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A composite material based on Polyvinyl alcohol (PVA) and graphene oxide (GO) was used as electrode
substrate for the Ni-Co electrodeposition in neutral chloride bath containing 1.5 mM Ni(NO3), and
4.5 mM Co(NO3),. Ni-Co particles were cathodically deposited by voltage cycling between —0.5 V and
0.2 Vvs. SCE (35 cycles). Voltammetric data show clearly an inhibition phenomenon of nickel oxide de-
position upon increasing [Co® "] in the electroplating baths. Nevertheless, the presence of electrodepos-
ited Co oxide species induces beneficial effects on the redox electrochemical behavior of the GC/PVA/GO/

gz;vﬁerise' oxide Ni-Co electrode in alkaline medium (0.1 M NaOH). The resulting electrode shows, a unique and revers-
PVA ible symmetrical cathanodic wave centered at about 0.3 V vs SCE. The SEM analysis shows the graphene
Nickel oxide disposed as platelets in a agglomerate distribution randomly oriented within the PVA matrix. The
Cobalt electrodeposition process of Ni-Co species proceeds preferentially on the GO platelets surfaces. After the

Electrochemical charge/discharge process in alkaline medium, the Ni-Co deposit shows a globular inhomogeneous distri-

SEM bution with an average diameter comprised between 50 nm and 300 nm. The XPS characterization of the
Xps electrodeposited Ni-Co catalyst reveals a surface chemical composition of about Ni;gCog4, confirming an

“anomalous” co-deposition process of the metals on the PVA/GO electrode substrate.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Chemically modified electrodes (CMEs), based on the use of innova-
tive materials, show interesting physicochemical and electrochemical
properties [1]. In particular, surfaces of traditional electrodes modified
with deposited films of oxides and oxyhydroxides of various transition
metals have attracted a great deal of interest in view of their potential
applications in many scientific and technological fields such as:
photoelectrochemistry [1-4], corrosion suppression [5,6], primary and
secondary energy storage devices [7-10], electrochromic devices [11,
12], electrocatalysis and electrochemical sensors etc., [13-17].

Main attempts have been made to use large numbers of transition
metal oxides, including both bulk and nanostructures-based electrode
materials, such as NiOy, CuOy, MnO,, RuO,, CoOy, IrOy, etc. Often,
mixed catalyst oxides are of better electrochemical properties and sta-
bility than the monometallic ones. For example, the electrocatalytic en-
hancement of Pt alloys with transition metals has been attributed to the
change of d-electron density in platinum atoms due to alloy formation
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[18-20]. Among these electrochemical materials, Pt-Ni nanoparticles
are useful characterized as suitable and attractive materials as cathode
or anode components in fuel cell applications or electrocatalyst mate-
rials [14,20,21,22]. Likewise, several studies have found that the pres-
ence of certain metal oxide species such as cobalt, zinc, cadmium, etc.
can affect the electrocatalytical behavior of the nickel electrocatalyst.
Thus, Ni-Co binary oxide layer were fabricated and characterized as ef-
ficient electrocatalysts for oxidation of small organic molecules and/or
oxygen evolution reactions [13,17,23-25]. In addition, binary Ni;_4Cox
layered double hydroxides were synthesized, characterized and usefully
proposed as innovative supercapacitor electrode materials, showing su-
perior rate capability, energy efficiency and considerable specific capac-
itance [9,25-30]. In this respect, cathodic electrochemical codeposition
of nickel and cobalt species allows the formation of open porous
three-dimensional dendritic structures, useful for redox supercapacitors
and heterogeneous catalysts [25-27,31]. On the other hand, some Ni-Co
oxides such as NiCo,0, species, thanks to their spinel structure, show a
conductivity above two order of magnitude higher than individual tran-
sition metal oxides [31]. A substantial increase in electrical conductivity
of the active electrode material improves the reversible faradic charac-
ter of electrode redox couples. Despite the potential electrochemical
properties of the combined mixed oxide systems, generally these
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performance decline dramatically with the increasing loading mass of
the active electrode material on the electrode surface. To tackle these
problems, one of the key strategies is to develop composite materials,
where the active catalyst can be efficiently dispersed into nanostruc-
tured conductive substrates in order to improve the surface exposure
of the active electrode particles.

