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ABSTRACT

An inversion method based on information theory is employed to describe the H-adatom elec-
trodesorption voltammogram resulting for different Pt electrodes in an acid electrolyte. This method can
predict exactly the entire behaviour of the voltammograms from only a few points selected from the
experiment.

INTRODUCTION

Mathematical processes of inversion are extremely useful for solving the compo-
nents of an unknown spectrum. Here the term spectrum should be understood to
include one-dimensional data from experiments that do not explicitly involve
optical phenomena. A selection of the most commonly used inversion techniques is
given in refs, 1-3.

In electrochemistry the linear potential sweep technique, either as a single or a
triangular sweep, applied to an electrode where a surface electrochemical reaction
takes place [4-8], produces a current—potential profile (voltammogram) which is
characterized by current peaks located at potentials (relative adsorption energies)
which are specific for each adsorbate and its environment. The voltammogram
provides information about the kinetics and some structural aspects of those
processes concerning the adsorbate on a particular substrate. The area of the current
peaks, corresponding to either adsorbate electroformation or stripping, gives the
amount of adsorbate present at the substrate. The amount of adsorbate detectable
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ranges from a small fraction of monolayer upwards. Hence, as for gas-phase
reactions at metal surfaces, one should expect that for a particular substrate, the
influence of the crystallographic faces on the adsorbate-substrate interaction will
also be reflected in the voltammogram. This seems to be the case for many reactions
taking place at different single-crystal Pt surfaces, such as the H-adatom electroad-
sorption and electrodesorption reactions in acid electrolytes [9-18].

The linear potential sweep technique offers a very simple way to follow changes
in the adsorbate—substrate interactions which can be attributed to modifications in
the substrate surface morphology. The question now is to what extent can these
relative changes be determined quantitatively through an adequate and precise
numerical analysis of the voltammogram considered in this case as an electrochem-
ical spectrum.

Quantitative analysis of the distribution of the H-adatom adsorption states at Pt
electrodes have been presented by several authors by considering either a single
complex relationship between the adsorption energy and adsorbate coverage which
accounts for the potential dependence of the adsorbate surface coverage, or by
assigning to each distinguishable adsorption site a specific adsorption isotherm
[19-27].

The present work describes the application of a powerful and successfully proved
inversion method based on the information theory (IT) [28-31] to electrochemical
spectra. For this purpose a certain number of adsorbate states are selected according
to the number of voltammetric peaks, and for each adsorbate, a general electro-
chemical adsorption isotherm with an interaction parameter varying within the
potential range of the adsorption reaction is considered [32]. The inversion method
can predict exactly the entire behaviour of complex voltammetric profiles from only
a very small number of experimental points.

CALCULATION PROCEDURE
The electrochemical formalism

Let us consider the H-adatom electroadsorption process at equilibrium in acid
solution on the N-site of the metal surface, Me,, (Me, = Pt,):

(e7) Me,(H,0, ions) + H(, (aq) = Me, (H, H,0, ions) (1)

Reaction (1) implies as reactant two ensembles, namely (e ™) Me, (H,O, ions) and
Hg)(aq), where N denotes a distinguishable site at the metal surface, Me, and
H (‘})(aq) refers to the aquated proton in the inner part of the electrical double layer.
Likewise, Me, (H, H,0, ions) represents the reaction product. The idea of conceiv-
ing the adsorbate in terms of a complex potential-dependent ensemble for H-adatom
adsorption on metal electrodes was recently discussed to interpret the kinetic data
for this reaction [33]. Thence, the characterististics of each ensemble come from
both collective effects involving the crystallographic features of Me, and the
interaction energy with solvent molecules (water) and ions (anions and cations) in
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solution. For the sake of simplicity, let us further consider that neither double-layer
effects nor transport processes at the solution side play a significant role in the
electrochemical reaction. Under these conditions, the instantaneous current density
Jj(t) is given by the expression [5,34].

