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Abstract A study regarding the electrodeposition of nickel
oxide particles on the activated multi-walled carbon nano-
tubes from 2 M NaOH solution containing Ni(NO;), and
EDTA was carried out. The electrodeposition process was
carried out using an optimized double-pulse sequence of po-
tentials: £y =—0.2 Vvs. SCE (t; =0.3 s) and £, = 0.7 V vs.
SCE (t, = 0.03 s). Spectroscopic XPS investigations and SEM
analysis were used in order to characterize the surface and
morphology of the studied modified electrode. Cyclic volt-
ammetry and chronoamperometry were used in order to eval-
uate the electrochemical/amperometric performance of the
GC/MWCNT-NiI electrode toward the oxidation of some ali-
phatic alcohols in strong alkaline medium.

Keywords MWCNTs - Nickel - Pulsed deposition - SEM -
XPS - Alkaline - Alcohols - Oxidation

Introduction

The deposition processes of single or mixing metals are of
great interest and importance in the various fields of the ma-
terial sciences such as electronics industries, corrosion protec-
tive coatings, energy storage and conversion devices, magnet-
ic recording supports, water electrolysis, electrocatalytic
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systems, etc. [1, 2]. In particular, nanoparticles of materials
based on metal species, having a high surface area, exhibit
unique features such as improved magnetic and electric prop-
erties, high reactivity and enhanced catalytic activities. As a
consequence, these materials have been extensively studied
and proposed in various technological applications [3, 4].
These materials are expected to show advantages for use as
electrode materials, in order to prevent aggregation between
surface particles. Thus, among the nanoparticle species,
metals or their oxides are objects of great interest in modern
electrochemistry. In this respect, of all the transition metals,
nickel and its oxides can be considered versatile and active
electrode materials for electrochemical capacitors [5, 6], alka-
line rechargeable batteries [7-11], fuel cell devices [12—15],
electrochemical sensors for analytical applications [16-20],
etc. In particular, in our previous investigations [21-24], we
have studied chemically modified electrodes (CMEs) based
on the nickel nanoparticles and successfully proposed them
as sensing probes in liquid chromatography and flow injection
analysis (FIA) for the detection of alcohols, amines, carbohy-
drates, amino acids, etc.

Generally, metal oxide coatings are electrodeposited from
cyanide alkaline baths, which produce high-quality deposits
with improved mechanical, electrical, and electrochemical
properties [ 1, 2]. However, these electroplating solutions caus-
ing environmental damages require delicate manipulation in
the use and disposal of cyanides. Thus, the development of
electrodeposition procedures of metal oxide coatings from
cyanide-free alkaline baths is of important environmental,
technological, and economical interest.

Hybrid materials based on transition metals or semiconduc-
tor nanoparticles dispersed on surface-functionalized carbon
nanotubes (CNTs) are one of the most actively pursued re-
search areas. CNTs as a new allotropic form of carbon, with
hexagonal honeycomb lattices, show special electronic and
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mechanical properties. These materials have closed topology
and tubular structure, with several nanometers in diameter and
many microns in length. Depending on their atomic structure,
CNTs behave electrically as conducting metals or as semicon-
ductor materials. It is expected that composite electrodes made
of CNTs and metal oxide nanoparticles may have improved
electrode activity compared with their individual counterparts
[25, 26]. Thus, highly electroactive CMEs based on CNT-Ni
were recently proposed as sensing probes in several electro-
analytical applications [27-29]. On the other hand, multi-
walled carbon nanotubes (MWCNTSs) consisting of multiple
rolled layers of graphene exhibit some advantages over single-
walled CNTs, such as ease of mass production, low product
cost per unit, and enhanced thermal and chemical stability.