Graphene and nanotubes materials (CNTs) have captured a
great attention and interest in the scientific contexts due to their
useful electrical, chemical and mechanical properties. In particular,
the graphene, a two-dimensional (2D) nanomaterial with a single
sheet of carbon atoms packed in a hexagonal lattice, has recently
attracted attention due to its unique chemical and physical proper-
ties. In this respect, graphene based composites with metal oxides
have been successfully proposed in several technological applica-
tions [32-35]. Recently, 3D interconnected graphene nanostruc-
tures were characterized and proposed as innovative substrate
electrode materials [34,35], exhibiting an open-pore honeycomb
structure, where this 3D graphene structure shows exceptional
large void volume, high surface area and good electrical conductiv-
ity. Graphene oxide (GO), one of the most important derivatives of
graphene is characterized by a layered structure with oxygen func-
tionalities groups bearing on the basal planes and edges, and
thanks to its versatile chemical and physical properties make it at-
tractive for fundamental research as well as in technological appli-
cations of interest [36]. In this respect, electrodeposited reduced-
graphene oxide (rGO) containing Co species were successful char-
acterized for charge storage applications, showing a remarkable
enhancement in the electrochemical response pointing to a syner-
gistic effect between the graphene structure and deposited Co
oxide particles [37,38].

Simple metal adsorption on the defect sites of the graphene or
CNTs surfaces, leads to poor dispersion degree of the catalyst and
generally a bad stability of the electrodic active materials. Thus, ef-
fective dispersion of carbonaceous materials such as nanotubes or
graphene species in polymers is of significant interest as it prom-
ises to impart improved mechanical barrier properties and/or elec-
trical/capacitance character. In order to obtain stable composite
electrode configuration, often the metal catalysts species and
nanostructured electrode substrate must be linked together via co-
valent bonds and/or dispersed in stable polymer matrices, such as
nafion, polyaniline, polypyrroles, etc. [39-41]. Often, the polymer
matrix acts as perm-selective barrier useful to prevent poisoning
phenomenon of the active redox catalysts entrapped within com-
posite electrode materials. Polyvinyl alcohol (PVA) is a water solu-
ble, biologically compatible, non-toxic and readily available low-
cost synthetic polymer of great interest in many biomedical appli-
cations [42]. In addition, studies on PVA-based systems have
shown that they exhibit interesting electrical properties useful
for potential applications in fuel cells and double-layer capacitors
[43,44].

In this study, we have extended the idea of exploring the elec-
trochemical potentialities of a composite electrode material based
on the combined GO and PVA film containing electrodeposited
oxide nanoparticles of nickel and cobalt species (Ni-Co). In this re-
spect, strong hydrogen bonds between GO and PVA matrix were
well observed and considered responsible of significant enhance-
ments in mechanical and thermal stability of the PVA/GO compos-
ite [43-45]. Nevertheless, on the basis of our knowledge there are
no studies regarding the electrochemical and spectroscopic char-
acterization of the PVA/GO composite as substrate electrode con-
taining these metal catalysts (Ni-Co). As consequence, in this
study the composite electrode material, defined as GC/PVA/GO/
Ni-Co, was characterized by electrochemical, X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM) tech-
niques. The electrochemical properties of the composite electrode
were investigated in alkaline medium (0.1 M NaOH).

2. Experimental
2.1. Reagents

The stock solutions were prepared by using ultrapure water sup-
plied by a Millipore Direct-Q UV unit (Bedford, MA, USA). Polyvinyl al-
cohol (Mw:130.000, 99% hydrolyzed), graphene oxide (powder, 15-
20 sheets, 4-10% edge-oxidized), Ni(NOs), hexahydrate (>98.5%),
Co(NOs3), hexahydrate (>99.5%), NaOH pellets (298%), were purchased
from Sigma-Aldrich (Germany). GO (20 mg) were dispersed in 5 mL
H,0 and sonicated for 2 h at room temperature. Similarly, 20 mg PVA
were dissolved in 5 mL H,0 and sonicated for 2 h at 80 °C. Fresh aqueous
emulsion of GO/PVA having mass ratio (w/w): 5, 10, 20, 30 and 40, were
prepared before use by mixing appropriate amount of PVA solution
(4 mg/mL) and GO emulsion (4 mg/mL).

The effective good dispersion of GO is maintained by the electrostat-
ic repulsion of carboxylate groups present on the structure, showing
these materials a typical zeta potential of about - 0.64 mV when they
are dispersed in aqueous solutions [46,47].

