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Tendo por base um modelo generalizado para a adsorgdo de hidrogénio recentemente proposto
pelos autores, uma superficie heterogénea de eletrodo foi simulada através de uma fungio de
distribui¢do normal da energia de Gibbs padrio de adsor¢do. Dai, 0 mecanismo de Volmer-Hey-
rovsky-Tafel para a reagdo de evolugdo de hidrogénio foi avaliado sob condigdo de estado
estaciondrio sem qualquer aproximagdo cinética. Para cada rota, foi analisada a dependéncia da
cobertura superficial ¢ da densidade de corrente com o sobrepotencial. Conclui-se que a heterogenei-
dade superficial produz modificagdes substanciais no ja conhecido comportamento cinético do
mecanismo de Volmer-Heyrovsky-Tafel.

On the basis of a generalized model for hydrogen adsorption recently proposed by the authors,
a heterogeneous electrode surface was simulated through a normal distribution function of the
standard Gibbs energy of adsorption. The Volmer-Heyrovsky-Tafel mechanism for the hydrogen
evolution reaction was then evaluated under steady state conditions without any kinetic approxima-
tion. The dependence of the surface coverage and the current density on the overpotential was
analyzed for each route. It was concluded that surface heterogeneity produces substantial modifica-
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tions in the previously known kinetic behavior of the Volmer-Heyrovsky-Tafel mechanism.
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Intreduction

It is known that in the analysis of an electrode reaction
process the behavior of an adsorbed intermediate can not be
completely described through the Langmuir isotherm. This is
due to the phenomena that govern the adsorption process, such
as superficial and induced heterogeneity and lateral interac-
tions, which produce a variation in the apparent standard

Gibbs energy of adsorption AG"E’;" with the surface coverage

©' and which are also reflected in the reaction rate. The
modeling of these microscopic phenomena is rather complex
and particularly difficult in the case of superficial heterogeneity.
An altemative treatment has recently been proposed® for simu-
lation of hydrogen adsorption, consisting of the modeling of the
electrode surface through a continuous succession of area ele-
ments, where a Langmuir type adsorption takes place. In this
context, the standard Gibbs energy of the adsorbed hydrogen

uH‘(’a) varies from one element of area to another, and this

variation can be described through a distribution function.
The present work deals with the evaluation of the hy-
drogen evolution reaction (HER) on heterogeneous elec-

trode surfaces described through a normal distribution of
the standard Gibbs energy of adsorption.

Fundamental Aspects

Description of the distribution function

The differential element of area with a standard Gibbs
energy of the adsorbed hydrogen ranging between AU°/RT
and (An°® + dAP®Y/RT can be written as>:

dA = f(AL®/RT) d(Au®/RT) (1)

where f(ALL°/RT) is the function that describes the variation
of the standard Gibbs energy on the electrode surface. A
normal distribution function has been adopted, which is
given by the following expression:

fx)=ae™ @)
where:

x= AR °/RT = (e~ u;;?:))/RT 3)
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u]‘;?;’) is the standard Gibbs energy of the adsorbed

hydrogen corresponding to the maximum value of the
distribution function, and 7 is a parameter. It should be
noted that this parameter is related to the degree of hetero-

geneity r of the adsorption process, H:,?Z) t r being the

standard Gibbs energy range within which one half of the
total surface lies. The relationship between the parameter y
and the degree of heterogeneity r is then®:

y= 0.21374 @)

The constant a of Eq. 2 was obtained by the integration
of Eq. 1 over all the area Ao, varying x between a lower x|

and an upper x, = | xi| value:

a=L (5)

Xu
2
J. e ™ dx
X1

Furthermore, the fraction of surface A/Ao with a stand-
ard Gibbs energy of the adsorbed intermediate less than or

equal to uH‘(’a) can be evaluated by inserting Egs. 2 and 5
into Eq. 1 and integrating them:

A J. e"Y"zdx

AT

et ©)
J. e ™ dx
X1

Evaluation of the reaction rate

The macroscopic reaction rate u can be obtained
through the integration of the microscopic reaction rate v
over all of the electrode area, divided by Ao:

Xy

_[ v(n,Au°)e_7"2dx
u= =2 - @
J e dx

X]

The corresponding expression for the macroscopic sur-
face coverage © as a function of the microscopic surface
coverage 0 is:

Jom.auc)erax
o=t ®)
_[ e dx

X1
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These generalized expressions allow the analysis of the
effect of the heterogeneous adsorption on the reaction rate
and surface coverage, respectively, including the equilib-
rium state.