In continuation of our previous investigations in the field of
surface modification of traditional electrode substrates with
metal species, through the use of electrodeposition techniques,
we consider in this study the preparation and characterization
of a CME containing activated MWCNTs and nickel oxide
species (GC/MWCNT-Ni). In particular, a pulsed electro-
chemical procedure of the nickel oxide deposition from alka-
line solutions using a stable and nontoxic complexing ligand
such as ethylene-diaminetetraacetate disodium salt (EDTA)
was defined and optimized. The advantage of using EDTA
as a complexing agent in electrodeposition baths for produc-
tion, for example, of metallic alloys or oxide coatings is that
this compound acts as a strong complexing agent in alkaline
media. The prepared GC/MWCNT-Ni electrode was charac-
terized by electrochemical, X-ray photoelectron spectroscopy
(XPS) and surface electron microscopy (SEM) before and
after electrochemical treatment in alkaline medium. The elec-
trocatalytic properties of the MWCNT-Ni electrodes were test-
ed toward the electrooxidation of some aliphatic alcohols.

Experimental
Reagents

The stock solutions were prepared by using ultrapure water
supplied by a Millipore Direct-Q UV unit (Bedford, MA,
USA). The used chemicals K,SO,, methanol, ethanol,
propanol, butanol, NaOH pellets (>98 %), and MWCNTs
(>99 %) were purchased from Aldrich Chemie. All chemicals
employed were of ACS grade and were used without further
purification. Stock solutions of alcohols were prepared weekly
in ultrapure water and stored at ambient temperature.

Apparatus
The voltammetric experiments were performed with an

Autolab PGSTAT 30 Potentiostat/Galvanostat (Eco Chemie,
Utrecht, The Netherlands), and the data were acquired using
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an Autolab GPES software package version 4.9. A SCE ref-
erence electrode and a platinum foil counter electrode used in
electrochemical measurements were purchased from Amel
(Milan, Italy). The glassy carbon (GC) electrodes (3-mm
diameter) used as substrate electrode material were also pur-
chased from Amel. All current densities in this paper were
quoted in terms of mA cm > of apparent geometric area of
substrate electrode. The experiments were carried out at am-
bient temperature (generally comprised between 20 and
22 °C). When necessary, the solutions were deaerated by bub-
bling with nitrogen prior to the electrochemical experiments.

X-ray photoelectron spectra were collected using a
Leybold LH X1 spectrometer using unmonochromatized Al
Ko« radiation (1486.6 eV). The source was set at 15 kV and
20 mA. The binding energy (BE) scale was calibrated with
respect to the Cu 2p3, (932.7 eV, with a full width at half
maximum (FWHM) of 1.75 e¢V) and Au 4f;,, (84.0 eV with
a FWHM of 1.20 eV) signals. Spectra were recorded only
after the wide scan showed that no features arose from the
sample rod. Wide and detailed spectra were collected in fixed
analyzer transmission (FAT) mode, using a pass energy of
50 eV and a channel width of 1.0 and 0.1 eV, respectively.
BE values in all the figures were not corrected for surface
charging, but peak positions reported in the text were ade-
quately corrected by referring to the graphitic Cls peak after
setting its BE to 284.6 eV. The vacuum in the analysis cham-
ber was always better than 5 x 10”° mbar. All samples before
XPS analysis were washed thoroughly with ultrapure water
and dried in oven.

SEM micrographs were obtained from an environmental
scanning electron microscope Philips ESEM XL 30. All sam-
ples after the preparation or the electrochemical treatment
were washed thoroughly with ultrapure water and dried before
executing the morphological analysis.