(1) = qm%-(,i = gm| kiey+(1— 6) exp[(1 — «) EF/RT] exp[ - (1 - a)r6]

— k0 exp(—aEF/RT) exp(ar8) (2)

where q,, is the charge density required to form a monolayer of H adatoms; @ is the
degree of surface coverage by H atoms; k{ and k, denote the rate constants for the
forward and backward reactions, respectively, referred to the standard hydrogen
electrode potential; ¢+ is the hydrogen ion concentration in the bulk solution; FE is
the potential applied to the electrode; and r (in RT.units) is a variable correction
parameter included in the electrochemical adsorption isotherm for the H adatoms.
The parameter r is taken as a constant in the Temkin isotherm, and it has been
interpreted in terms of the change in the adsorption Gibbs energy due to either
intrinsic surface heterogeneity or lateral interaction for the adsorbate species or of
induced heterogeneity at the substrate surface [35]; F, R and T have their usual
meanings.

The adsorption isotherm for the adsorbate comes from eqn. (2) under quasi-equi-
librium conditions, i.e. j(z) = 0. Then Frumkin’s isotherm results:

(1-9)
9

where

= K(N) exp(—EF/RT) exp(r0) 3)

ki (N)cy+ kf(N)
K(N)= = 4
M=T0@ k™) ®
The value of j(¢) can be expressed in terms of the variation of surface coverage, 8,
with time, as follows:

. dé 6(1-9)
J(0) =4 qr = S raa-0)] (5)

where C is a constant.

Let us now assume that each distinguishable reacting ensemble on the substrate
can be assigned to a different value of N (N =1, 2, 3, 4, 5), so that K(N), the
equilibrium constant of reaction (1), changes for each reacting ensemble. Therefore,
if K(1) represents the particular value of the specific rate constant at site N =1;
then 6(1, r, E) should be the solution of egn. (3) for K(N) = K(1), provided that
[r)s r.]; is the interval of variation of r for site N = 1. Therefore, eqn. (5) can be put
forward in a more general way as follows:

ooy 4o (N, r, E)[1-6(N, r, E)]
J() = dngy = C{l +r8(N, r, E)[L-6(N, r, E)]} (6)
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The equilibrium constant K(N) involved in eqn. (3) can be determined from the
maximum of j(¢) predicted by eqn. (6) for a certain potential value associated with
J(t). Accordingly, the expression for K(N) results:

K(N) =exp(—EyF/RT) exp(r/2) = K°(N) exp(r/2) (M

where E,, the potential related to K(N), is the voltammetric peak potential.
K°(N) is the equilibrium constant for reaction (1) for r=0, that is, when the
Langmuir adsorption isotherm conditions are fulfilled [5,34].

Let us further assume that the overall voltammogram of H-adatom electrodesorp-
tion results from the overlapping of specific voltammograms related to the different
reacting ensembles, and let us also admit that the interaction parameter for each
ensemble changes according to a certain distribution function, p(N, r). Hence, the
equation for the overall voltammogram can be finally written as follows:

A,
. Lo dé(N, r, E)
(JE) =4 X ["o(N, r)——3+>dr=1I(E) (®)
N=1""
where A4 denotes an overall constant. This equation exhibits clearly the main
features of the present model. For a given value of E, the value of j(E) is expressed
as a mean value, i.e. measurements allow one to ascertain j(E) only in the form of
a statistical average.

The inversion method

Let us consider a set of experimentally determined values I(E)), i=1,..., M.
For each i, eqn. (8) reads

N,

IE)=4% [o(N. )MV, r E)dr  i=1,...M 9)
N=1""n

Out of these M equations, let us select one of them, for instance the one correspond-
ing to i = 1, in order to fix the value of the constant 4:

A= I(El) (10)

Moon dé
Nglj;l p(N, r)E(N, r, E)) dr

After substituting eqn. (10) into eqn. (9) one obtains:
», .
IE) S "oV, VSN, r, E) ar
I(E)=—F"=" (11)
> [To(w, r)%—f—(N, r, Ey) dr

N=1"N




Equation (11) can be written in the following way:

A o
IE)T ["o(N. r)q; (N, r, E)dr

N=1"n

~1E) Y [*o(N. N SP(N. 1, E) ar (12)

N=1"N

or as the following simplified expression:

N
}:] o(N, r)o,(N, r)dr=0 i=2,...,.M (13)
N=1"Nn
where
o (N, 1) = HE)S (N, 1, ) - HE)SH(N, 1, E) (14)

The mathematical task is just that of inverting the system of eqns. (13). However,
this problem has, in general, several different solutions. In other words, a variety of
functional forms p(N, r) will be able to reproduce I(E,) data correctly. The
problem is to establish the basis for selecting a unique solution. It is known that the
correct answer for this type of problem, in which a solution is to be selected from a
given set, is given by IT [28-31]. It provides a definite criterion for building up such
a unique solution by recourse to the maximum entropy principle, which asserts that
out of all the available solutions there is only one which maximizes the function §,
denoted as the “entropy”, as given by the equation:

Moo
s=-Y fzp(N, rYIn p(N, r) dr (15)
N=1"n
It should be noted that S is not necessarily related to the entropy definition in
thermodynamics [28~31]. As is shown elsewhere [36], the adequate solution should
be of the form

M
p(N, r)=exp(},) exp(EAiUS(NS ")) (16)
i=2
where the A’s are Lagrange multipliers. The normalization condition
N
X [o(N,r)dr=1 (17)
N=1"h

allows for an explicit analytical expression for A;:

N M
A =-lh}Y f exp[* Y AN, r)] dr (18)
i=2

N=1"1

The remaining (M - 1) Lagrange multipliers are easily obtained by recourse to any
appropriate iterative algorithm, such as Newton’s [37].



Let us call p™(N, r) the solution obtained by following the path described above
on the basis of m pieces of data (m < M). Now the function p™ can be employed to
“predict” values of I(E;) for i > m. Let us denote these “predictions” by I"™(E),
expressed in the following way:

I"(E) =AY [P, r)%—f(zv, r, E)dr (19)

N=1"

If these “predictions™ agree within experimental error with the measured values,
then p™(N, r) can be considered as a good representation of the “true” p(N, r)
function. Otherwise, if the agreement is poor, then the value of m should be
changed systematically to obtain a satisfactory representation. It is well established
that this approach always converges [31].

In the following section it will be seen that a rather small set of m data suffices to
predict a large number of voltammograms correctly. Indeed, taking m = 8 allows an
excellent representation of the experimental data.

When a suitable representation for p(N, r) is obtained, one can evaluate the
relative percentages, P(N), assigned to each type of site, N, through the following
relationship:

frzp(N, r)ydr
P(N) =5 N=1,2,...,N, (20)

Yy frzp(N, r)dr

N=1"n

and, correspondingly, the appropriate interaction parameters:

frzrp(N, r)dr
(r(N)y=————— N=1,2,...,§, (21)

fzp(N, r)dr

n

RESULTS AND CONCLUSIONS

The inversion method described above was employed specifically for the quanti-
tative analysis of voltammograms obtained at different linear potential sweep rates,
v, for the electrodesorption of H adatoms on different Pt electrodes — polycrystal-
line (pc) Pt and Pt with preferred crystallographic orientation (pco), namely (100)-
type pco Pt and (111)-type pco Pt (Figs. 1 and 2), immersed in 0.5 M H,SO, at
25°C. The denomination of these electrodes is based on the fact that their
H-electrodesorption spectra resemble to some extent those reported in the literature
for the corresponding single-crystal Pt electrodes under the same experimental
conditions [7-18].
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Fig. 1. Current—potential profiles (voltammograms) obtained by applying a triangular potential sweep at
50 mV /s to platinum electrodes in 0.5 M sulphuric acid solution at 25°C. The dashed line corresponds
to a polycrystalline platinum electrode, 0.20 cm? geometric area. The full trace corresponds to a
(100)-type preferred oriented platinum electrode, 0.15 cm? geometric area. The potentials are referred to
a reversible hydrogen electrode (RHE) in the same electrolyte. Regions I, II, III and IV are related to the
H-adatom electroadsorption, the H-adatom electrodesorption, the O-adatom electroadsorption and the
O-adatom electrodesorption, respectively. The voltammogram resulting in region 1 was used for the
application of the inversion method derived from IT. The numbers 1, 2, 3, 4 and 5 correspond to
N=1,2,3,4, and 5 in the text.
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Fig. 2. Current—potential profiles (voltammograms) obtained by applying three successive triangular
potential sweeps to a (111)-type pco platinum electrode in 0.5 M sulphuric acid solution at 25° C. The
successive voltammograms are identified as i, ii and iii. The latter corresponds to the stabilized profile
and was used for the application of the inversion procedure described in the text.
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TABLE 1

Parameters employed in the calculations *

N K(N) E,/mV {rh (r); (r)

1 3.31x1072 87.5 0.298 0.87 0.27
2 6.96x1073 127.5 -1.41 0.85 -1.62
3 3.09x1074 207.5 —0.62 2.17 -0.62
4 3.17x1073 262.5 —0.898 -121 —0.47
5 1.20x10°° 350.0 -19 0.90 —0.78
a

Values of r are given in RT units. R is the universal gas constant and T is the absolute temperature.

