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The relation between current and voltage in the electro-oxidation of ethanol by metal nanoparticles
depends on experimental parameters like the applied potential, peak potential, temperature, the
electron-transfer coefficient, and the number of molecules adsorbed at active sites on the nanoparticle
surface. In this form, the oxidation current depends on the ability of the nanoparticles to adsorb the
ethanol molecules. Though the Laviron model well describes this phenomenology, few studies focus on
the dependence of the oxidation current on the size and surface properties of the metal nanoparticles.
Here, we present an experimental and theoretical study that comprises the synthesis of palladium-based

nanoparticles and the generalization of the Laviron model that allows determining the dependence of
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nanoparticles for the ethanol oxidation. The determination of the adsorption—desorption equilibrium and

DOI: 10.1039/d1ra08742h the electro-oxidation current dependence with the physicochemical properties of the materials was
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Introduction

In order to decrease the dependence on the use of Pt-based
materials on electrochemical processes, an alternative and
viable option is its replacement by Pd-based materials, because
of their unique electrocatalytic properties in alkaline media for
the electro-oxidation of organic molecules, such as ethanol.'
Furthermore, the development of Pd-based electrocatalysts has
been focused on their high electrocatalytic activity, the
synthesis of stable nanoparticles,* and generation of specific
morphologies.*® However, for electrochemical reactions, one of
the most critical steps is the adsorption of the species on the
electrocatalytic surface. This adsorption depends directly on the
intrinsic characteristics of the materials, their chemical
compositions, their crystallographic arrays, their size, the
concentrations of the species in the bulk dissolution, and on
the surface-electrolyte interface.***

The oxidation current depends on the number of adsorbed
fuel molecules, and the adsorption of molecules on a surface is
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carried out by electrochemical characterization.

related to the energy associated with the electrochemical
process. A useful theoretical model that takes into account such
characteristics and describes the production of the oxidation
current is the Laviron equation™

F2 (1-a) (E _ Ep) e_e% (E — Ep)

i= ﬁn(l — a)nvloe RT

ey

This equation describes the dependence of the oxidation
current (i) on the number of adsorbed molecules (I'y), the
applied potential (E) and the peak potential (Ep). Also, in the
Laviron equation appear the Faraday's constant (F), ideal gas
constant (R), temperature (7), number of electrons involve in
the reaction (n), transfer coefficient array ((1 — a)n,) and sweep
velocity (v). Underlying the deduction of the Laviron equation is
the assumption that the adsorption process is not the control
step.™

In the case of electrocatalytic materials, the mathematical
description of the adsorption process must include the geom-
etry of the electrocatalytic nanoparticles since such geometry
may influence the catalytic efficiency. In this work, we recon-
sider the Langmuir-Hinshelwood adsorption-desorption reac-
tion in the presence of a curved surface. The dependence of the
chemical affinity of adsorption on the particle geometry enters
through an activity coefficient that depends on the particle
radius, according to the classical Gibbs-Thompson approach.
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The corrections to the Laviron equation incorporate the explicit
dependence of the current on the particle size, the surface
energy, and the equilibrium constant for the ethanol adsorp-
tion—-desorption process.'>*®

Experimental
Chemicals

Polyvinylpyrrolidone (PVP, mol wt 40 000, Sigma-Aldrich),
ethylene glycol (EG, 99.8%, Sigma), ascorbic acid (AA, 99.0%,
Sigma-Aldrich), potassium tetrachloropalladate(ii) (K,PdCly,
99%, Sigma-Aldrich), Vulcan carbon XC-72R (Cabot), ethanol
(96%, industrial grade) for the dispersion of the carbon support,
ethanol (99.7%, Sigma-Aldrich) as fuel, Nafion® (5 wt% in iso-
propanol, Sigma-Aldrich), potassium chloride (99.7%, Sigma-
Aldrich) to saturated the reference electrode dissolution and
potassium hydroxide (KOH 85%, Sigma-Aldrich) were used as
received.

Synthesis of Pd/C electrocatalysts

The Pd/C electrocatalysts were synthesized employing a chem-
ical reduction method. The PVP, as a surfactant and 10 mL EG
as reaction media, were placed in a round-bottom flask con-
nected to a condenser at a stirring constant. The temperature
raised around 80 °C. After the PVP became dissolved in the EG,
0.06 g of K,PdCl, and 0.127 g of ascorbic acid were added. The
palladium reduction reaction was maintained under constant
stirring at 80 °C for 90 minutes. Simultaneously, 60 mg of
Vulcan carbon were dissolved in 50 mL ethanol and stirred for
30 minutes to disperse the Vulcan carbon. After this step and
when the reduction of the palladium was carried out, the
synthesis dissolution was added drop by drop into the
dispersed Vulcan carbon. The resulting powder was removed
several times with distilled water and dried at room tempera-
ture overnight.