Electrode preparation

The MWCNTs used in this study were synthesized by an
electrical arc discharge method, having approximately 5-20
graphitic layers with an outer diameter of 7-15 nm and a
length comprised between 0.5 and 10 pm. MWCNTs
(10 mg) were dispersed in 5 mL of ultrapure water and soni-
cated for 60 min at room temperature. Before modification,
the GC electrodes were polished with 0.05 um o-alumina
suspension on a micro-cloth polishing pad, washed with
HCI1 (15 %), and finally treated with ultrapure water to remove
traces of surface impurities. Immediately afterwards, 15 puL of
MWCNT (2 mg mL™") dispersion in water was placed directly
onto the GC surface (3-mm diameter). The relevant electrode
containing the emulsion was allowed to dry in an oven at
about 70 °C for 15 min and then rinsed with ultrapure water
in order to form the GC/MWCNT substrate. The resulting
electrode was cycled between —0.4 and 1.8 V vs. SCE
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(40 cycles) in 0.5 M K,SO, solution in order to produce sur-
face oxide functional groups such as carbonyl, hydroxyl, and
carboxyl [30, 31]. The oxygen-containing surface groups on
the MWCNTs can be useful for further surface modification
processes regarding the metal oxide deposition [32]. The nick-
el electrodeposition on the activated GC/MWCNT electrode
was performed using an optimized double-pulse sequence of
potentials based on the following waveform: £, = —0.2 V vs.
SCE (t; =0.3s)and £, =0.7 V vs. SCE (¢, = 0.03 s). The total
time of the nickel electrodeposition process was set at 100 s.
The nickel deposition was carried out by using 2 M NaOH
solution after addition of 5.0 mM EDTA and 5.0 mM
Ni(NO3),.

The apparent active surface concentration of electrodepos-
ited nickel species (I;) was evaluated by electrochemical
analysis. Assuming that all nickel surface particles are
electroactive on the voltammetric time scale, the I; was de-
termined by evaluating the charge (Q) under the anodic wave
I, (corresponding to the Ni(I[)/Ni(Ill) transition), when the
GC/MWCNT-NI electrode was cycled (50 mV s ') in 1 M
NaOH. The I; was calculated using the Faraday equation:
I\i = O/(nFA), where n is assumed to be equal to 1 and A
represents the geometric area of the electrode (0.07 cm?). A
nominal surface concentration of Ni species on the GC/
MWCNT-Ni electrode, comprised between 16 and
20 nmol cm 2, was evaluated. The deposition efficiency or
the rate of nickel oxide/hydroxide electrodeposition was
expressed as a function of the amount of the nominal surface
concentration of Ni oxide species (I;) on the electrode
substrate.

Results and discussion

Electrodeposition of nickel oxides on the activated
GC/MWCNT electrode

Figure 1 compares the voltammetric profiles of the nickel
species deposited on the activated GC and activated GC/
MWCNT electrode substrate. The surface modification of
electrode substrates with nickel species was performed by
pulsed electrodeposition technique using the optimized proce-
dure as described in the “Experimental” section. As can be
seen, the modified electrodes show the typical voltammogram
profiles of surfaces containing Ni(ILIII) species. On the con-
trary, no appreciable nickel film formation was observed on
the non-activated GC/MWCNT substrate (not shown here)
even after significant prolonged electrodeposition times (i.e.,
300 s). The nickel oxide particles deposited on the activated
GC/MWCNT substrate produce stable voltammetric profiles
by cycling the potentials in 1 M NaOH solution. Repetitive
cyclic voltammograms were done to determine the electro-
chemical stability of the electrode; after the first 200 cycles,
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Fig. 1 Voltammograms (fifth cycle) of the nickel species deposited on
the activated GC/MWCNT electrode substrate (solid curve) and on the

activated GC electrode (dotted curve) in 1 M NaOH not deaerated

solution at 50 mV s '. The electrochemical activation of the electrode

substrate and the nickel deposition were carried out as reported in the
“Electrode preparation” section

a maximum 10 % decrease of the redox peaks was generally
observed. We speculated that the electrochemical activation
process of the GC/MWCNT substrate in 0.5 M K,SO, solu-
tion can induce a physical stabilization of nickel particles and
MWCNT structures on the GC surface, due to polar interac-
tions between the oxidized functional groups formed on the
nanotubes and GC surfaces (vide infra).

