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Electrocatalytic Study of the Thin Metallopolymer Film of
[2,2'-{1,2-Ethanediylbis[Nitrilo(1E)-1-Ethyl-1-Ylidene]}Diphe-
nolate]-Nickel(ll) for Ethanol Electrooxidation

André Olean-Oliveira,” Camila F. Pereira,” Diego N. David-Parra,” and Marcos F. S. Teixeira*"”

The present paper describes the electrochemical activity of a
Ni(ll)-Schiff base metallopolymer electrode for the oxidation of
ethanol in alkaline media. The scanning electron microscope
results show that the metallopolymer at the glassy carbon
surface has a nanoflake-like lamellar structure, and there is no
molecular structural change after treatment with NaOH.
Voltammetry measurements indicate that the metallopolymer
acts as efficient material for the electrocatalytic oxidation of
ethanol, where a high-valent nickel(IV) was revealed as the
reactive intermediate during the anodic scan. An isopotential
point can be observed in rotating disk electrode voltammetry

1. Introduction

The study of metallopolymers has been intensively applied,
with new strategies found in m-conjugated polymers.™ The
metal-containing polymers emerged through research aimed at
merging the versatility of conducting polymers and the highly
efficient redox conductivity of transition metals, resulting in -
conjugated polymers with redox-active metal centers with
interesting chemico-physical properties.” These materials are
highly useful in a wide range of applications, such as catalysts®
and photocatalysts.”

Among the metallopolymers reported in the literature, the
poly[metal(salen)] is a relatively new class of nanopolymers®
that are being studied due to their electrochemical and
electrocatalytic properties.”” The tetradentate N,O, salen moi-
eties form stable complexes with metals of different oxidation
states and 3D molecular architectures. Many of these polymer
network structures are more active centers than only the
complexes. The poly[metal(salen)] not only provides a catalytic
activity but also facilitates electron transfer through the
conjugated polymer chain as the backbone. The linkage
existing between the dr orbitals of metal centers and wt or wt*
orbitals of the conjugated polymer induces the electron trans-
fer” Therefore, it is of interest to study the electrocatalytic
activity of these polymers. In our research group, we have
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for ethanol oxidation. The electrode surface may be considered
to consist of two independent electrochemical regions, one
corresponding to the ethanol electro-oxidation by nickel(IV) and
the second corresponding to water oxidation. The Tafel slopes
were found to be 246 mVdec™' at low overpotentials and
44 mVdec™' at high overpotentials, which suggest that the first
electron transfer step is the rate controlling step. The specific
activity of the metallopolymer-modified electrode for the

ethanol electro-oxidation reaction was 6.66 mAcm=2 for
0.130 umolcm™ of electroactive species of metallopolymer at
0.6 V vs. SCE.

investigated the formation of multiblock poly[metal(salen)] by
electropolymerization”® and its application as electrocata-
lysts.”” The metallopolymers tend to be organized as molecular
columns, forming a m-conjugated multiblock system due to the
interaction of the metal center with the aromatic ring of the
adjacent molecule.'”

The electro-oxidation of ethanol in alkaline medium is
usually studied with metal nanoparticles,"” a metal compo-
site,'”? nanometal supported on carbon,"® or nanometal
supported on polymer,™ and therefore, these materials find
potential applications in fuel cells. However, the kinetics of
ethanol electro-oxidation are slow and produce different
intermediates, reducing the electrocatalytic efficiency and life-
time of the metal. One of the alternatives to minimize these
effects would be the use of metallopolymer complexes.

In this communication, we present the results of a study on
the electrocatalytic oxidation of ethanol on the Ni(ll)-Schiff base
metallopolymer-modified glassy carbon electrode. Experiments
were performed in alkaline solution, and electrochemical
characterization was carried out by cyclic voltammetry, chro-
noamperometry, rotating disk electrode voltammetry and
impedance spectroscopy.