Synthesis of Cu@Pd/C electrocatalysts

The synthesis of Cu@Pd nanoparticles was carried out using
previously reported by our group.” In summary, 0.1 g PVP, used
as a surfactant, was added to a round-bottom flask containing
10 mL EG as a reaction medium. Then, the solution was heated
to 80 °C with continuous magnetic stirring. At this temperature
0.06 g of CuSO, was added as precursor salt. Later, the Cu® core
nanoparticle was formed after the addition of 0.127 g of AA as
the reducing agent. The reaction media was maintained under
agitation for 30 min. Then, 28 mg K,PdCl, and AA dissolved
separately in 1 mL of distilled water and placed in the flask. The
resulting solution was stirred for 90 min to complete the redox
replacement reaction between Cu® and Pd** atoms. Before the
reduction reaction finished, 50 mL ethanol with 56 mg of
Vulcan carbon as support was placed in the flask, maintaining
the stirring for 30 min, and after this time, the dissolution
reduction reaction was dropped in. Then, the electrocatalytic
materials were washed several times with distilled water and
dried at room temperature overnight.
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Electrochemical characterization

The electrochemical profiles and the electrocatalytic activity for
the ethanol oxidation reaction (EOR) in alkaline media were
carried out with the linear sweep voltammetry and cyclic voltam-
metry as electrochemical techniques using a BioLogic VSP
Potentiostat/Galvanostat. The electrochemical data were captured
using a three-electrode electrochemical cell configuration. A glassy
carbon (Basi®, 0.0769 cm?) served as a working electrode,
a calomel electrode saturated with KCl (SCE) was the reference
electrode, and a graphite rod was the counter electrode. The
catalytic inks, used to test the materials in alkaline media and
ethanol, were prepared mixing 1 mg catalytic powder, 73 pL iso-
propanol as the dispersant and 7 uL Nafion® as a binder. After the
ink was stirring, it was deposited dropwise in the working elec-
trodes using 10 pL to cover the entire glassy carbon electrode zone.
The electrochemical profiles were obtained using 0.6 M of KOH
dissolution as an electrolyte in the absence of ethanol, while the
EOR tests were carried out using 1 M of KOH dissolution and
varying the ethanol concentration (from 0.5 to 3 M). Cyclic vol-
tammograms were obtained in a potential range from —0.7 to
0.8 V vs. NHE (normal hydrogen electrode = SCE + 0.241 V). The
scan rate was 50 mV s ' for the electrochemical profiles and
20 mV s~ " for the electrocatalytic evaluation. Before each experi-
ment, the electrolytic solutions were bubbled with nitrogen gas for
10 minutes (Infra, 99.999%).

Results
Modified Laviron equation

The modification of the Laviron equation focuses on the
number of adsorbed molecules. A Langmuir-like model con-
taining different physicochemical terms helps us incorporate
the physicochemical and morphological characteristics of the
materials in the adsorption process description.

The first step before the electrochemical oxidation reaction
starts is the adsorption reaction between the molecules of
alcohol in the solution and the surface of the nanoparticles. At
the equilibrium, this adsorption reaction is:

aA+ DM === (AM),, 2
des

where A represents the alcohol molecules in solution, M the
active sites at the surface of the nanoparticles, (A.M),gs the
molecules of alcohol adsorbed, and a, » and ¢ are the stoi-
chiometric coefficients. As it is well known, the adsorption
reaction can be represented in terms of the chemical potentials
for each involved species and the affinity (A.gs). For the
adsorption of ethanol over the metal surface, it can be assumed
that each ethanol molecule binds over a single active site and,
therefore, the stoichiometric coefficients of reaction (2) can be
assumed as equal to the unity. Using this, the chemical affinity
of the reaction is given by the expression

apia v — [buy + cun] = Aus (3)
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This relation is relevant since the chemical potentials in (3)
can be rewritten by their definition in terms of the molar frac-
tions x,  Of each species: u; = uf + RT In x;, where uf is the
standard chemical potential. After grouping some terms, we
obtain

v — (% + 1) +RT In xanm — (RT In xo + RT In xy) = Aqgs

(4)

