difference
with heterogenous catalysis, and the electrical current is commonly used as a measure of the
reaction rate. Herein we use the definition of ‘degree of rate control for elementary step’ to
address some of the drawbacks that frequently arise with interpreting apparent activation
energy as a measure of intrinsic electrocatalytic activity of electrode. For this, an electrokinetic
model Langmuir-Hinshelwood-like is used for making numerical experiments and verifying the
proposed ideas. The results show that to improve the catalytic activity of an electrode
material, it must act upon the reaction steps with the highest normalized absolute values of
degree of rate control. On the other hand, experiments at different applied voltages showed
that if the electroactive surface poisoning process take place, changes in E,,,, can not be used
to compare the catalytic activity of the electrodes. Finally, the importance of making
measurements at steady-state to avoid large errors in the calculations of apparent activation
energy is also discussed.

Keywords: activation energy, degrees of rate control, electrochemical reactions, numerical
simulations, electrocatalysis.



1. INTRODUCTION

The activation energy E, is a well-known empirical parameter in chemical kinetics that
characterizes the exponential dependence of the chemical rate coefficient on the
temperature. According to the Arrhenius equation, the activation energy for an elementary
reaction is defined as: !

(1)

Where k is the rate coefficient, R is the gas constant, and T is the temperature. In addition to
evaluating the effect of temperature on the reaction rate, the determination of activation
energy is also important in catalysis because it provides information to compare the intrinsic
activity of the catalysts since a better catalyst should supply lower activation energy.

Nevertheless, a chemical reaction can rarely be described by a single elementary step,
and therefore, the definition of activation energy for multistep reactions needs to be rewritten
as follow: 2
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Where v is the reaction rate, which can be defined as the disappearance rate of the reactants
or the formation rate of products. Though the apparent activation energy E,,, is commonly
used instead of E,, it must be carefully interpreted since, unlike to E,, it is affected by
experimental conditions such as pressure, concentration of reactants, and the same
temperature. As a consequence, the Arrhenius plot, In v vs. T~1, may deviate from a straight
line over a wide range of temperatures.3 Furthermore, Eqpp is not constant over time and can
vary until the system reaches a steady-state or quasi-steady-state, among other problems that
hinder its interpretation, which will be discussed later. Therefore, a proper determination and
interpretation of the activation energy in multistep reactions is not a trivial task.

In electrochemistry, if the contribution of non-Faradaic processes is disregarded, the
current density j(¢,T) through the cell is a measure of the charge transfer rate across the
electrode-solution interface. In the 1920s with the pioneering works of Bowden,* the
activation energy for elementary electrochemical reactions was defined as:

(3)
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Where the derivative is taken at electrode potential ¢, concentration of reagents Cy, and
pressure P as constants. However, as with non-electrochemical reactions, most
electrochemical processes are also not elemental. In this sense, for a multistep process, the
apparent activation energy reads as: >°

01n o (9, T)
a7 (4)
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Where jrp(¢,T) for a single chemical reaction is replaced by the total current density
measured during the overall reaction j;,.(¢,T). Despite the interpretation problems for
apparent activation energy above mentioned, Inj(¢,T) vs. T™! plots are often used to
determine it.”®

Recalling that, in electrochemistry, the activation energy is also a function of an
electrical variable such as the cell voltage U measured respect to a reference electrode, the
potential difference ¢ through the interface between the working electrode and the
electrolytic solution (Galvani potential) or the overpotential 1 of the overall electrochemical
reaction.® The choice of one of these variables determines the linear scale that governs the
dependence of the activation energy with the chosen electric variable. In this manuscript, the
E, and E,p,, will be consider as a function of the potential difference ¢ for numerical
convenience, and the obtained results are independent of the electric variable itself.