Experimental

Synthesis of the [2,2'-{1,2-Ethanediylbis[Nitrilo(1E)-1-Ethyl-1-YIi-
dene]}Diphenolate]-Nickel(ll) Complex ([Ni(a,0’-Methyl,Salen)])

The ligand 2,2'-{1,2-ethanediylbis[nitrilo(1E)-1-ethyl-1-ylidenel}-
diphenol (o,a’-methyl,salen) was purchased from Sigma Aldrich
and used without further purification. The metallic complex
[Ni(a,a’-methyl,salen)] (Figure 1) was prepared by the addition of
stoichiometric and equimolar amounts of the Schiff base ligand
and nickel acetate (Sigma-Aldrich) in absolute ethanol. The solution
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Figure 1. Molecular structure of the [Ni(a,0’-methyl,salen)] complex.

was kept under reflux for 3 h at 50 °C with constant stirring to yield
a red precipitate. The precipitate was filtered in a Gooch crucible,
washed with absolute ethanol and kept in a desiccator. FTIR (v
cm™') in KBr: 3339, —OH,p; 1612, CG=N; 1505, C=C; 1291, >C-O,;
1023, ring breathing; and 501, Ni—O. UV-vis (nm) in CH;CN: 250
(t—*); 326 (m—1*); 403 (n—x*); and 547 (MLCT).

Electrosynthesis of Poly[Ni(a,a'-Methyl,Salen)]

The electrosynthesis was performed in a conventional electro-
chemical cell with three electrodes including the following: a
saturated calomel electrode (SCE) as the reference electrode, a
platinum wire electrode as the auxiliary electrode and a glassy
carbon electrode (GC) (A=0.071 cm?), which were connected to a
potentiostat/galvanostat p-Autolab type Il (Eco Chimie). The
polymer film was formed by electropolymerization using
1.0 mmolL™" of the [Ni(a,a’-methyl,salen)] complex in acetonitrile
(Sigma Aldrich 99.9%) with tetrabutylammonium perchlorate
(PTBA) (Sigma-Aldrich) electrolyte at a concentration of 0.10 mol L’
while applying a potential range of 0.0 to 1.4 V vs. SCE at
100 mVs ' in a N, atmosphere.

Electrochemical Behavior

The activation of the modified electrode for the electrocatalysis of
ethanol oxidation was performed by cycling the potential in
0.10 molL™" NaOH in a potential range of 0.0 to 0.8V vs. SCE. The
electrocatalytic activity from the ethanol oxidation reaction was
generated by the application of potentials through cyclic voltam-
metry using a potential range of 0.0 to 0.8 V vs. SCE at a scan rate
of 50 mVs™'.
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Electrochemical impedance measurements were performed with
Palsens3 interfaced PSTrace 5.2 software. A sinusoidal voltage
perturbation with an amplitude of 10 mVrms was applied in the
frequency range between 50 kHz and 0.01 Hz with 10 frequency
steps per decade. EIS measurements were performed in 0.5 molL™"
KCl solution before and after activation of the modified electrode
with NaOH. Fitting of the spectra with the equivalent electrical
circuits was performed with EIS Spectrum Analyser 1.0 software.

Rotating disk electrode voltammetry (RDEV) was conducted with a
p-Autolab type Il (Eco Chimie) connected to a microcomputer and
controlled by GPES software. RDE measurements were performed
with a motor speed controller (Autolab RDE, Eco Chimie). The GCE
electrode modified with metallopolymer (diameter 3.0 mm) was
rotated between 500 and 2500 rpm using 0.1 molL™" ethanol in
0.1 molL™" NaOH. For the chronoamperometric analysis, a constant
potential of 0.6 V was applied for 3000 s at the modified electrode
immersed in 0.1 molL™' NaOH solution containing 0.1 molL™"
ethanol.

Morphological Characterization

The surfaces of the metallopolymer-modified electrode were
examined using an EVO 50EP (Carl Zeiss SMT AG, Germany)
scanning electron microscope (SEM). All observations were carried
out with a secondary electron (SE) detector in high-vacuum mode
at an accelerating voltage of 15 kV. Raman spectroscopy measure-
ments were obtained with a Renishaw Raman spectrometer with
laser at an excitation wavelehgth of 663 nm and a diffraction
grating of 1800 lines per millimeter. The exposure time was set at
10 s with three accumulations.