2.2. Apparatus

The voltammetric experiments were performed with an Autolab
PGSTAT 30 Potentiostat/Galvanostat (Eco Chemie, Utrecht, The Nether-
lands) and the data were acquired using an Autolab GPES software
package version 4.9. Cyclic voltammetry (CV) was done in a three-elec-
trode cell using the GC/PVA/GO/Ni-Co as working electrode, a SCE refer-
ence electrode and a platinum foil counter electrode (Amel, Italy). The
glassy carbon (GC) substrates (3 mm diameter), used in all experi-
ments, were also purchased from Amel (Milan, Italy). All current densi-
ties in this paper were quoted in terms of mA cm™ of apparent
geometric area of substrate electrode. The experiments were carried
out at room temperature (20 + 2 °C).

The morphological analysis of the various electrode materials was
performed with an environmental scanning electron microscope
(SEM) Philips-FEI ESEM XL 30, endowed with a lanthanum hexaboride
(LaBg) source. The samples were put on a stub with a bi-adhesive film to
ensure sample adhesion and the vacuum pressure in the chamber was
maintained below 7 x 10~ % bar.

X-ray photoelectron spectra were collected using a Leybold LH X1
spectrometer using unmonochromatized Al Kot radiation (1486.6 eV).
The source was operated at 15 kV and 20 mA. The binding energy
(BE) scale was calibrated with respect to the Cu 2p;/; (932.7 eV, with
a full-width at half-maximum (FWHM) of 1.6 eV) and Au 4f;),
(84.0 eV with a FWHM of 1.3 eV) signals. Spectra were recorded only
after the wide scan showed that no features arise from the copper
tape and from the sample rod. Wide and detailed spectra were collected
in fixed analyzer transmission (FAT) mode with a pass energy of 50 eV
and a channel width of 1.0 and 0.1 eV, respectively. The vacuum in the
analysis chamber was always better than 5 x 10~ mbar.

The kinetic energy axis origin in all spectra was not corrected for sur-
face charging, but peak positions in the text are corrected by referring to
the C 1s peak after setting its BE to 284.6 eV. Satellites and a nonlinear
Shirley background were subtracted from the spectrum before curve
fitting analysis. Elemental surface stoichiometries were obtained from
peak area ratios corrected by appropriate sensitivity. Gaussian/
Lorenzian sum functions were used to fit Ni 2p5/,, Co 2ps3,2, O 1sand C
1s peaks line-shapes.

2.3. Electrode preparation

Before modification, the glassy carbon surfaces were polished with
0.05 um a-alumina suspension on a micro-cloth polishing pad, washed
with HCl (15%) and finally with ultrapure water to remove traces of sur-
face impurities. The polished glassy carbon electrodes were modified
with 10 pL of the casting GO/PVA emulsion. Unless otherwise specified,
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casting GO/PVA emulsion having a mass ratio of 5 was used to modify
the electrode surface. The modified electrodes were dried in an oven
at about 50 °C for 20 min and then rinsed with ultrapure water. The
resulting electrodes were cycled between —0.5 V and 0.2 V vs. SCE
(35 cycles) in a not de-aerated 5.8 mM KCI solution containing
1.5 mM Ni(NOs), and 4.5 mM Co(NOs),. The prepared electrodes
were defined as GC/PVA/GO/Ni-Co.

The apparent active surface loading (I, nmol) of electrodeposited
metal oxides, expressed as Ni metal species, was evaluated under cyclic
voltammetry (CV) by integrating the anodic wave I,, corresponding to
the nominal redox transition of the Ni(II)/Ni(Ill) species. Assuming
that under wave 1, is operative only the Ni2*/Ni>* redox transition cou-
ple and considering that all Ni surface particles are electroactive on the
voltammetric time scale considered, a nominal surface loading of Ni
species (I') comprised between 1.6 nmol and 1.9 nmol, was obtained.