The main electrochemical characteristics of the modified
electrodes containing nickel oxides include a well-defined ir-
reversible cathanodic wave, indicated as 7,/I. and centered
between 0.3 and 0.5 V vs. SCE, which is attributed to the
Ni(II)-Ni(IIT) redox transition [5, 16, 17,20-29]. The complex
redox processes involving anhydrous (3-Ni(OH),, hydrated «-
Ni(OH),, and oxidized phases 3-NiOOH and/or y-NiOOH
can coexist during continuous cycling polarization in alkaline
medium [33-35]. On the basis of these experiments, it is clear
that the electrochemical activation procedure of the MWCNTs
plays an essential role on the overall nickel electrodeposition
process (vide infra). Moreover, it is interesting to observe that
the I'; is significantly affected by the presence of the nano-
tubes on the GC electrode surfaces. In fact, the I'\; changes
from 4.5 nmol ¢cm 2 (i.e., 30 nC) to 16.5 nmol cm 2 (i.e.,
112 uC), when GC/MWCNTs are used as electrode substrate
instead of GC. Thus, the presence of the nanotube on the
electrode surface produces an approximately 260 % increase
in the nickel redox signals. In our opinion, this result can also
be attributed to the high dispersion of the Ni species within the
MWCNT structure. In this scenario, a favorable three-
dimensional (3D) distribution of the catalyst particles may
occur, leading to a subsequent increase of the surface
roughness.
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In order to define the optimal experimental conditions of
the nickel electrodeposition on the activated GC/MWCNTs,
the effects of the hydroxide concentration [OH ], ligand con-
centration [EDTA], and pulsed waveform (i.e., applied poten-
tials and pulse duration) were evaluated. The effects of [OH ]
and [EDTAJ/[Ni(II)] concentration ratio on the efficiency of
the nickel electrodeposition process are given in Table 1. In
the first instance, the [OH ] has a significant influence on the
rate of nickel oxide deposition; using a solution with a con-
stant [EDTA]/[Ni(I)] ratio equal to 1, while increasing the
[OH ] from 0.5 to 2.0 M, the nickel surface concentration
increased from 0.07 to 17.8 nmol cm 2, exhibiting an increase
of approximately 250 times. For solutions containing [OH ]
equal to 0.2 M and [EDTAJ/[Ni(I)] ratio equal to 1, no appre-
ciable deposition of nickel film was observed. This behavior
suggests an involvement of OH ions in the nickel deposition.
In addition (see Table 1), the kinetics of the nickel deposition
decreases markedly with increasing the [EDTA]/[Ni(I)] con-
centration ratio; in fact, no appreciable film formation was
observed even after prolonged electrodeposition (i.e., 300 s)
for [EDTA]/[Ni(II)] concentration ratio equal to 1.4 (i.e.,
[EDTAJ/[Ni(II)] = 7/5). On the other hand, alkaline bath so-
lutions with [EDTA]/[Ni(II)] ratio <1 are unstable, and conse-
quently, a precipitation phenomenon of nickel hydroxide was
observed. Similar effects of the [OH ] and [EDTAJ/[Ni(II)]
concentration ratio on the kinetics of the nickel electrodeposi-
tion from alkaline solutions were already observed and criti-
cally discussed [36].

Table 2 summarizes the effects of the applied potential
limits on the electrodeposition efficiency of the nickel on the
activated MWCNTSs. As can be seen from Table 2, the rate of
nickel deposition decreases markedly by reducing the poten-
tial values of the anodic pulses (i.e., E;), while the potentials
of the cathodic pulse (i.e., £;) show a maximum efficiency of
nickel deposition for £, =—0.2 V vs. SCE. For applied pulses
higher or lower than —0.2 V, the kinetics of the nickel

Table1 Effect of the composition of the depositing solution on the rate
of the nickel electrodeposition

[OH ] (M) [EDTAJ[Ni(I)] Charge of peak Z, (C) (I}, nmol cm 2)

1.0 6/5 6.5%107° 0.96
0.5 5/5 47 %1077 0.07
0.2 5/5 No dep. -
1.0 7/5 No dep. -
2.0 5/5 12x10* 17.8
1.0 5/5 82x107° 12.1