Here, we will use the fact that the difference of standard

chemical potentials Ay, = upgnm — (us + uy) depends on the

geometry of the catalyzer, that is, on the radius of the nano-

particles. The explicit expression for Au, can be determined by

using the Gibbs-Thomson equilibrium relation'® between the
chemical potential and the surface energy of the particle:

40V
Mads — Mpulk = D 5 (5)

Here ¢ is the surface energy of the nanoparticle and V,, and D
their molar volume and diameter, respectively. For the
adsorption reaction, the chemical potential associated with the
adsorbed species on the catalyst surface is defined by u,q4s, while
the sum of chemical potentials associated with the alcohol in
the bulk of the dissolution and the surface of the catalyst can be
described by ppun. Therefore, the Gibbs-Thomson equilibrium
can be written in the form:
4V,

Han = (Ha + 1) = = (6)

After substitution of eqn (6) into (4) and making some
rearrangements we obtain

4qV,
A= RT In|xam| — RT In xAxMeW; (7)

The kinetic law for adsorption can now be obtained by
making a series expansion of the natural logarithm: In|y| = y —
1 + O(»*). Then, the affinity reduces to

A 40V

RT = XA M — EDRT XA XM (8)

Since the velocity of the reaction is proportional to the
negative of the chemical affinity (8)," then it can be shown that
the kinetics of the adsorption can be expressed in the form
4gV,

dXA_ Z°p
Y = kuas€DRT x5 (xv — Xam) — KdesXam 9)

dr

where we have used the fact that xy; = xy — X iS the effective
number of free active sites at time ¢ from a total initial number
of x3. At equilibrium, from the previous equation we find the
following expression for the molar fraction of the adsorption
isotherm of alcohol molecules

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cam = Keq€DRT AM

40?p

CT + KeqemCA

(10)

where we have introduced the equilibrium constant for the
adsorption-desorption reaction of alcohol, K.q = Kags/kdes, ON
the surface of the particles. Additionally, we have used the
molar fraction definition x; =c;/cy to write the isotherm as
a function of mole number concentrations. Eqn (10) relates the
concentration of adsorbed alcohol molecules (Cy ) with their
concentration in the dissolution (C,). It also includes the initial
concentration of active sites (Cy) and the total concentration
(Cr). The Cy depends on the particle size (D), the surface
energy (), the molar volume (V,,), and the temperature (7).

The concentration of the adsorbed molecules (C, ) in (10)
allows rewriting the number of adsorbed molecules (I'y) in
order to obtain the modified Laviron equation

4an

F? K.qeDRT Co C?
i = (= a)y «a® A
4”VP
Cr + Keq€DRT Cyy

(L))

(2 - )
X e c

Furthermore, in the previous equation, we have determined
that the term (1 — a)n, can be substituted by (1 — «), because
the factor n, has directly depended on «, thus resulting in
a shift of « values. This reduces the calculation of additional
variables that increase the theoretical error.

We made some considerations to calculate the parameters to
use in the modified Laviron equation. The total concentration
of our system is the sum of the alcohol concentration and the
initial metal concentration, and is given by the following rela-
tionship Cr = C4 + Cjy, obtaining a new arrangement for the
modified Laviron equation:

(11)

4q7,

»
F? K.q€DRT CA C?
= (1 = @ eze —
C 4aV,
14+ M4 KequRTp Cx
Ca

(f(“;f (E- Ep))>

(2 2 - )
X e €

However, the metal concentration must be the initial
concentration of atoms or active sites on the metal surface,
which is given by

(12)

ECSAM~y

0 =
Cu ApPM

(13)

where My is the total weight of the metal in the working elec-
trode, Ap is the particle area and ECSA is the electrochemical
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surface area calculated by integrating the charge needed to
reduce the Pd oxides formed (Q units: pC), assuming that
a theoretical charge of 405 pC cm ™2 is required to reduce a full
monolayer of Pd oxides.*®

Validation of the modified Laviron equation

To probe the modified Laviron equation, we calculated the
amount of adsorbed molecules and compared it with the Lav-
iron equation results. According to the modified Laviron eqn
(12), the oxidation current depends on the particle size and the
equilibrium constant of the adsorption reaction. It also
depends on the surface energy and the concentration of active
sites, which depend on the particle size.