For elementary chemical reactions, whether chemical or electrochemical, E,,,, and E,
are identical; for multistep reactions, each step m has an activation energy E,, ,,,. For a proper
interpretation of the apparent activation energy, an explicit relationship between E,,,, and
E,m must be determined. In order to do it, the concept of degree of rate control DRC ! is
very useful. As its name implies, the DRC evaluates the degree to which each reaction step
contributes to the overall reaction rate. Among several formulations have been given for this
concept to date,'>!® herein we use the definition known as degree of rate control for

elementary step XRC’m;12,14,15
_ ( Jlnv )
" \dlnk (5)
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Where v is the net formation rate of a product of interest and the partial derivative is taken
holding constant the forward and reverse rate coefficients k., for all other steps n # m.
Xrcm €quals the relative change in the net reaction rate with respect to the relative increase
in the rate coefficient of the step m. Using the concept of Xz ,,, and other related definitions,
the relationship between E,,, and E,, has been derived for multistep chemical
reactions.'®” This expression shows that apparent activation energy seems to a weighted
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average of activation energy of each elementary step in the reaction mechanism, where each
weight factor corresponding to Xpc 1,

Eapp (¢) = Z XRC,m Ea,m (6)

Thus, Xpcm can be compared to the concept of rate-determining step RDS but in a
much broader and more general way.**819 In this way, steps whose Xy ,, values are positive
are named rate-limiting steps, making it clear that there may be more than one RDS in certain
mechanisms.'>1> Steps where the degree of rate control is negative corresponds to inhibition
ones, and finally, steps with Xz ,,, close to zero mean fast steps, i.e. those which do not limit
the rate of the overall reaction. To our knowledge, the concept of DRC has not been applied
to electrochemical reactions. In this paper, we take this task, define the Xp.,, for an
electrochemical system and interprete the apparent activation energy according to the
contribution of individual steps. A prototype electrokinetic model including adsorption,
surface reaction, and desorption has been used to accomplish this goal.



2. MODEL

The electrokinetic model consists of the adsorption of solution species A and B on free
surface sites *, the reaction between these adsorbates in a Langmuir-Hinshelwood (LH) step,
and the desorption of the product C:

A+*=Auqt+e” (r1)
B+*=B,yg+e” (r2)
Ajg+Bag=Chqgt+*x+e” (r3)
Cag=CH+ = (rd)

This generic model keeps obvious resemblance with many (electro)chemical reactions.
7,20-25 | particular, step r3 is ubiquitous in the electro-oxidation of small organic molecules as
in the so-called Ertl reaction,?® where adsorbed carbon monoxide CO.q reacts with adsorbed
oxygenated species O(H)xad. The following rate laws can be written for each elementary
reaction:

v = ki (@,T) Cy Opqc (7)
vy = k_1(¢,T) b, (8)
v, = ko ($,T) Cp Oyqc (9)
v_y =k_o($,T) g (10)
vs = k3($,T) 0, 05 (11)
V-3 = k_3($,T) ¢ Opqc (12)
v, = ky(T) 6, (13)

V_y = k_4(T) C¢ Opqc (14)

Where v,,, corresponds to the rate of each m-th single step in units of s™1. C,, Cg, and C, are
the concentrations of species A, B, and C in the electric double layer region, respectively. They
are assumed to be constants and equal to the bulk concentrations, i.e. diffusion effects and
other possible mass transport effects are neglected. 8,4, 85, and 8. are the coverages of the
adsorbed species 4, B, and C, while 8,,,. = 1 — 8, — 85 — 0. is the fraction of vacant sites on
the electrode surface.

Rate coefficients can be expressed by replacing the activation energy, which was
defined according to electrode kinetics theory as E,, = EQm F Bm F (¢ — ¢°),% in the
Arrhenius equation:



Eg,miﬁm F (¢_¢0)
kim(P,T) = Ap € RT (15)

where, A,, is the Arrhenius pre-exponential factor, Eg'm is the standard activation energy of
the m-th step reaction, F the Faraday constant, R the ideal gas constant, T the temperature,
B is the charge transfer coefficient, which is assumed as 0.5 for all elementary reactions, and
¢° is the potential difference in standard conditions. To decrease the number of unknown
parameters, equation 15 can be rearranged by grouping the terms Egjm and ¢° and expressed
as:

(Edm+Bm F ¢°)F¥Bm F ¢
Kim($,T) = Ap e RT (16)