3. Results and discussion
3.1. Preparation and electrochemical characterization

The metal deposition process was performed by cycling the poten-
tial between —0.5 V and 0.2 V vs. SCE (35 cycles) in a not de-aerated
5.8 mM KCl solution containing 1.5 mM Ni(NOs3), and/or 4.5 mM
Co(NO3),. The presence of two distinct solid solutions during the ca-
thodic deposition, one of cobalt and another of nickel, in the electrode-
posited materials having an atomic concentration of the elements of
Co7oNisp, was already observed by XRD studies [26,27]. In addition,
the solubility and the mutual solubility of the metals decreases with in-
creasing Co content in the deposit. Thus, the formation of Ni-Co alloys
during the cathodic electrodeposition, can be reasonably excluded
(vide infra). Fig. 1 shows a comparison between the voltammogram
profiles of GC/PVA/GO/Ni and GC/PVA/GO/Co modified electrodes ob-
tained in 0.1 M NaOH. The GC/PVA/GO/Ni modified electrode shows
the typical Ni(II)/Ni(Ill) redox transition, including a well defined irre-
versible cathanodic wave, indicated as I,/I. and centered between
0.3 Vand 0.5 V vs. SCE. The complexes redox processes of nickel species
involve, in agreement with the literature [48,49], anhydrous 3-Ni(OH )5,
hydrated o-Ni(OH)s,, oxidized phases 3-NiOOH and/or y-NiOOH. These
species can coexist during continuous cycling polarization in alkaline
medium [7,50,51]. The voltammogram profile of the GC/PVA/GO/Co
shows a large oxidation wave located at potentials higher than 0.3 V
due to Co(II)/Co(III) and Co(III)/Co(IV) redox transitions; this electro-
chemical wave can be attributed to the simultaneous conversion of var-
ious cobalt species such as Co(OH),, C0,03, Co304, CoOOOH, CoO0-, etc.
[52,53]. The observed broadness of the redox transition and its relevant
electrochemical properties could be connected with roughness and po-
rosity of the cobalt active sites, involved allotropic phases and specific
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Fig. 1. Cyclic voltammograms (50 mV s~ ') of GC/PVA/GO/Ni (solid curve) and GC/PVA/
GO/Co (dashed curve) modified electrodes obtained in 0.1 M NaOH. The metal
deposition was obtained by cycling the potential between —0.5 V and 0.2 V vs. SCE
(35 cycles) in a not de-aerated 5.8 mM KCI solution containing 1.5 mM Ni(NOs),, or
4.5 mM Co(NOs),.
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Fig. 2. Cyclic voltammograms (50 mV s~ ') of GC/PVA/GO/Ni-Co modified electrodes
obtained in 0.1 M NaOH. The Ni-Co metal deposition was obtained by cycling the
potential between - 0.5 V and 0.2 V vs. SCE (35 cycles) in a not de-aerated 5.8 mM KCl
solution containing various concentration ratios of Ni(NO3), and Co(NOs3),.

electrode substrate. In fact, the specific behavior of these oxides is strict-
ly related to the actual chemical and physical status of the electrode sur-
face, composition of the electrolytic solution, polarization time and
applied potentials [52-55]. The Fig. 2 shows the voltammograms of
the GC/PVA/GO/Ni-Co modified electrode in alkaline medium. As can
be seen in figure, the I,/I. wave is shifted to lower potentials in presence
of increased Co oxide species in the Ni-Co deposits. The relevant voltam-
mograms exhibit a unique I./I. well distinct redox system rather than
two individually cathanodic contributes. The voltammogram profiles
of the GC/PVA/GO/Ni-Co system appear quite similar to those reported
for other nano and mesoporous NixCo,(OH), binary oxides obtained in
alkaline medium [13,17,23-25]. This observed potential shifting toward
cathodic potentials is indeed a great feature taking into account the
development of electrochemical devices, where the relevant
electroactivity can be explicated in a potential region which there is
no oxygen evolution contributes (i.e., between 0.3 V and 0.55 V vs
SCE). The effect of the [Ni>*]:[Co?*] concentration ratio in the plating
bath solution, on the voltammogram profiles of the GC/PVA/GO/Ni-Co
system, is summarized in Table 1. As it can be seen, under voltammetric
conditions, the following interesting findings can be drawn:

i) the apparent formal potential of the redox system, expressed as
(Epa + Epe) / 2, shifts gradually toward more cathodic values
with increasing [Co?™] content in the plating bath, reaching a
minimum potential value of 0.25 V at the [Ni®]:[Co®>*] concen-
tration ratio of 0.3;

ii) the AE, parameter, expressed as (E,, — Epc), decreases signifi-
cantly on decreasing [Ni2"]:[Co?"] concentration ratio. As can
be seen, the AE;, decreases from 120 mV to 30 mV as on passing
the [Ni2*]:[Co®™] concentration ratio of « to 0.2;

iii) the active surface loading (I, nmol) of electrodeposited oxides,
decreases markedly on increasing [Co®>*] in the plating bath

Table 1
Effects of the [Ni>*]:[Co®"] contained in the plating bath solution on the voltammogram
profile of the GC/PVA/GO/Ni-Co electrode.