Expressions for the reaction rate v(n,Apn°) and for the
surface coverage 6(n,Al°) of each differential element of area
are required for the resolution of Eqs. 7 and 8. The three
elementary steps of the Volmer-Heyrovsky-Tafel mechanism
for the HER in alkaline solutions can be written as:

Vaiy
<~ H@+O0H )
Vin
HO0+H(a)+e v,
V4T
2 H(a) Vo

HO+e

H; (g) + OH (10)

Hz (g) (1D

The corresponding expressions for the reaction rate of
each step were derived by applying the absolute reaction
rate theory, taking into account that the variation of the
standard Gibbs energy of the adsorbed hydrogen influences
the reaction rate through the variation of the equilibrium
reaction rate. These expressions were obtained from a
given differential element of area and taking for reference
the element of area with a Gibbs adsorption energy equal

to u;;g) The dependence of the resulting standard electro-

chemical Gibbs energy on the reaction coordinate can be
treated like that of the electron transfer. In this case, a
coefficient 3 of step i can be defined as a symmetry factor
of the heterogeneous adsorption. The resulting expressions
for the microscopic reaction rate of each step are the same
as Egs. 12-17given elsewhere®, with a different reference
element of area. Consequently, in this case v s the

equilibrium reaction rate of step i corresponding to the
differential element of area with a standard Gibbs energy

of adsorption equal to “13?:)’

surface coverage of this reference element of area.

The resolution of the kinetic mechanism can be done
through the Volmer-Heyrovsky (V-H) route, the Volmer-
Tafel (V-T) route, or through both simultaneously (V-H-T).
The steady state conditions are:

and 0¢ is the equilibrium

V=V+y -V.y = V+H - V.H (12)
2v=vav - vy = 2(V4T - VoT) (13)
2V=viy—Voy+ V-V =

2(Vsn =V + Vet — Vo) (14)

Introducing Eqs. 12-17° into Eqs. 12-14, the correspond-
ing expressions of the microscopic reaction rate v(n,An°) and
the microscopic surface coverage 6(1,Ap°) can be obtained
for each route. Then, by inserting them into Eqgs. 7 and 8, the
expressions for the macroscopic reaction rate and the macro-
scopic surface coverage are respectively obtained.
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The adsorption isotherm AGOZSP = AGIEQ)I +RTg(@°) (19)

The dependence of the microscopic equilibrium surface
coverage on hydrogen pressure can be obtained from the
equilibrium reaction rate of the Tafel step’:

Vs -
KP Ze™
0= —”21/2—— (15)

~X
1+ KPHze
where Py, is the pressure of gaseous hydrogen and
— M M _ M ® ® .
K=exp (AG‘Za) /RT),and AG‘Za) = u:l(a) - g, /2andg, being
the standard Gibbs energy of gaseous hydrogen. Inserting Eq.

15 into Eq. 8, the dependence of the macroscopic equilibrium
surface coverage on hydrogen pressure is obtained:

Xu
2
y [ e e™
Py ———‘/'—;dx
271 +KP2e
H;

o° M (16)
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This equation gives the different types of adsorption
isotherms that the proposed model can describe through the
variation of the parameter v, i.e. the intrinsic heterogeneity.

Results

The characteristics of the distribution function used

Figure 1a shows the shapes of the distribution function
used in this work for different y values. Limiting behaviors
similar to those described in previous work® for the expo-
nential distribution function can be observed. The possibil-
ity of generating different types of adsorption isotherms can
be seen from Eq. 6 and Fig. 1b, where the variation of the
relation A/Ao is plotted. It can be observed that when
vY< 10 (y = 0), the degree of heterogeneity is at a maxi-
mum and the following relation can be carried out:

T pH"(‘a) + APC™ (A/A) 17
where AL°™ = u};’(‘;) - I.LHO(L). This equation corresponds to
the basic description of the Temkin adsorption model’.