2. Results and Discussion
2.1. Electrochemical Characterization
The electrodeposition of the metallopolymer film on conductor

substrate is illustrated in Scheme 1. Typically, the anodic
oxidation of metal-salen complexes on the electrode generate
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Scheme 1. Polymer organization of the metallopolymer on the conductor substrate. Monomer = [Ni(a,a’-methyl,salen)] complex; Counter ion = perchlorate

anion.
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electron-deficient metal centers, and the electropolymerization
process occurs by interactions of the electron-rich 7t system of
the adjacent complex with electron-deficient cation-radicals
functioning as bridges between the molecules.”2#%

Figure 2 shows that successive scans produce an increase in
both the anodic and cathodic peak currents. The positive
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Figure 2. Cyclic voltammograms for the electropolymerization of the
[Ni(o,,a’-methyl,salen)] complex (1.0 mmolL™") on the glassy carbon elec-
trode in acetonitrile containing 0.10 molL™" tetrabutylammonium
perchlorate at a scan rate 100 mVs™'.

potential limit of + 1.0 V vs. SCE is required for the formation of
cation radicals, which initiate the polymerization process.”?
With the increase in scan number, the redox system becomes
more evident, indicating continuous electrodeposition of the
film onto the surface of the GC electrode. This fact suggests
that the process approaches reversibility, which can also be
deduced by the minimal shift of the peak potentials. The
potential region between +0.75 to +0.85V is related to the
redox activity of Ni(Il)/Ni(lll) of the generated metallopolymer.
The formation mechanism of the polymeric film on the
conductor surface can be ascribed to the interaction between
d-orbitals of the metal centers with m-orbitals of aromatic rings
of adjacent monomers, which enables easier electronic commu-
nication between the nickel centers in the conjugated back-
bone. The polymer organization is pre-established by insertion
of the counter-ion from the supporting electrolyte as charge
balance into the positively charged structures that form the
metallopolymer columns. The coverage of the metallopolymer
on the GC was confirmed by the linear dependence of the
anodic and cathodic peak currents with the potential scan rates
(10 to 200 mVs™'). This shows that the redox processes are
controlled by an adsorption mechanism on the conductor
surface and considered to be a Nernstian reaction. The
concentration of the electroactive species of metallopolymer
(0.130 umolcm™) on the electrode surface was calculated from
the linear slope of the plot of peak current as a function of the
scanning rate. Under the electropolymerization conditions
described above and assuming that the molar volume is equal
to 267.6 (+7.0) cm®*mol ™" (predicted data was generated using
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the ACD/Labs Percepta Platform), the film thickness of the
resulting membrane was approximately 0.348 um.

It is necessary to emphasize that previous to the electro-
catalysis measurements, the metallopolymer film needed to be
submitted to voltammetry cycling in sodium hydroxide me-
dium. Initially, the metallopolymer-modified electrode was
submitted to 50 cycles of potential scanning between 0.0 V and
4 0.8 V vs. SCE (see Figure 3A).
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Figure 3. A) Cyclic voltammograms for activation of the poly[Ni(a,a’-methyl,
salen)] in 0.10 molL~' NaOH alkaline medium applying 50 potential cycles at
a scan rate of 50 mVs™'. B) Magnification of the cyclic voltammograms.

The successive scans show several significant redox features
apart from the oxygen evolution reaction (initially +0.6 V vs.
SCE) in alkaline electrolyte. The voltammograms illustrate a
continuous increase of the peak current intensities (Ni"" redox
process in the polymer structure), indicating a progressive
activation of the metallopolymer in alkaline medium. The
electrochemical processes related to the modified electrode
were stabilized after fifty potential cycles. The cathodic and
anodic peak potentials shifted to more negative/positive
potentials, respectively, with an increase in the number of scans
(Figure 3B). This is an indication of an increase in the electrical
resistance of the polymer film. The resistivity changes and
interface properties of the electrode surface were studied by
electrochemical impedance spectroscopy.
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Figure 4 shows the results of electrochemical impedance
spectroscopy of the metallopolymer-modified electrode before
and after treatment with NaOH. The impedance spectra were
obtained at +0.45V vs. SCE in an electrolytic solution of
0.5 molL™" potassium chloride.

The data were analyzed using an equivalent circuit contain-
ing four circuit elements, a solution-phase resistance (Ry), a
constant phase element (CPE;) in parallel with a charge transfer
resistance (R,) and a second CPE, (see Figure 4C). The analyzed
results are given in Table 1.