[Ni2*]:[Co? "] R AE, (mV) (Epa + Epc) /2 (mV; SCE) I (nmol)
1.5:0.0 0 120 420 23
1.5:1.5 1 80 300 2.1
1.5:45 03 50 250 1.7
1.5:7.5 0.2 30 250 0.95

The Ni-Co deposition was obtained by cycling the potential between — 0.5V and 0.2 V vs.
SCE (35 cycles) in a not de-aerated 5.8 mM KCl solution containing Ni(NOs3), and
Co(NO3), at various concentration ratios (R).

AE, represents the peak potential differences between E,,; and Epc (Epa — Epc);

I represents the apparent active surface loading (nmol) of electrodeposited metal oxides,
expressed as Ni metal species. It was evaluated in 0.1 M NaOH by cyclic voltammetry
(50 mV s~ ') by integrating the anodic wave I,.
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solution. In fact, the surface loading of the deposited oxides on
the GC/PVA/GO/Ni-Co electrode increases from 0.96 nmol to
2.3 nmol (i.e., about 140%) when the [Ni?>*]:[Co® "] concentration
ratio was increased from 0.2 to « (i.e., free Co®>™ plating bath
solution);

the presence of Co species increases the over potential of the ox-
ygen evolution reaction (OER) (see Fig. 2), thus the electrochem-
ical utilization of the GC/PVA/GO/Ni-Co electrode is improved up
to about 0.55-0.60 V vs SCE without to observe a sensible oxygen
discharge process.

=
—

The summarized results reported in Table 1 show that upon increas-
ing [Co®*] in the electroplating bath solution, a clear inhibition of nickel
oxide deposition was observed. The simultaneous electrodeposition of
Ni-Co species occurs often in an anomalous manner [56-58], where
the thermodynamically less noble metal deposits preferentially rather
than the more noble metallic ions. In this study, an anomalous co-depo-
sition of Ni-Co species on the GC/PVA/GO substrate was observed (vide
infra). Although many models have been proposed, the mechanism of
the anomalous co-deposition of Ni-Co species is not fully understood
and several partial interpretations have been proposed [56-58]. In
agreement with the literature, the schematic mechanism for the ca-
thodic electrodeposition of Ni-Co metals involves two consecutive
one-electron charge transfers, with the active participation of ligand
species and formation on the electrode surface of adsorbed complexes:

M2 4 X eSMXT (1)
MX* 4 7 =MX ) (2)
MX(y4) + €~ M+ X (3)

where M?* indicates both Co?* or Ni*" metal ions, while the X~ has
been variously assumed to be OH™, CI~, etc. or hydrogen atoms
(Hags). The adsorption ability of COOH™ on the electrode substrate
and/or other CoXa4s) species can inhibit the subsequent adsorption/re-
duction of nickel complex species such as NiOH ", inducing the anoma-
lous co-deposition phenomena [57,58].

Although the inclusion of Co species in Ni oxyhydroxide particles is
widely investigated and proposed in order to improve the electrochem-
ical reversibility of the Ni(II)/Ni(Ill) redox transition and increase the
oxygen evolution potential [13,17,24,25,59-63], the exact mechanism
regarding the possible electrochemical interaction between nickel and
cobalt species is still less understood. Based on the experimental data
(vide infra) and in agreement with several literature data [59-64], the
beneficial effects of cobalt oxides on the electrochemical behavior of
the GC/PVA/GO/Ni-Co system can be interpreted considering a syner-
gistic combination between the following factors:

a) The GC/PVA/GO/Ni-Co electrode shows a unique well symmetri-
cal cathanodic wave, while in absence of Co species, the electrode
shows two overlapped cathodic waves (see Fig. 1) confirming
that more than one phase of Ni oxide is formed during the
charge/discharge process. Thus, the cobalt addition can alter the
basic allotropic phases of the Ni(II)/Ni(Ill) oxides, avoiding the
development of inactive phases (i.e., y-NiOOH structure). This
factor can improve significantly the electrical and mechanical
properties of the nickel oxides during the charge/discharge pro-
cesses. In this respect, we have demonstrated that the use of Cu
oxyhydroxide additive imparts an extensive stabilization of the
active a/B crystallographic forms of the nickel hydroxide struc-
tures [65].

b) The formation of some Co species, having a good conducting
character, can decrease the overall electrical resistance of the de-
posit and hence increase the electrochemical performance of the
Ni-Co redox system.