For each reaction step indicated in equations r1-r4, typical numerical values for 4,,
and (Eg_m + 06, F qbo) were used and reported in Table I. Note that the reaction mechanism
proposed here considers that the elementary reaction r4 is not electrochemical. In such a way
that the rate coefficients k, and k_, do not depend on the potential being described by the
classic Arrhenius equation:

Eqgm

ki‘m(T) =Ape RT (17)

Table I: Values for the pre-exponential factors 4,, and exponential parameters in equations
16 and 17. For reaction steps r1, r2, and r3 the exponential parameters corresponding to
EQ.n £ B F ¢°, while for reaction step r4, it is Eg .

m-th reaction step | Pre-exponential factors Exponential par_ameters
/ k] mol™!
1 108 cm® mol~ts71 39.5
-1 108 s1 22.0
2 108 cm3 mol™t 571 40.0
-2 108 s1 25.0
3 108 571 80.0
-3 108 s71 15.0
4 108 s71 55.0
-4 108 cm® mol~ts71 40.0

The electrokinetic model is defined by the electric charge balance and the mass
balances of the chemical species on the electrode surface in terms of 8,, 8, and 8., as it has



been presented and explained in other electrokinetic systems.?>2”-2° The core model consists
of the equations:

%zvl—v_l—% +v_g (18)
ddifzvz —V_,—V3+V_3 (19)
% =V3—V_ 33—V, +V_y (20)
Ca Cji_i) = lil_Rj) —F Neot Wy —v_1+ v, —v_ 3 +v3—v_3) (21)

Where C, is the capacitance associated with the electric double layer, A is the electroactive
area, R, is the electrical resistance between the reference and working electrodes, and N;,;
is the total number of electroactive sites at the electrode surface. Equation 21 considers that
the overall current density j(¢,T) is the sum of capacitive and Faradaic currents of each
reaction step.

This model simulates the electrochemical response of a system in
chronoamperometric experiments using the standard hydrogen electrode SHE as reference
electrode. The coverage of adsorbates was determined after setting the voltage U = 0 V for
300 s with initial conditions of 8, = 85 = 6, = ¢ = 0. The coverages reached were used as
new initial experimental conditions when applying the potential step to the desired voltage.
Table Il shows the values of the constant terms used for the numerical integration of the set
of ordinary differential equations 18-21, for which was used the software Wolfram Research,
Inc., Mathematica version 12.1, Champaign, IL (2020). All additional numerical calculations,
e.g. Xpcm determination by varying the rate coefficients values and calculating the resulting
increase in the overall rate, were also carried out with this software.

Table II: Values of the constant terms used in the numerical integration of equations 18-21.

Constants values used in the numerical
experiments

C, / mol cm™3 1.0 x10*

Cy /mol cm™3 1.0 x10*

Cc / molcm™3 0.00
Cy/CViem™2 1.0 x10°®
N;or / mol cm™?2 1.0 x10°

R,/ Q 1.00
A/ cm? 1.00




3. RESULTS AND DISCUSSION

According to equation 6, when there is a single RDS in the reaction mechanism, then
Xrcm=rps = 1 for this step and Xgc m=rps — 0 for all other steps.’ In this situation, E,,, ~
Eqam=grps and apparent activation energy keeps the same interpretation of E,, i.e. Egp,
characterizes the temperature dependence of the rate coefficients and the intrinsic activity of
the catalyst. Nevertheless, interpretation problems for E,,, appear in multistep reactions.
Some of these situations will be discussed in the following using the described electrochemical
model.

3.1. Multiple RDS in the reaction mechanism and inhibition process

Figure 1 shows some diagrams of Gibbs energy. The horizontal lines represent the
relative Gibbs energy of reactants (A and B), intermediates (A", B*, and C*), products (C), and
chemical species in their corresponding transition states (T'S1, TS2, TS3, and TS4) at different
potentials. The diagrams were made considering linear dependence of the activation energies
with ¢, according to the exponential terms in equation 16 and the values reported in Table |,
where the activation energies are the difference between the energy of the transition state
and the energy of the reactants in the corresponding reaction step.
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Figure 1: Diagrams of relative energies between reactants (A and B),
intermediates (A", B*, and C™), product (C), and transitions states (TS1, TS2,TS3,
and TS4) for the electrochemical process considered in this work at different

potentials ¢.