According to the Nyquist plot, a semicircular area with a R
of approximately 321.6 Qcm? (Figure 4B red square curve) was
obtained for the metallopolymer-modified electrode. After
activation in alkaline medium, the value of R, increased to
676.6 Qcm? (Figure 3B orange circle curve). The semicircle
diameter corresponds to the electron transfer resistance of the
nickel(ll/lll) process in the polymer structure. Therefore, the
increase in electron transfer resistance was due to the insertion
of the hydroxide anions on the positively charged structures

(A)
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between metallopolymer columns during successive anodic
scans. This behavior collaborates the formation of a stacked
structure of nickel-oxo-nickel bridges"” interconnecting the
metallopolymer columns. The CPE, element corresponds to a
Warburg element, which is responsible for the diffusional
control of the system at low frequency (<1 Hz). According to
Bisquert," the origin of the CPE, may be related to structural
disorder effects, which yield distributions of microscopic
hopping rates for ion diffusion.

The apparent electron transfer rate (k) for the nickel redox
reaction in the metallopolymer was determined using Equa-
tion (1):"

o
" 2R.CPE, M

kET

The kg values obtained were 1.00s™' and 0.42s™' at the
metallopolymer-modified electrode before and after the poten-
tial cycling in NaOH, respectively. The trend in the electron
transport kinetics seen in the redox process is to decrease in

(B)

Figure 4. A) Complex plane impedance spectra recorded at the metallopolymer-modified electrode in 0.5 molL™" KCl at +0.45 V vs. SCE. B) Magpnification of
the high frequency part of the impedance spectra. Red square curve () =before treatment with NaOH; Orange circle curve (o) = after treatment with NaOH.
The dotted lines show fitting to the electrical equivalent circuits in (C). Impedance spectra were recorded from 50 kHz to 0.01 Hz frequencies per decade with

a sinusoidal amplitude of 10 mV.

Table 1. Fitted parameters of the electrochemical impedance spectra of the metallopolymer-modified electrode before and after potential cycling in NaOH.

Ro CPE, a R CPE, a
[Qcm?] [WFs*'em™] [Qcm?] [mFs“'ecm™]

before 4.16+£0.13 1704+6.8 0.82 321.6£19.3 1.56£0.08 0.45

after 3.95+0.12 211.3+7.2 0.87 676.6 +40.6 1.76 £0.06 0.50

ChemElectroChem 2018, 5,3557-3565 www.chemelectrochem.org

3560

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEM


http://orcid.org/0000-0001-9355-2143

\\,* ChemPubSoc
S Europe

sodium hydroxide solution. However, the electrocatalysis of
alcohols is ideal in alkaline medium.

The morphology of the surface was analyzed by scanning
electron microscopy to verify molecular structural change
during the activation of the modified electrode. Figures 5A and
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Figure 5. Scanning electron microscopy of the metallopolymer before (A)
and after (B) the treatment with NaOH. The scale bar is 300 nm.

5B present images of the metallopolymer-modified electrode
before and after treatment with NaOH, respectively.

In both cases, the metallopolymer presents thin random
stacked columns (irregular topography). As shown in the
magnified images, the top end of these columns has a flake-like
lamellar structure signifying that these columns grew along the
axis. The stacked lamellar structures appear to have a nearly
uniform average diameter of 150-450 nm. The presence of
donor-acceptor interactions (metal-w system) stabilizes the
intercalation of the metallo-complex, resulting in the stacking
of molecules on the electrode surface. From these images, it is
clear that the surface of the electrode was coated with
conducting metallopolymers, and there is no morphological
structure change of the electrode surface after treatment with
NaOH. The EDS microanalysis is further performed to inves-
tigate the elementary composition of the electrode surface. The
relative amounts of Ni (3.0%), C (50.4%), O (21.7%) and N
(24.8%) were obtained for electrode before activation in
alkaline medium. After activation, the relative amounts were of
1.8% Ni, 43.6% C, 26.6% O and 28.2% N. The small changes in
C, O and N contents in the electrode after activation reveals
that the chemical composition of the metallopolymer has not
undergone a significant change. There was only a decrease in
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the percentage of nickel after the modified electrode was
activated in alkaline medium.