At this time, we are unable to define to real contribution of each con-
sidered previous factor or discriminate between electron or ion conduc-
tivity about the increased electrochemical reversibility of the GC/PVA/
GO/Ni-Co electrode, nevertheless the cobalt codeposited species intro-
duce interesting features (i.e., improved electrochemical reversibility),
very useful in fundamental and applied sciences.

In order to investigate the effects of the GO, as surface modifying sub-
strate, on the kinetics of the nickel electrodeposition process, we have
compared the electrochemical performance of the modified electrodes
with and without the GO platelets (i.e., GC/PVA/GO/Ni vs GC/PVA/Ni). It
is interesting to observe that, the active surface loading (I, nmol) of elec-
trodeposited oxides, evaluated by integrating the anodic wave I, is signif-
icantly affected by the presence of the GO on the electrode surface. In fact,
the metal oxide surface concentration (I') changes from ca 0.63 nmol (i.e.,
60 uC) to 2.5 nmol (i.e., 0.24 mC) if on the GC electrode are deposited
10 L of the casting GO/PVA emulsion (mass ratio of 5). Thus, an increase
of about 300% of the I in presence of structured GO particles, was ob-
served. The GO platelets can induce an increase in the surface roughness
factor with a favorable inside three-dimensional distribution of the cata-
lyst on the surface electrode; consequentially a marked increases of the
electrochemical redox efficiency of the Ni-Co catalyst is observed.

3.2. Surface characterization: SEM analysis

Scanning electron microscopy was employed in order to investigate
the morphological structure of the GC/PVA/GO/Ni-Co electrode, before
and after electrochemical treatment in alkaline solution. Fig. 3 shows a
representative surface morphology of the GC/PVA/GO electrode, obtain-
ed by casting 10 pL of the GO/PVA emulsion having a mass ratio of 5. The
image shows that the graphene oxide particles appear in an agglomer-
ate distribution and are randomly oriented within the PVA matrix
forming interconnecting structures. The SEM analysis reveals that the
GO particles are present in the composite electrode material as single,
exfoliated sheets or as multi-layered platelets, indicating clearly a
disorder three-dimensional (3D) distribution of the agglomerated
nanoplatelets of GO on the entire electrode surface. The practical ab-
sence of charging during SEM analysis suggests that the network of
graphene-based sheets are sufficiently electrically conductive. Fig. 4

£/30.0kV 3.0 10000x SE 9.1 PVA+GO
WL 5 e

Fig. 3. SEM picture of the GC/PVA/GO substrate electrode obtained by casting 10 uL GO/
PVA emulsion having a mass ratio of 5 (i.e., 20 pL PVA (4 mg/mL) + 100 puL GO
(4 mg/mL)). The modified electrode was dried in an oven at 50 °C for 20 min and rinsed
with ultrapure water.
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Fig. 4. SEM picture of the GC/PVA/GO/Ni-Co electrode obtained by cycling potentials
(35 cycles) in 5.8 mM KCl solution containing 1.5 mM Ni(NO3), and 4.5 mM Co(NOs),.
Other experimental conditions as in Fig. 3.

shows a detailed scanning electron micrograph of the GC/PVA/GO/Ni-
Co electrode without any electrochemical treatment. It can be seen
that, the electrodeposition process of Ni-Co species proceeds preferen-
tially on the GO platelets substrate and the relevant microstructures
show an average thickness value comprised between 20 and 40 nm. A
similar physical distribution of Ni-Co hydroxide layers was obtained
onto stainless steel by potentiostatic deposition method under cathodic
conditions [66]. Fig. 5 shows a typical image of GC/PVA/GO/Ni-Co elec-
trode after a prolonged charge/discharge treatment by potential cycling
in 0.1 M NaOH (i.e., 200 scans of potential scans between — 0.1 and 0.7 V
vs. SCE). As can be seen, the electrochemical treatment of the electrode
strongly influence the morphology of the electrodeposited Ni-Co spe-
cies. A detailed analysis of the SEM image reveals that the Ni-Co deposit
shows a globular inhomogeneous distribution of the particles well dis-
persed on the GO platelets. The small globular particles, having irregular
forms with an average diameter comprised between 50 nm and 300 nm,
appear isolated or dispersed as twinned or rarely multiply twinned
complexes islands. The surface morphology of the electrodeposited
Ni-Co remains sufficiently stable even after additional prolonged
charge/discharge treatments in alkaline medium, in fact (see compari-
son between Figs. 4 and 5) the morphology of the PVA/GO substrate ma-
terial remains practically unchanged during the entire electrochemical
treatment of the electrode in alkaline medium, showing a considerable
chemical and physical stability.
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Fig. 5. SEM picture of the GC/PVA/GO/Ni-Co electrode after electrochemical treatment by
potential cycling in 0.1 M NaOH (i.e., 200 scans of potential between —0.1 and 0.7 V vs.
SCE). Other experimental conditions as in Fig. 4.