The nickel was deposited on the activated GC/MWCNT electrode using
the following double-pulse sequence of potentials: £ = —0.2 V vs. SCE
(0.3 s) and £, =0.7 V vs. SCE (0.03 s) for the total electrodeposition time
of 100 s. The apparent active surface loading of the electrodeposited
nickel (I'y;, nmol cm 2) was evaluated under cyclic voltammetry in
1.0 M NaOH solution at 50 mV s ' by integrating the anodic wave 1,
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Table 2  Effect of the pulse potentials on the rate of the nickel
deposition

Potentials Charge of peak 7, (C) (I'n;, nmol cmﬁz)
(E\/E», V vs. SCE)

-0.2/0.9 1.8x107* 26.6

—-0.2/0.7 126 x 1074 17.8

-0.2/0.5 98x107° 145

-0.2/0.3 58x107° 8.6

—0.4/0.7 1.1x10* 16.3

—0.6/0.7 26%107° 3.8

0.1/0.7 20%107° 29

The nickel was deposited on the activated GC/MWCNT electrode using a
depositing solution containing 2.0 M NaOH plus 5 mM Ni(NO3), and
5.0 mM EDTA. The relevant times of the applied potentials were 0.3 and
0.03 s for £ and E,, respectively. The apparent active surface loading of
the electrodeposited nickel (/7;, nmol cm 2 ) was evaluated under cyclic
voltammetry in 1.0 M NaOH solution at 50 mV s~' by integrating the
anodic wave [,

electrodeposition process exhibits a decrease. Thus, a se-
quence of potential pulses of £y = —0.2 and £, = 0.7 V vs.
SCE triggers the favorable electrodeposition of nickel from
alkaline solutions containing Ni-EDTA complexes. The anod-
ic potential (£;) <0.7 V greatly minimizes the oxygen evolu-
tion process from the electrode avoiding the formation of films
with cavities and pores randomly distributed on the electrode
surface [5, 21, 36, 37].

On the basis of our experimental data, a complex multistep
mechanism involving a preliminary adsorption step of the (Ni-
EDTA),4s complex on the activated MWCNT structures may
be invoked. The application of anodic pulse potentials (£,)
positively affects the oxidation of the EDTA ligand with sub-
sequent destruction of the adsorbed (Ni-EDTA),qs complex
and precipitation of insoluble nickel oxide on the electrode
surface. As a consequence, the rate of nickel deposition de-
creases sensibly by reducing the anodic excursions of the
pulse potentials (£5). Although the pulse potential £ plays
an important role on the overall deposition process of nickel
species, its interpretation appears very complex and at this
time, it is not easy to explain. These experimental results sug-
gest that in the £ region of potentials, various simultaneous
reactions may take place on the electrode such as (i) formation
of the MWCNT(Ni-EDTA),q4s species and (ii) formation of
reduced nickel metal (Ni°), NiOH, and/or NiH species [38].
At this time, we are not able to distinguish the real contribu-
tion of each of the previous hypothesized contributions on the
growth of the nickel deposit and further studies are necessary
in order to rationalize the electrodeposition mechanism of
nickel species on the activated MWCNTs. Nevertheless, it is
clear that a continuous sequence of anodic/cathodic (E/E»)
pulse potentials fixed at —0.2 and at 0.7 V triggers the
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favorable kinetics of the nickel electrodeposition on the acti-
vated MWCNTs.

SEM investigation of the electrodeposited nickel oxides
on the activated GC/MWCNT

A morphological investigation of the GC/MWCNT-Ni-modi-
fied electrode was carried out by SEM. Figure 2a shows the
surface morphology of the GC/MWCNT-Ni. The electrode
shows a distribution of the material in cluster structures, due
to poor dispersion capacity of the MWCNTs onto the GC.
Nevertheless, the fiber-like 3D surface distribution of the
MWCNTs onto the GC substrate appears prominently.
Figure 2b shows a detailed picture (x9000) of the GC/
MWCNT-Ni electrode surface. As can be seen from Fig. 2b,
the MWCNTs appear generally as bundles with diameters
ranging between 200 and 300 nm, while some agglomerates
with size up to about 1 um can clearly be seen, and their
defined structures became indiscernible under SEM analysis.
The length of the dispersed MWCNTs could not be measured