However, when y > 10, the degree of heterogeneity is null
and therefore:

_ ., oM
l’ll-I(()a) - MH(a) (18)

This case can be clearly observed in Fig. 1, and corre-
sponds to the Langmuirian adsorption.

The dependence of AG°('Y on ©°

The dependence of AG"E’;;"’ on ©° can be written as:

where the function g(®°) can be evaluated using the
Frumkin isotherm:

809 — kp 2
et = KPp 2 (20)
Therefore, from the theoretical dependence of ©° on
P established by the model, values of the function g(©°)
can be calculated.
Figure 2 shows the relationships ©° vs. KP;?2 (A) and

2(0° vs. ©° (B) corresponding to the present model, for
AP™/RT = 10 and different values of the parameter .
Taking into account that AG"Z{;” is negative, a pseudo-linear
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Figure 1. Influence of the parameter y (values indicated in the figure) on
the distribution function (A), and the relation A/Ao (B).
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decrease in the apparent standard Gibbs energy of adsorp-
tion with the equilibrium surface coverage can be derived
(Fig. 2b).

The dependence of In(j/j3) and on M

The dependence of the macroscopic reaction rate of the
HER on the overpotential was evaluated for each reaction
route: Volmer-Heyrovsky, Volmer-Tafel, and for both
routes simultaneously. It was described in terms of current
density, taking into account that j = 2Fu and jS=Fv .

Equation 7 was resolved by numerical analysis through
computational calculation, following a procedure similar
to that in previous work®. The dependence of the macro-
scopic surface coverage © on 1 was also evaluated in each
case using Eq. 8.
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Figure 2. Dependence of the adsorption isotherm (A) and the function

£(0° (B) on ©°, simulated with the proposed model for different y values
(indicated in the figure). :

J. Braz. Chem. Soc.

The relationships © vs. 1 and In(j/j%) vs. 1 for each route
were calculated for different values of the model parame-
ters. They vary between the following values: 10
£6:£0.9999,10* <m=2//2<10°(i=2,3),0 S y<ooand
-10 <Ap°/RT <10 (10 < Ap°™/RT < 20). In addition, T was
set at 298.16 K and the symmetry factors o; and B; were
fixed for these calculations at 0.5.

The Volmer-Heyrovsky route

Figure 3 shows the © vs. 1 and In(j/j9) vs. n depend-
encies when 8¢ =0.9999, my = 10* and Ap°™/RT = 20, for

different y values. Two straight Tafel lines can be observed,
with a marked dependence of the Tafel slope
(3RT/2F £b < RT/F) on 7y in the low overpotential region.

1.0
1€

05 |

QY

185

aocoa

In(j/i")

Jury

35

35
0.0

n/V

Figure 3. Dependence of © (A) and In(j/j9) (B) on 1 for the Volmer-Hey-
rovsky route. 82 =0.9999, mz = 10 and AU""/RT = 20, a) y=0, b) y= 107,
c)y=10", and d) y= c=.
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However, in the high overpotential region, the Tafel slope
takes on a constant value equal to 2RT/F.

The variation of the model parameters in the range
stated above suggests that for this route the Tafel slope in
the low overpotential region can vary in the following
range: 2RT/3F <b < 2RT/F. The Tafel slope in the high
overpotential region was always equal to 2RT/F. In addi-
tion, a unique Tafel line was found for mz = 1 and inde-
pendent of the 6¢ value, with b= 2RT/F.