3.3. Surface characterization: XPS analysis

In order to investigate the surface chemical composition of the elec-
trode material, we analyze and compare the detailed spectra of the C 1s,
0 1s, Ni 2p3,, and Co 2ps, regions of the GC/PVA/GO, GC/PVA/GO/Ni
and GC/PVA/GO/Ni-Co surfaces. Typical C 1s, Ni 2ps3,, and Co 2ps3, XP
spectra of the electrochemical treated GC/PVA/GO/Ni-Co are shown in
Figs. 6-8. Data acquisition and analysis of the detailed regions were per-
formed by in-house data processing program, and the sensitivity factors
used in quantifying spectra have previously specified [67,68]. The C 1s
(Fig. 6) signal exhibits the graphitic peak and a significant asymmetric
tailing toward higher binding energy (BE) values. According to litera-
ture information, a small chemical shift can be observed between aro-
matics/graphite and aliphatic hydrocarbons, and each carboxylic
group on the aromatic ring shifts the C 1s peak by about 0.5 eV toward
higher BE values [68]. The tail arises mainly from oxygen-containing
functional groups such as alcohol (C-OH), ketone (C=0), carboxylic
species (COOH), etc. [66]. As can be seen, the C 1s region shows three
or four contributes at 284.6 eV + 0.2 (Cy), 286.3 eV + 0.2 (Cp),
287.8 eV + 0.2 (C3), and 289.1 eV + 0.2 (C4), which can be attributed
to various kinds of carbon atoms including mainly the C-C/C-H, C-OH,
C=0 and COOH species [67,68]. At this time, we are unable to distin-
guish to real peak contribution of the C 1s signal arising from GC surface,
GO and PVA matrix. Nevertheless, we are interested at this time to con-
sider only the areas of the oxygen-containing functional groups. The Fig.
7 shows the XP spectra of the Ni 2ps, detailed region of the GC/PVA/
GO/Ni-Co electrode. The Ni 2p3/, spectrum shows a typical structure
with intense satellite signals at high BE adjacent to the main peak,
which may be ascribed to a multielectron excitation (shake-up peaks).
The main Ni 2p;/, peak could be deconvoluted generally into two com-
ponents at about 856.2 + 0.3 eV and 858.8 + 0.3 eV, assigned to Ni(lI)
and Ni(IIl) oxyhydroxide species, respectively, in agreement with the
literature data [49,67-71]. The full width half maximum (FWHM)
range used (between 1.1 eV and 1.3 eV) was chosen on the curve fitting
of previous studies [67-71]. As can be seen, the XPS signal is character-
ized by sufficiently high-intensity shake up satellites at higher BE than
the main 2ps, signals, confirming the presence of oxidized nickel spe-
cies [67,71]. The Fig. 8 shows the Co 2p5/, XP signal of the GC/PVA/GO/
Ni-Co electrode. In general, the Co 2 p XPS spectra consists of two
main signals relevant at Co 2p5/; and Co 2pq/; having the spin-orbit
splitting of about 16 eV. Similarly at the Ni 2ps, signal, the Co 2ps,,
shows a complex structure composed of a main signal with shake-up
peaks at high binding energy, with energy separation of about 7.0 eV.
The main Co 2ps,, peak could be deconvoluted into two components
at about 781.0 4= 0.5 eV and 783.0 4 0.5 eV, which on the basis of

Intensity (a.u.)

200 ' 286 | 282
Binding Energy (eV)

Fig. 6. XPS detailed C 1s region of the GC/PVA/GO/Ni-Co electrode. Conditions as in Fig. 4.
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Fig. 7. XPS detailed Ni 2p5/, region of the GC/PVA/GO/Ni-Co electrode. Conditions as in Fig. 4.

their BEs were assigned to Co(II) and Co(IIl) oxide and/or hydroxide
species, respectively [67,72,73]. The presence of the complex satellites
(shake-up peaks) at higher BE than the main 2p5, signals, confirms
the practical absence of Co species at zero oxidation state [72,73]. Con-
sidering that very similar values of the BEs are known for most Co spe-
cies, the presence of several stabilized mixed oxides such as Co,03,
Co304, Co0,, etc., cannot be excluded. Nevertheless, in this study we
consider the total area of the Co 2ps,, signal, without to define the
exact atomic ratio between the various possible Co oxide species. The
curve fitting of the O 1s signal (not shown) indicates that there are usu-
ally up to three component peaks with binding energy comprised be-
tween 529 and 534 eV. The exact assignment of the O 1s contributes is
complex and ambiguous 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 surfaces, only the total area
of the O 1s signal (O 1s..). Consequently, the exact assignment of the
specific peaks under the O 1s signal in this context, is not essential.