Det WD 1 10pm
SE 7.1 4 GC MW CNT-Ni

AccV Spot Magn
30.0kV 3.0 38778x

&
AccY  Spot Magn' Det WD /1
300KV 30 8718x SE 71

[4 pym
4 GC MW CHT-Ni

Fig. 2 a Low magnification picture and b detailed scanning electron
micrograph of an activated GC/MWCNT-Ni surface electrode.
Electrodeposition conditions of nickel species were performed as reported
in the “Electrode preparation™ section

since their ends were not both visible simultaneously. SEM
images of MWCNT structures before and after pulsed electro-
chemical deposition of nickel particles show no appreciable
morphological differences. The detailed SEM picture con-
firms the practical absence of agglomerate structures of nickel
deposit on the outer surface of the MWCNT bundles. This
result suggests that nickel oxides can be preferentially depos-
ited inside multi-walled carbon nanotubes. Nevertheless, fur-
ther investigations are necessary in order to define the mor-
phological dispersion of the nickel particles onto the GC/
MWCNT surface. On the other hand, similar results have also
been observed for the modified electrodes based on Ni and Pd
particles which seem introduced inside the MWCNT cavities
[39, 40].

XPS characterization of the activated GC/MWCNTs
and GC/MWCNT-Ni

XPS was used to define the surface chemical composition of
the GC/MWCNT-Ni electrode prepared by the pulsed electro-
deposition procedure. Throughout this study, the Cls, Ols,
and Ni 2p core level spectra were collected and analyzed.
Typical XP spectra of the Cls region of an activated and
non-activated GC/MWCNT electrode are shown in Fig. 3a,
b, respectively. The Cls peak exhibits a pronounced asymmet-
ric tailing toward higher binding energy (BE) values. The tail
arises partly from the intrinsic asymmetry of the Cls signal
[41] and partially from contributes arising from oxygen-
containing functional groups such as alcohol (C-OH), ketone
(C=0), and carboxylic species (COOH) and additional peaks
derived from plasmon satellite and carbonate species [41, 42].
In good agreement with the literature, the peaks at 286.0 0.2,
287.4+0.2,289.0 £ 0.2, and 290.3 £ 0.2 eV can be assigned
to C-OH, C=0, COOH, and CO3" species, respectively. It is
interesting to underline that the Cl1s signal from the activated
GC/MWCNT substrate shows an intense contribute at about
289.0 £ 0.2 eV, ascribed to carboxyl species. This last signal,
ascribed to the carboxyl group, represents the main product of
the electrochemical activation of the multi-walled nanotubes.
Figure 4 shows the XP spectra of the Ni 2p detailed region.
Although the electrochemical redox transition of the Ni(Il)/
Ni(IIT) (see Fig. 1) is characterized by high intensities of the
peak currents, the Ni 2p spectral region shows always very
low intensity of the photoelectron signals. This behavior
seems to further support the hypothesis that a significant
amount of nickel species can be deposited inside multi-
walled nanotubes rather than the outer surface of the carbon
bundles (see Fig. 2). In this study, the main signal of the Ni
2ps,» could be deconvoluted into two components at about
856.2 = 0.2 and 858.0 + 0.2 eV, assigned to Ni(OH), and
NiOOH species, respectively [36, 41-43]. The curve fitting
of the Ols signal (not shown) indicates that there are usually
up to three component peaks with BE comprised between 529
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Fig. 3 The XPS-detailed Cls region of the activated GC/MWCNT
electrode (a) and not activated GC/MWCNT substrate electrode (b).
The electrochemical activation of the electrode substrate was carried out
as reported in the “Electrode preparation” section