The metallopolymer-modified electrodes was analyzed by
Raman spectroscopy. Figure 6 presents the Raman spectra

before activation
after activation

Raman intensity

900 1200 1500 1800 2100

360 660
Raman shift (cm™)

Figure 6. Resonance Raman spectra of the metallopolymer (black line)
before and (red line) after the treatment with NaOH. A, =663 nm.

(excitation 633 nm) of the metallopolymer-modified electrode
before and after treatment with NaOH. Analyzing the rotational
and vibrational structures in the spectra, one can observe that
the common bands associated the stretching of C-0,,; C=N
and C=C bonds in the 1600-1300 cm™' region are very little
affected after activation in alkaline medium. Another important
aspect observed in the spectra is the strong of the fluorescence
background after activation in alkaline medium. It is known
that Schiff base complexes are fluorogenic materials and that
fluorescence emission occurs with laser activation due to
resonance between the emission bands of the complex. This
increase fluorescence clearly indicates that the complex layer
absorbed more the light of the excitation laser.

Recently, Kuznetsov and collaborators®® studied electro-
chemical transformation of polymers based on nickel-salen in
alkaline medium and in which they affirm the formation of
nickel hydroxide thin film deposited on the surface electrode.
Synthesis of the metallopolymer was carried out by potentio-
static electropolymerization at constant potential with cut-off
of the charge passed. Comparing with our results, it is possible
to verify morphological differences by characterization images.
Apparently, the molecular structure of the polymer differs from
that obtained by cycling the potential technique.

3.2 Electrocatalytic Alcohol Oxidation

To verify the electrocatalytic activity of the metallopolymer-
modified glassy carbon electrode, the cyclic voltammograms
were obtained in the absence and presence of ethanol in
sodium hydroxide, as shown in Figure 7A. With the addition of
ethanol in solution, the anodic current of the modified
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Figure 7. A) Cyclic voltammetric response obtained for the GC electrode in
0.1 molL™" NaOH solution containing 0.1 molL™" ethanol (black line, curve a);
metallopolymer-modified electrode in 0.1 molL™" NaOH solution (blue dash
dot, curve b); and metallopolymer-modified electrode in 0.1 molL™' NaOH
solution containing 0.1 molL™" ethanol (red line, curve c). Scan

rate=50 mVs™". B) Voltammetric response for the metallopolymer-modified
electrode in 0.1 molL™" NaOH solution containing 0.1 mol L™ (black line);

0.2 molL™" (red dash); 0.3 molL™" (blue dot) and 0.4 molL™" (orange dash
dot) of ethanol. Scan rate=50 mVs™". Insert: anodic current density versus
ethanol concentration.

electrode (see curve c of Figure 7A) increased significantly as
well as exhibited a significant decrease in the overpotential of
the oxidation reaction in comparison to an unmodified GC
electrode (curve a). This behavior clearly indicates that the
presence of the metallopolymer on the electrode surface
significantly enhances the efficiency of the ethanol electro-
oxidation process. The reverse scan peak is associated with the
removal of intermediate species that were not completely
oxidized in the direct scan.

On the basis of the experimental observations, it is likely
that there is the formation of an unusual high-valent nickel(IV)
(next at 0.59V vs. SCE) as a reactive intermediate during the
anodic scan. This can be observed in the voltammogram (curve
c in Figure 7A), where the redox processes Ni(ll)/Ni(lll) (0.31-
0.44V vs. SCE) are kept at the same potential range as the
voltammogram obtained in the absence of alcohol (curve b).
Some authors have also suggested that over-oxidation causes
Ni(IV) to form in alkaline medium.?" Analyzing the Pourbaix
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diagram™ suggests that there should be a Ni(lll)/Ni(IV) reaction
at approximately 200 mV above the Ni(ll)/Ni(lll) reaction at
alkaline pH. Interestingly, the potential difference between the
redox processes observed in the voltammogram (curve c) is
equivalent in the prediction of the diagram. The distinct anodic
peak in sodium hydroxide electrolyte can be treated as the
chemisorption and oxidation kinetics of ethanol. These results
corroborate with the observations of Nam and Cheng,”® who
studied the electrocatalytic property of a Ni (cyclam)-BTC
network in alkaline medium, which was strongly relevant to the
Ni(ll)/Ni(IV) redox reaction activated by the potential dynamic
process.