The Volmer-Tafel route

As for the previous route, one case is illustrated in Fig.
4. It corresponds to 8¢ = 0.9, m3 = 10 and Ap°*"/RT = 15,
for different y values. In this case, theln(j/j9) vs. | depend-
ence shows a continuous curve. In contrast to the Volmer-
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Figure 4. Dependence of © (A) and In(j//9) (B) on for the Volmer-Tafel
route. 62 =0.9, m3= 10 and AU®"/RT = 15.2) y=0,b) y= 102 c)y=10",
and d) y=rco.
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Heyrovsky route, the v influence of the parameter is ob-
served in the high overpotential region. The Tafel slope in
the low overpotential region is near 2RT/F, and in the high
overpotential region it varies between the values:
3RT/F<b < oo,

The Tafel slope variation for the Volmer-Tafel route
can be summarized as follows: RT/2F < b < 2RT/F for the
low overpotential range, and 2RT/F <b < < for the high
overpotentials. A unique Tafel line has not been found for
any values of the model parameters.

The Volmer-Heyrovsky-Tafel route

In this case, the large number of parameter combina-
tions produces a large variety of © vs. 1 and In(j/j%) vs. M

responses. In certain cases, these dependencies are improb-
able or unrealistic behaviors. Figure 5 illustrates an inter-
esting case where a unique straight Tafel line is found for
the whole range of overpotentials analyzed. The Tafel slope
changes continuously from 2RT/F for y = e to 3RT/F for
v=0. Similar behavior has been shown by other authors for
the HER in alkaline solutions® 2.

The In(j/j%) vs. | dependence for the parallel course of

the Volmer-Heyrovsky and Volmer-Tafel routes corre-
sponds to the superposition of that dependence of each
route. This combination greatly increases the descriptive
capability with respect to the independent routes. It is worth
noting the possibility of describing unique straight Tafel
lines with different slope values. This is achieved by the
application of both routes simultaneously, as well as by the
distribution model used.

Discussion and Conclusions

The present work theoretically determines the influence
of the degree of heterogeneity on the HER described
through the Volmer-Heyrovsky-Tafel mechanism and
solved without kinetic approximations.

The contribution of the double layer was considered
negligible, and the effects of anion adsorption as well as the
changes of o values with n were not taken into account. In
addition, it was assumed that the adsorbed intermediate
does not have superficial mobility, which means that the
sites where water (or protons) is discharged through the
Volmer step are the same as those where the desorption
process takes place through the Heyrovsky and/or Tafel
steps. These suppositions are in complete agreement with
those made by other authors in recent studies of the HER
on several metals'>!7,

The results obtained show a marked influence of the
degree of surface heterogeneity on kinetic behavior. This
can be clearly seen in the comparison of curves (d) of Figs.
3-5 (homogeneous surface) with the other curves (hetero-
geneous surface). It should be noted that a Langmuirian



142 Gennero de Chialvo & Chialvo

® w

05 :

In(j/j:°)

0 L 1
0.0 0.2 0.4

n/V

Figure 5. Dependence of © (A) and In(j/9) (B) on m for the Volmer-Hey-
rovsky-Tafel route. ¢ = 107 ,m2 = 107 ,m3 = 107 and Au“m/RT =15.
a)y=0,b)y=10% c)y=10", and d) y= o .

adsorption process can be applied when r < 0.05, and a
Temkian one when r > 40.

Another aspect that deserves a brief analysis is the
behavior of the Tafelian dependencies. The results show
that the present model can describe a great variety of Tafel
slopes (or the global transference coefficient v = RT/bF),
in spite of the symmetry factors of all steps being equal to
0.5. As such, the use of different ¢; values for one or more
steps should extend the descriptive capability. Neverthe-
less, it should be taken into account that the symmetry
factor directly (ou) or indirectly (1 - o) reflects the reaction
order of water (or H3O") in the expression of the reaction
rate, and therefore experimental evidence'® is essential for
the selection of this value in order to obtain an adequate
simulation.

J. Braz. Chem. Soc.

It can be concluded that surface heterogeneity produces
substantial modifications in the simulation of the kinetic
behavior of the Volmer-Heyrovsky-Tafel mechanism and
that erroneous interpretations of the experimental results
can be induced if they are not taken into account.

Glossary

Moty standard Gibbs energy of the adsorbed hydrogen.

v: parameter of the normal distribution function.
r: degree of heterogeneity.

©: macroscopic surface coverage.

6: microscopic surface coverage.

u: macroscopic reaction rate.

V: microscopic reaction rate.

j: current density.

J%: exchange current density of step i.

1: overpotential.
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