The H-adatom electrodesorption spectrum for pc Pt in 0.5 M H,SO, at room
temperature exhibits at least five electrodesorption peaks identified as 1, 2, 3, 4 and
5 in Fig. 1. Each one of these peaks can be associated with a distinguishable reacting
ensemble (N =1, 2, 3,4 and 5). The electrodesorption of each ensemble is char-
acterized by its individual parameter, K(N), calculated at the corresponding peak
potential (E,) and by p(N, r). The dependence of the latter on the applied
potential changes according to both the type of electrode and N. Peaked distribu-
tion functions are obtained for pc Pt and (111)-type pco Pt for N=1 and N =3,
and for the three types of Pt electrode for N = 4, but different dependences resulted
for (100)-type pco Pt [38-41] (Figs. 1 and 2). From these complex functionalities,
average values of r can be estimated. The five values of K(N), Ey and (r), the
average value of r for the three different Pt electrodes, are listed in Table 1, and the
distribution of P(N) for the different Pt electrodes is given in Table 2. The
construction of the distribution function p(N, r) was made with eight experimental
points (Fig. 3). The contribution of the electrical double-layer charging along the
voltammetric profile was taken as constant for the entire range of the H-elec-
trodesorption reaction. The fit of the experimental and predicted voltammograms
for the three types of Pt electrode is certainly very good (Fig. 4a). The fact that the
calculation, starting from only a few points, enables us to reproduce the entire
H-electrodesorption spectrum so exactly, proves the reliability and power of the
calculation procedure.

TABLE 2
Distribution (%) of P(N) for the different Pt electrodes

P(N) P(N)/% P(N)/% P(N)/%
pc Pt (100)-type pco Pt (111)-type pco Pt
P(1) 24.15 157 24.7
P(2) 28.5 18.6 30.9
P@3) 16.5 47 19.2
P@4) 30.6 4238 24.7

P(5) 0.4 18.0 0.35
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Fig. 3. Distribution functions for N =1,2, 3,4 and 5. (1) pc Pt; (2) (100)-type pco Pt; (3) (111)-type pco
Pt. The values of r are given in RT units.

At this stage, it is interesting to compare the results obtained for N=1, 2, 3,4
and S (Fig. 4a) with those for the same number of N and an average (r) value
resulting from p(r, N) for each peak (Fig. 4b), and with those resulting for sites
N =1, 2 and 4 (Fig. 4¢). These results show that the number N of surface sites and
the distribution function p(N, r) play the most important role in defining the shape
of the entire voltammogram. The use of an average value of r for the entire
H-electrodesorption reaction furnishes a curve fit comparable to that reported for
the distribution of H-adatom states on a Pt (100) single crystal by means of the
MINUIT program [26,27].
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Fig. 4. H-adatom electrodesorption voltammogram for pe Pt, (100)-type pco Pt and (111)-type pco Pt in
0.5 M sulphuric acid at 0.05 V/s, 25°C. (a) Results obtained for N =1, 2,3,4 and 5 and p(N, r) as
given in Fig. 3 (full traces). Experimental data: black points. (b) Results predicted for N=1,2,3,4and 5
and (r) values for each N (full trace). Experimental data; black points. (c) Results predicted for
different N; the corresponding p(N, r) is given in Fig. 3. (1) Voltammogram predicted for N=1,2,3,4
and 5. (2) The voltammogram predicted for N =1,2 and 4 exhibits only the peaks corresponding to
N=1, N=2and N=4.
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From these results it is interesting to derive the value of P(N) from each value of
N, as P(N) gives the relative contribution of each adsorbate in the entire potential
range of the H-atom electrodesorption reaction. The corresponding data, which are
assembled in Table 2, show that the differences in P(N) for the various Pt
electrodes are comparatively smaller than those which might be expected by making
a direct assignment of each current peak to a single electroadsorption at a particular
crystallographic face. On the other hand, the dependence of p( N, r), for each value
of N, on the relative charge of each adsorbate suggests that the influence of the
electrode surface on the electroadsorption process results from adsorbate interac-
tions which depend on the degree of surface coverage and other interaction terms
involving the different constituents of the metal-solution interface at the N site.
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