We developed a program in a free-language programing
(Octave) that runs iteration-sequences to calculate the electron-
transfer coefficient («) and the amount of adsorbed molecules
(I'y) for the Laviron equation. For the modified Laviron equa-
tion, the iteration-sequences calculate the adsorption equilib-
rium constant (K.q) and the electron-transfer coefficient («). To
validate, the modified Laviron equation was tested with two
different methods.

The first was an implicit method, in which we have consid-
ered an initial calculation of the number of adsorbed molecules
and the value of the electron-transfer coefficient for the Laviron
equation. Then, with the previous results, we calculated the
adsorption equilibrium constant (K.q) and the number of
adsorbed molecules (I'y) for the modified Laviron equation.

The second was an explicit method, in which we used eqn
(12) to calculate the value of the electron-transfer coefficient («)
directly in the modified Laviron equation to obtain the
adsorption equilibrium constant (K.q) and, finally, the calcula-
tion of the number of adsorbed molecules (I'y).

The results of the two methods were compared between
them to determine if our modification of the Laviron equation
is consistent with the original Laviron equation.

The results for the electron-transfer coefficient, the amount
of adsorbed molecules and the constant equilibrium of
adsorption will be presented as Table S1 in the ESI.}

The program evaluation used reported experimental
parameters of the catalysts used to obtain the unknown vari-
ables. In Table S21 we report the values of the parameters used
for fitting the electrochemical response of the Pd/C and Cu@Pd/
C nanoparticles during the electro-oxidation of ethanol at
different concentrations. Furthermore, we considered the
surface energy of the palladium of 0.684 ] m~> for the crystal-
lographic plane (111)** because, in previous works, we deter-
mined that was the predominant plane even though the
composition of materials was Pd/C and Cu@Pd/C."7****

We used the Laviron eqn (1) and the modified Laviron eqn
(12) to calculate the amount of adsorbed molecules for each
catalyst. For the Pd/C catalyst, the results of the amount of
molecules adsorbed using the implicit method between Laviron
and modified Laviron equations show an increase when the
concentration of ethanol increases (Fig. 1a). Furthermore, using
the explicit method, the number of molecules adsorbed for the
modified Laviron equation was similar compared to the Laviron
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Fig.1 Amount of the adsorbed molecule as a function of the ethanol
concentration for (a) Pd/C and (b) Cu@Pd/C catalysts.
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Fig.2 Tendency adjustment of the initial active sites concentration as
a function of the concentration for the (a) Pd/C and (b) Cu@Pd/C
catalysts.

equation. The results of the amount of molecules adsorbed for
the Cu@Pd/C catalyst show similar values using both the
explicit and implicit methods, and a consistent increasing
behaviour when the concentration of ethanol increases
(Fig. 1b).

Fig. 1 shows that the modified Laviron eqn (12), that
includes the particle diameter, the adsorption reaction
constant, the surface energy, the concentration of the alcohol
and the initial concentration of active sites, allows for fittings of
the data as accurate as the original Laviron eqn (1). The
advantage is that the new formula establishes the correlations
between the current values with the above-mentioned physi-
ochemical properties of the particles. The increase in the
number of molecules adsorbed with the concentration of
ethanol for both catalysts was expected due to the molecules of
ethanol increase near to the active sites over the nanoparticles
to promote their adsorption.

However, as we have mentioned in the eqn (13), the initial
concentration of active sites (Cy) depends on the electrochemical
surface area (ECSA). It exhibits a direct relation with the ethanol
concentration, showing a nonlinear behaviour as a function of the
ethanol concentration (Fig. 2). The tendency of the (Cy,) values for
the Pd/C catalyst shows a non-monotonic behaviour while the
ethanol concentration increases, and the mathematical function
that describe it is a cubic polynomial equation (Fig. 2a).
Furthermore, the Cu@Pd/C catalyst values of (C%) exhibit a weak
exponential decrease tendency, while the ethanol concentration
increases, see (Fig. 2b). These results were expected because the
concentration of active sites decreases when the amount of
molecules in solution increases, promoting the adsorption of
alcohol on the nanoparticles. This analysis revels that the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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adsorption process is different for each catalyst despite the fact
that both of it have Pd on the surface, suggesting that the surface
energy changes due to the presence of Cu.