and 534 eV, tentatively assigned to hydroxide species, C=0,
COOH, adsorbed oxygen and/or water, etc. [36, 41-43]. The
exact assignment of the Ols contributes is complex and am-
biguous owing to uncertainty in the BE values of the various
oxygen species. However, in this study, we consider, in view
of the comparison between the different electrode surfaces,
only the total area of the Ols signal. Consequently, the exact
assignment of the specific peaks under the Ols signal is not
essential. The substantial absence of the N1s photoelectron
signal on the electrode surface suggests that the EDTA ligand
was not incorporated into the nickel oxide lattice of the GC/
MWCNT-Ni electrode.
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The atomic ratio C1scoomyClStotal reaches the maxi-
mum value of 0.1 only after electrochemical activation
of the MWCNTs.

These XPS results obtained here, although not con-
clusive, show that the electrochemical activation of the
MWCNTs induces the effective formation of oxygen-
containing functional groups. Thus, it can be hypothe-
sized that the surface interaction between oxidized func-
tional groups and adsorbed complexes species of EDTA-
Ni plays an important role on the overall electrodeposi-
tion process of nickel oxide on the activated GC/
MWCNTs. In support of this assumption, the formation
of some carbonyl-metal bridges was invoked during
some electrodeposition processes of cobalt and platinum
species from alkaline and acid medium, respectively
[31, 44].
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Table 3 XPS results relevant to
the nickel pulsed Sample Ni(II)/Ni(III) Ols/Cls C180x/ClStotal Clscoon/Clstotal
electrodeposition on the GC/ ]
MWCNT substrate from alkaline GC/MWCNT-Ni 33 0.54 0.5 0.1
solutions containing Ni(II) and GC/MWCNT - 0.4 0.4 0.1
EDTA complex species GC/MWCNT* - 0.17 0.3 >0.04
GC - 0.35 0.4 0.1
GC-Ni 3.0 0.48 0.4 0.1

The nickel was deposited on the electrochemically activated GC/MWCNT electrode using a depositing solution
containing 2.0 M NaOH plus 5 mM Ni(NOs), and 5.0 mM EDTA. The pulsed conditions were £; = —0.2 V vs.
SCE (0.3 s) and £, =0.7 V vs. SCE (0.03 s) for the electrodeposition time of 100 s. The C18,,/C1 sy represents
the atomic ratios between the oxidized contribution under the C1s and the total C1s XP signals. The Clscoomy
Clsoal represents the atomic ratios between the contribution at 289.0 = 0.2 eV and the total Cls photoelectron

signal

#The electrode substrate not electrochemically activated. The electrochemical activation procedure of the GC or
GC/MWCNTs was reported in the “Electrode preparation” section

Amperometric characterization of the GC/MWCNT-Ni
electrode toward the electrooxidation of aliphatic alcohols

Representative cyclic voltammograms obtained at the
GC/MWCNT-Ni-modified electrode in 1.0 M NaOH so-
lution and containing increasing concentrations of etha-
nol are reported in Fig. 5. It can be readily seen that the
modified electrode shows excellent electrocatalytic ac-
tivity toward alcohol oxidation at potentials higher than
0.45 V vs. SCE. The currents increased linearly with
analyte concentration until 4045 mM with correlation
coefficients greater than 0.99. It has been widely accept-
ed that NiOOH species acts as powerful active
electrocatalyst for the oxidation of several organic com-
pounds [21, 45]. However, the electrooxidation of the
alcohol reduces the surface amount of NiOOH species,

7'0 T T 1 1

g
o
1

J/mA em™2
>

0 0.2 0.4 0.6
EIV
Fig. 5 Voltammograms (fifth cycle) obtained on the activated GC/
MWCNT-Ni-modified electrode in 1.0 M NaOH solution (dashed
curve), plus 16 mM ethanol (dotted curve), and 32 mM ethanol (solid
curve). The GC/MWCNT-Ni-modified electrode was prepared as in
Fig. 2; scan rate, 50 mV s

and this explains the significant decrease in the magni-
tude of the cathodic peak /. after analyte addition. A
similar voltammetric profile was observed for other test-
ed aliphatic alcohols; however, the intensities of the
oxidation currents decrease in the following order:
methanol > ethanol > propanol = butanol, suggesting
the onset of some steric hindrance on the overall reac-
tion mechanism of the alcohol oxidation process.