Furthermore, we investigated the effect of ethanol concen-
tration on the modified electrode response. Figure 6B depicts
linear voltammograms in 0.1 molL™" NaOH solution in the
presence of various concentrations of ethanol (0.1-0.4 molL™).
Expectedly, peak potentials shift to more positive potential and
the anodic current density increases as the ethanol concen-
tration increased. In the insert of Figure 6B, the electrocatalytic
peak currents are linearly dependent on the ethanol concen-
tration. It is concluded that the mechanism of ethanol oxidation
at the surface electrode may be ECE process. The voltammetric
response of the metallopolymer-modified glassy carbon elec-
trode for ethanol can be based on two redox steps in the
electrocatalytic mechanism. The first step involves the electro-
chemical oxidation of nickel(ll) in the polymer structure
producing nickel(lll), followed by the formation of the oxo
bridges between metallopolymer columns. This is followed by
the electron transfer of the ethanol and consequently regener-
ation of the nickel(ll) in the metallopolymer. The second step is
the electro-generation of nickel(IV) with the formation Ni"™=0
and subsequently the electro-oxidation of the intermediate
species on the metallopolymer. Our proposal for the chemical
and electrochemical processes is illustrated in Scheme 2.

Scheme 2. Idealized chemical and electrochemical processes that occur at
the metallopolymer on the electrode.

The influence of the mass-transport on the ethanol electro-
oxidation was investigated by means of rotating disk electrode
(RDE) voltammetry. The RDE voltammograms obtained using
the metallopolymer-modified glassy carbon electrode with
various rotation rates of 500 to 2500 rpm at scan rate of
25mVs™' are shown in Figure 8A. The RDE voltammograms
obtained illustrate the complexity of ethanol electro-oxidation,
with the rate-determining step on the nickel sites of the
metallopolymer. It can be observed that the current density in
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Figure 8. A) RDE responses for the electro-oxidation of 0.1 molL™" ethanol in 0.1 molL™' NaOH on the metallopolymer-modified electrode at 500 to 2500 rpm:
black line =500 rpm; red short dot = 1000 rpm; blue short dash = 1500 rpm; and olive dash dot=2500 rpm. Scan rate =25 mVs~'. B) Magnification of the
RDE responses in the potential range between 0.30-0.56 V. C) Differential curves obtained by RDE data. D) Polarization curves for the electro-oxidation of

0.1 molL™" ethanol in 0.1 molL~' NaOH on the metallopolymer-modified electrode at 500 to 2500 rpm.

the potential range of 0.46 V-0.56 V vs. SCE slightly decreased
(Figure 8B) as a function of the rotation rate. This phenomenon
is indicative that the reaction rate does not depend on the
access to the bulk reactant but instead depends on the
chemisorption rates in the electrocatalytic sites. Presumably,
the electrocatalyst surface sites are blocked by hydroxide anion
adsorbates and ethanol adsorbates during the first step of
nickel(ll) oxidation. According to molecular orbital theory, the
binding energy of an adsorbate onto a metal cation is largely
dependent on the electronic structure of the cation itself.*” Of
particular importance is the presence of an isopotential point at
0.55 V vs. SCE (Figure 8B), i.e., in the potential range where the
oxygen evolution reaction occurs. Indeed, the electrode surface
may be considered to consist of two independent electro-
chemical regions; one corresponding to the ethanol electro-
oxidation by nickel(IV) and the second corresponding to water
oxidation. The two electrochemical processes can be better
observed by the differential of the RDE curves (see Figure 8C).
The differential current at 0.46V vs. SCE (electrochemical

ChemElectroChem 2018, 5,3557-3565 www.chemelectrochem.org

3563

oxidation of Ni") remained quasi-constant independent of the
rotation rate. In the potential range of 0.46 V-0.51V, the
diffusion layer thickness significantly influenced the interaction
of adsorbed species with the electro-generation of Ni"’=0 and
subsequently the electro-oxidation of the intermediate species.
Increasing the electrode reaction rate for the oxygen evolution
reaction was additionally confirmed by the fact that the initial
current shifted to more negative potentials with an increasing
rotation rate. In this context, the isopotential point observed in
Figure 8B is consistent with a change in the surface state during
cycling.