The modified Laviron equation with the correction of the
initial active sites concentration was used to obtain the theo-
retical fitting for the electro-oxidation of ethanol and compared
with the experimental results (Fig. 3). The fitting of the elec-
trochemical oxidation for the Pd/C catalyst shows that the
experimental and theoretical results have an excellent correla-
tion with the equilibrium potential until the peak potential
(Fig. 3a). After that, if the shape of the peak is symmetric (taking
as reference the value of peak potential), the fitting continues
with a good correlation. However, a deviation from experiments
and theoretical results is appreciable when the potential shifts
to higher values (in comparison with the peak potential) by the
formation of a shoulder after which a sudden decrease of the
experimental currents is observed. This fact suggests poisoning
effects due to the presence of an excess of adsorbed by-products
from the ethanol oxidation reaction.

For the Cu@Pd/C catalyst, in Fig. 4b, the experimental and
theoretical results present a good correlation between the
equilibrium and peak potential. After that, the current shows an
abrupt decrease in their values, suggesting that the adsorption
process is not the leading contribution (Fig. 3b). This behaviour
can be related to the strong adsorption of the by-products from
the electro-oxidation of ethanol that covered active sites avoid-
ing the adsorption of alcohol molecules and, therefore, stop-
ping the electro-oxidation of ethanol. Both behaviors are known
as the poisoning of the catalysts. It is thus worth mentioning
that the Laviron equation does not consider this effect explicitly.
The results obtained here show a limitation in the Laviron
approach due to the lack of considering the strong adsorption

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Equilibrium adsorption constant as a function of the ethanol
concentration for the (a) Pd/C and (b) Cu@Pd/C catalysts.

of the by-products of the alcohol electro-oxidation that block the
adsorption of new alcohol molecules on the active sites,
resulting in surface poisoning.

The limitation of the Laviron approach related to the oxidation
peak shape was corroborated at higher concentrations of ethanol
(Fig. 4). The numerical fitting of the experimental currents shows
that the lower error (R> = 0.98174) corresponds to the oxidation of
ethanol 1 M using the Cu@Pd/C catalyst, because the peak pres-
ents a symmetric shape with respect to the potential peak value
(Fig. 4b). For all the other compositions, the peaks exhibit
a negative asymmetry, which in some cases are lower and in other
cases are higher with respect to the peak potential value (Fig. 4a
and b). Therefore, we may conclude that if the catalysts shows
a poisoning effect due to the presence of by-products of ethanol
electro-oxidation, the Laviron approach is not accurate enough to
describe the current-potential curve.

For potentials larger than the peak potential, poisoning
processes occur in many Pd-based materials'**?* and the Laviron
model fails to describe the experimental current behaviour. This
failure is because the Laviron model does not consider explicitly
the multi-step reaction for the ethanol oxidation.

The modified Laviron equation includes the equilibrium
adsorption constant as a vital parameter to understand the
adsorption process of the molecule of alcohols over the active sites
(Fig. 5). For the Pd/C catalyst, the equilibrium adsorption constant
rises while the ethanol concentration increases until 1.2 M.
However, for higher concentrations, their values decrease (Fig. 5a).
As previously mentioned, this behaviour seems associated with the
blocking of active sites of the nanoparticles with the by-products.
Furthermore, the Cu@Pd/C catalyst (Fig. 5b) shows a similar
behaviour as the Pd/C catalyst. The values of K., increase until
0.8 M of ethanol but from the concentration of 1 M of ethanol, the
results begins to decrease. This behavior also supports the
poisoning effect previously discussed (Fig. 3b and 4b).

Conclusions

In this work, we propose a modified Laviron equation to describe
the adsorption-controlled oxidation currents in nanoparticle-
based electrodes. The new equation incorporates meaningful
geometrical and physicochemical parameters such as the particle
diameter, the adsorption reaction constant, the surface energy,
and the initial concentration of active sites. With these variables,
the equation allows an excellent theoretical approximation of
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experiments, resulting in a reliable interpretation because of its
good performance in the fittings of the data.

However, after the peak potential, the modified Laviron
equation shows a limitation regarding with the strong adsorp-
tion of the by-products from the ethanol electro-oxidation
process that covers the active sites, avoiding the ethanol
adsorption and halting their electro-oxidation reaction. The
result is the behaviour that we know as catalyst's poisoning.

Furthermore, the amount of the initial active sites as
a function of the ethanol concentration reveals that the
adsorption process is different for each catalyst despite having
Pd on the surface, suggesting that the presence of Cu exhibits
a critical effect on the surface. Finally, the adsorption reaction
equilibrium constant corroborates the poisoning of the nano-
particles surface due to the strong adsorption of the by-products
from the ethanol electro-oxidation.
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