When ¢ = 0, the energy diagram corresponding to the reaction in the charge-free
state of the interface, Figure 1(a). From the classical perspective, the RDS is the step in the
mechanism in which the reaction passes over the highest energy in the overall energy
landscape.3® Here, reaction step 3 has the highest activation energy among the three reaction
steps of our process, in the left to right direction. Nevertheless, from the perspective of the
analysis using the degrees of rate control,’> this reaction step is not much greater than
activation energies of steps 4, 2, or 1 and it is inappropriate to consider a priori that reaction
step 3 is the single RDS because all reaction steps seem to significantly influence the overall
rate of the reaction. Thus, all steps 1, 2, 3, and 4 could, in principle, affect the reaction rate.

The increase in the potential ¢ implies the decrease of the activation energies of all
electro-oxidation steps and the increase of the activation energies of the reverse ones. Thus,
in our electrokinetic model, the increase in potential leads to a decrease in the numerical
difference between the values of E, ,,;, except steps 1 and 2, which significantly decrease their
activation energy compared to the other steps. It should be noted that in these cases it is even
much more difficult to determine a single RDS. In order to determine the contribution of each
reaction step to the overall rate, it is required to redefine the degree of rate control Xz ,,, for
electrochemical reactions in which the global reaction rate v is replaced by the total current

density j(¢,T).

dlnj(e, T
Xpem (P, T) = l% (22)

n+Em

Figure 2(a) shows the applied voltage profile and electrode potential ¢ as dynamic
response of the system, while Figure 2(c) shows the variation of the other dynamic variables
of the system, i.e. the time response of 8,4, 85, and .. Note thatat U = 0.50 V, the formation
of absorbed species A is faster than B and C, i.e. 8 is more favored than 85 and 6.. Regarding
the current density profile, it can be seen in Figure 2(b) that reaction steps 1 and 2 have the
highest Faradaic currents jr ,,, among oxidations reactions, while steps -3 and -2 contribute to
the highest Faraday reduction currents. Figure 2(d) shows the values of Xp( ., as time function
calculated by equation 22 during the numerical chronoamperometric experiment. For the
calculation of each Xg¢,,, equations 5 and 22 (non-electrochemical and electrochemical
reactions, respectively) require the performance of several numerical experiments at different
values k,, in order to determine the corresponding derivatives.
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Figure 2: Numerical results of the chronoamperometric experiments at U =
0.50 V vs.SHE. (a) Applied voltage U step from 0.00 V to 0.50 V and electrode
potential ¢ as dynamic response of the system; (b) Total and Faradaic current
density profiles of individual reaction step; (c)Time-evolution coverages of 8, 85,
and ¢, and (d) Degrees of rate control Xp¢ .

Table Ill presents a summary of the Xp,, and activation energies values for each
reaction step determined at t = 900 s, that is, 600 s after applying the potential step from
0.00 V to 0.50 V. This value is chosen by seeking steady-state conditions where Y, Xzc m =
1.12183! Therefore, using the Xp¢,, and E, ,,, values in equation 6, the apparent activation
energy Eg,p = 55.36 kJ mol™! was determined at U = 0.50 V, which is compared with
Eqpp = 55.34 k] mol~! determined with an Arrhenius-like curve (equation 4). The similarity
between these two values demonstrates the validity of equation 6.
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Table l: Xgcm, Eqm, and normalized contribution (NC) to Egy, for each reaction step
determined at steady-state conditions at U = 0.50 V vs.SHE.

m-th reactionstep | Xpem | Eqm / K] mol~! | Normalized contribution to E app
1 -0.627 15.379 0.137
-1 0.606 56.121 0.133
2 0.912 15.879 0.200
-2 -0.874 49.121 0.191
3 0.949 55.879 0.208
-3 -0.283 39.121 0.062
4 0.318 55.000 0.070
-4 0.000 40.000 0.000