Tafel polarization (applied potential vs. log current density)
curves for the metallopolymer-modified electrode have been
determined for each rotation rate (extracted from Figure 7A)
and are reproduced in Figure 7D. Two linear regions are
observed with average Tafel slope values of 246 (+6) mVdec™'
for low overpotentials (0.35-0.41V) and close to 44 (+
4) mVdec™' for high overpotentials (0.44-0.47 V). The high Tafel
slope at low overpotentials indicates that the rate determining
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step is the electrochemical oxidation of nickel(ll) with the oxo-
bridge formation between metallopolymer columns. Clearly,
the decrease of the Tafel slope at high overpotentials is related
to a surface with high oxo-bridge coverage. Thus, the EC
mechanism is controlled by electron transfer between ethanol
and the surface electrode.”

The rate constant of the electrocatalytic reaction of the
oxidation of ethanol at the surface of the metallopolymer-
modified electrode was evaluated by means of chronoamper-
ometry (Figure 9) according to the method of Galus [Eq. (2)]:*

absence ethanol

120+ o 28
- presence ethanol §
s
3

100 3
) E

g S 24
: 8
80 5

. o 22 -

=
kS

8 20

065 070 075 080 0.85 090 0.95

Square root of time (s*°)

Current (uA)

o 3 6 9 12 15 18 21
Time (s)

Figure 9. Chronoamperometry curve of ethanol oxidation reaction on the
metallopolymer-modified electrode in 0.1 molL~" NaOH solution: (black line)
absence and (red dot) presence of 0.1 molL™" ethanol. Applied poten-

tial =0.59 V vs SCE. Insert: I/l versus square root of time.

II.;X = ‘7-[%(kobscf)t)1/2 (2)
L

where I, and I, (amper) are the catalytic and limited currents in the
presence and absence of ethanol, respectively. k.., (mol™'s™") is the
apparent rate constant of oxidation, C, (molL™") is the concen-
tration of ethanol and t (s) is the elapsed time. For the
chronoamperometric analysis, a constant potential of 0.59 V vs. SCE
was applied for 20s at the modified electrode immersed in
0.1 molL™" ethanol in 0.1 molL™" sodium hydroxide. From the slope
of I,,/l, versus t"? plot (insert in the Figure 9), the rate constant of
the electrocatalytic reaction of ethanol oxidation was estimated to
be approximately 13.61 Lmol™'s™". Due to a difficulty in determin-
ing subproducts and electron transfer number, in the rate of
ethanol oxidation was considered by the kinetics of one-electron
cross-exchange reaction between the Ni(ll)/(lll) sites (rate-determin-
ing step) and the substrate. The TOF value for the steady-state of
catalytic ethanol oxidation® at the metallopolymer-modified
electrode was calculated to be 1.3s™' at an overpotential of
200 mV assuming that the rate determining step is the electro-
chemical oxidation of nickel(ll) and all the sites were involved in
the electrochemical reaction.

3. Conclusions

The glassy carbon electrode (GC) coated with poly[Ni(a,a’-Me,
salen)] exhibited an electrocatalytic property toward the
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ethanol oxidation reaction in NaOH solution. The voltammetric
measurements indicated that the metallopolymer acts as an
efficient material for the electrocatalytic oxidation of ethanol,
where a high-valent nickel(IV) was revealed as the reactive
intermediate during the anodic scan. Through the polarization
curve, the Tafel slopes were found to be 246 mVdec™' at low
overpotentials and 44 mVdec™' at high overpotentials, which
suggests that the first electron transfer step is the rate
controlling step. An isopotential point was observed in the RDE
measurements, revealing that the electrode surface may be
considered to consist of two independent electrochemical
regions: one corresponding to the ethanol electro-oxidation by
nickel(lV) and the second corresponding to the electrocatalytic
property for the oxygen evolution reaction. The results are
different from the articles with studies of nickel Schiff base

complexes,"”?*® where nickel(IV) generation was not observed
or identified.
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