In order to evaluate the electrocatalytic performance of the
studied GC/MWCNT-Ni-modified electrode, we have com-
pared its electrochemical behavior to pure nickel electrode
(nickel bare electrode) for the electrooxidation of 20 mM eth-
anol under chronoamperometric measurements. The opti-
mized chronoamperometry used here employs a continuous
repetition of two potentials, fixed at 0.3 and 0.5 V vs. SCE,
each for 10 s. The relevant performance of the GC/MWCNT-
Ni and nickel bare electrode is shown in Fig. 6a, b, respective-
ly. As can be seen, by comparing Fig. 6a and Fig. 6b, some
important considerations can be made:

1) In the presence of 20 mM ethanol, the GC/MWCNT-
Ni-modified electrode shows a charge associated to the
electrooxidation process that is significantly greater
than that observed on the nickel bare electrode. The
charge related to the oxidation process on the GC/
MWCNT-NI represents about 150 % of the relevant
background charge measured in the absence of ethanol,
while on the nickel bare electrode, the corresponding
charge represents only 40 %.

il)  After repetitive pulses of potentials between 0.3 and
0.5 V vs. SCE, the catalytic efficiency of the GC/
MWCNT-Ni electrode toward ethanol electrooxidation
remains practically unchanged indicating a good elec-
trochemical and mechanical stability of the catalyst.

iii)  In the presence of ethanol, the oxidation currents ob-
served during the application of each pulse potential
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Fig. 6 Chronoamperometric measurements obtained using a continuous
repetition of two applied potentials, fixed at 0.3 and 0.5 V (vs. SCE), each
for 10 s, and alkaline stirred solutions (magnetic bar at about 200 rpm). a
The GC/MWCNT-Ni-modified electrode in 1.0 M NaOH solution
(dashed curve), plus 20 mM ethanol (solid curve). b The nickel bare
electrode in 1.0 M NaOH solution (dashed curve), plus 20 mM ethanol
(solid curve). The GC/MWCNT-Ni-modified electrode was prepared as
in Fig. 2

decreases slightly when the GC/MWCNT-Ni electrode
was used. During 10 s of pulse duration, a decrease of
oxidation current of about 4 % on the GC/MWCNT-Ni
was observed, while on the corresponding nickel bare

electrode, the oxidation currents decrease by about
46 %.

Thus, the proposed GC/MWCNT-Ni-modified electrode
shows very interesting catalytic activity with excellent tempo-
ral stability toward electrooxidation of some aliphatic alcohols
in alkaline medium, confirming its potential performance in
electroanalytical applications.

@ Springer

Conclusions

We have prepared, through pulsed electrodeposition proce-
dure, a modified GC electrode based on Ni oxyhydroxide
particles dispersed within multi-walled carbon nanotubes
from alkaline solutions containing Ni-EDTA complex species.
The influence of pulse amplitude, [EDTA]/[Ni(I)] concentra-
tion ratio, and [OH ] on the rate of the nickel deposition pro-
cess was evaluated. In particular, the effect of the electrochem-
ical activation of the MWCNTs on the nickel deposition effi-
ciency was evaluated and discussed. The chemical surface
nature of the GC/MWCNT-Ni-modified electrode was studied
through the curve-fitting analysis of the Cls, Ols, and Ni 2p
detailed regions. These XPS results show that the electro-
chemical activation of the MWCNTs induces the effective
formation of carboxyl surface groups (COO ), which play
an essential role on the electrodeposition process of nickel
oxyhydroxide species. The surface-modified electrode based
on MWCNTs containing dispersed nickel particles shows
good electrocatalytic properties toward electrooxidation of
some aliphatic alcohols in alkaline medium.
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