In order to estimate the individual contributions of elementary steps to E,,, the
Xrcm absolute values were normalized. Thus, it is possible to deduce that steps 3, 2, -1 and 4
positively contribute to the total value of Eg,, with 20.8%, 20.0%, 13.3%, and 7.0%,
respectively. While the Xp.,, for the inhibition reaction steps -2, 1, and -3 negatively
contribute to the E,,,, with 19.1%, 13.7%, and 6.2%, respectively. Finally, the reaction step -4
does not limit the overall rate reaction, which is reasonable since we have considered that the
concentration of C is constant and equal to zero. These results serve as an example to propose
the normalization of Xy, absolute values as a feasible way to quantify the relative

contribution of each reaction step to the overall reaction rate.

On the other hand, it is to be expected that the reverse steps, in the directionC - A +
B, act as steps of inhibition against the formation of product C and contributing with negative
Jrm (Figure 2(b)), according to the agreement that positive currents correspond to electro-
oxidation processes. However, steps 1 and -1 follow an apparently anomalous behavior
because the inhibition process is due to the forward step instead of the backward step. In
Figure 2(c) it can be seen that at the applied voltage U = 0.50 V, the coverage of adsorbed
species A is greater than 0.90 while the coverage of B is less than 0.10. The meaning of the
negative sign for Xp ; and the positive sign for Xp- _, is that by increasing the reaction rate
of step 1 in the forward direction, the coverage of A limits the adsorption of B, decreasing the
current density of the global reaction. In this sense, the decrease in the activation energy for
a reaction step which blocks the electroactive sites, e.g. step r1 in this case, will cause a global
increase in the Egy),.

Therefore, in order to improve the catalytic activity of an electrode material, it must
act upon the reaction steps with the highest NC. In such a way that the activation energy of
the RDS is decreased and slightly increasing the activation energy of the steps that block the
catalytic surface.
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3.2. Dependency of the apparent activation energy with the applied voltage

So far, the results for U = 0.50 VV have been discussed. Figure 3 shows the results of
the simulated chronoamperometriesat U = 0.60V, 0.70V, and 0.80 V vs. SHE.
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Figure 3: Time-evolution of the current density of individual steps at (a) 0.60 V,
(b) 0.70 V, (c) 0.80 V; of coverages 8,, 85, and 8,5 at (d) 0.60V, (e) 0.70V, (f)
0.80 V; and of Xp¢ ., (g) 0.60V, (h) 0.70 V, (i) 0.80 V.

It is to be expected that by increasing the applied voltage, the rate of the electro-
oxidation steps is increased and in turn the rate of the backward reactions is slowed down, cf.
equation 16. As consequence the total current density should increase. However, in Figure 3
can be seen that j(¢, T) decreases with U because the blockage of the electrode surface by
species A becomes more important, as has been discussed above. Note that at 0.80V, 8, is
close to 1 while 8 and 6,45 are almost 0. This coverage has an important effect on the
voltammetric profile 32 as can be seen in Figure 4 which shows j(¢,T) and Eqpp in steady-
state conditions as a function of U.
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Figure 4: j(¢,T) and E,,, calculated at t = 4000 s after the potential step as a
function of the applied voltage.

When the applied voltage increases from 0.30 V' to approximately 0.45V, the E,,,
decreases and j(¢,T) increases, suggesting an inverse relationship between the two
parameters, as expected. After 0.60V, E,,,, and j(¢,T) also have an inverse behavior, but
contrary to the first case, j(¢, T) decreases with increasing U. This is a widely documented
behavior in various articles that address the study of complex dynamics in electrocatalytic
reactions 33343> and is associated with the previously described reaction inhibition processes.

However, an outstanding behavior between E,,,, and j(¢, T) is observed in the range
of potentials from 0.45 V to 0.60 V, in which both E,,,, and j(¢, T) increases. Although the
electroactive surface poisoning process is already happening in this potential range, with
species A as the main electrocatalytic poison, this is an electro-oxidation process that
contributes to the total current density continuing to increase. This situation is characteristic
of electrochemical systems that present a hidden negative differential resistance during the
reaction dynamics, such as the oxidation of low molecular mass organic molecules.?33%37 Thus,
a decrease in the activation energy of the processes of inhibition by voltage increase, e.g. the
steps of formation of catalytic poisons, leads to an increase in the value of E,,, as was
discussed in the previous section, affecting the expected inverse behavior between E,,, and

j(9.T).

Therefore, if the increase in the reaction rate does not imply a lower apparent
activation, the role of E,,, as a parameter that allows comparing the intrinsic activity of
catalysts in an electrochemical process abruptly fails. These results suggest that the apparent

14



activation energy is not useful for the mentioned purpose in any electrocatalytic reaction
when it involves the formation of species that block the electroactive surface.

3.3. Determination of the apparent activation energy under non-stationary conditions

A comparison of Figures 2(d), 3(g), 3(h), and 3(i) reveals for higher applied voltages,
the integration time in the numerical experiments to reach the steady-state considerably
increase. The time evolution of X ,, after applying the potential step suggests that E,,,, will
also change in time until reaching the steady-state according to equation 6. It is worth noting
that the activation energies of the elementary steps are constant during the transient, since
E, n are only functions of the potential ¢, that remains constant because of U = ¢, cf. Figure
2(a).

To analyze the behavior of the apparent activation energy during the transient, Figure
4 shows the E,,,, values calculated at U = 0.70 V at different reaction times after applying
the potential step in the chronoamperometric experiment. The apparent activation energy
also was calculated using an Arrhenius-like curve for comparison purposes.

80

60 / ;

i
S
i
< 200 |
o D —{F Calculated using an
& Arrenhius-like curve
w —O— Calculated using the X__

-20
0 2000 4000 6000

t/s

Figure 5: Time-evolution of E,,, after applying the potential step from 0.00 V to
0.70 V vs.SHE, calculated using the Xpc,, and by an Arrhenius-like curve, cf.
equations 4 and 6.

The time evolution of Eg,, shows alternate and abrupt changes before reaching
steady-state, even taking negative values for apparent activation energy at times around
500 s. Hence, apparent activation energy determinations using current values at short
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reaction times can lead to large errors due to the enormous variations of the Xz ,, during the
transient. These results highlight the importance of guaranteeing steady-state conditions for
apparent activation energy determinations, both for numerical calculations and experimental
measurements. The results also suggest that experimental determinations of E,,, by
voltammetry or other electrodynamic techniques are not suitable. Therefore, the
interpretation of the E,,, as a descriptor of the intrinsic catalytic activity is even less adequate
than in the cases described in the previous sections.

Finally, it is worth mentioning that in multistep electrochemical reactions, approaches
based on the different definitions of DRC, adapted to electrocatalytic systems, may be more
suitable to compare the catalytic activity of electrode materials.

4. CONCLUSIONS

We have employed a generic electrochemical model to study the relationship between
apparent activation energy and the activation energies of the elementary reaction steps,
which includes steps commonly found in electrocatalytic systems, viz. some fuel cells relevant
reactions. Using the concept of degree of rate control, which we defined in terms of current
density, it was showed that to improve the catalytic activity of an electrode material, it must
act upon the reaction steps with the highest normalized absolute values of Xz ,,,. In such way
that i) it decreases the activation energy of the rate-determining steps; and ii) slightly
increases the activation energy of the steps that block the catalytic surface. On the other hand,
it was observed the importance of guaranteeing steady-state conditions to avoid large errors
in the calculations of apparent activation energy. It suggests that experimental determinations
of E4pp by voltammetry or other electrodynamic techniques may not be suitable.

Finally, numerical experiments at different applied voltages showed that if the
electroactive surface poisoning process take place, an increase in the total current density
does not imply a decrease in the apparent activation energy. Therefore, changes in Eg,,, can
not be used to compare the catalytic activity of the electrodes. For these purposes, the
comparison of the activation energies of each reaction step or approaches based on the
concept of degree of rate control adapted to electrocatalytic systems, are more appropriate
to compare the catalytic activity of electrode materials in multistep reactions.
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