LI B B B S B S B B S B S B B B B S B B B B B S N B B S
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Fig. 8. XPS detailed Co 2ps5/, region of the GC/PVA/GO/Ni-Co electrode. Conditions as in Fig. 4.

In order to obtain useful information regarding the metal oxide com-
position ((Ni-Co)0y) of the active material, the atomic ratios R(O/M)
expressed as:

R(O/M) = (O Isyor — Co — C3 — 2C4) / (Ni 2p3 10t + CO 2P3210t) Was
calculated and compared for each electrode material considered.

Looking at Table 2 it is possible to make some important observa-
tions regarding the surface chemical composition and properties of
the GC/PVA/GO/Ni-Co electrodes:

a) The average composition of the electrodeposited Ni-Co particles,
expressed as surface atomic ratio between the total areas of the Ni
2ps,, and Co 2ps5/, XP signals, corrected by appropriate sensitivity
[67,71], was about 0.19 + 0.3 (i.e., Ni;gCogq4). This result is substan-
tially in agreement with those obtained by electrochemical ap-
proach, where an “anomalous co-deposition” of Ni-Co species on
the GC/PVA/GO substrate was hypothesized. In fact, a plating bath
solution [Ni?"]:[Co?*] of 0.33 produces a surface composition eval-
uated by XPS analysis of about 0.19 (i.e., ca - 74% expressed as atomic
ratios).
The shape and BEs between the Ni 2p;, and Co 2p3,, XP signals rel-
evant at the Ni-Co material and individual Ni and Co deposits were
virtually identical to each other. This result supports the view that
the codeposited Ni-Co material preserves the specific chemical
properties of the individual metals of which it is composed. In
other words, no direct chemical interaction between Ni and Co de-
posited species can be hypothesized by XPS data.

¢) The atomic ratios R(O/M), for each electrode material shows a values
of about 2. This result supports the hypothesis that the surface of the
electrode must contain mainly the Ni(OOH),, Ni(OH),, NiO,,
Co(OOH),, Co(OH), and Co0,, species.

d) The shape and the relative intensity of the peak contributes of the C
1s signal remain quite unchanged even after prolonged electro-
chemical treatment (cycling the potential between —0.1 e 0.7 V vs.
SCE) in 0.1 M NaOH medium, indicating a good chemical stability
of the PVA/GO electrode substrate.

b

=

Table 2
BEs (eV) of the XPS signals of GC/PVA/GO modified electrodes.
Electrode Cls 01s Ni2ps, Co2ps, R(O/M) Ni,Coy
GC/PVA/GO 2846 5305 - - - -
286.3 5318
2878 533.0
GC/PVA/GO/Ni 2846 5309 856.2 - 2.2 -
286.2 531.8 857.8
287.5 5333
2893
GC/PVA/GO/Co 2846 5306 - 780.7 2.1 -
2862 5316 7822
287.7 533.0
289.2
GC/PVA/GO/Ni-Co 2846 5312 8564 781.5 19 Ni;gCosz
286.1 5326 858.1 7829
287.2 5335
288.8

GC/PVA/GO/Ni-Co* 2846 5302 856.5 781.1 22
286.1 531.6 8588 782.0
2876 533.0
289.1

Ni4Cogg

GC/PVA/GO electrode obtained by casting 10 L of the GO/PVA aqueous emulsion having a
mass ratio of 5 onto GC surface and dried in an oven (50 °C for 20 min);

GC/PVA/GO/Ni electrode obtained as GC/PVA/GO and cycled between — 0.5V and 0.2 V vs.
SCE (35 cycles) in 5.8 mM KCI solution plus 1.5 mM Ni(NO3),;

GC/PVA/GO/Co electrode obtained as GC/PVA/GO and cycled between —0.5Vand 0.2 V vs.
SCE (35 cycles) in 5.8 mM KCl solution plus 4.5 mM Co(NOs),;

GC/PVA/GO/Ni-Co electrode obtained as GC/PVA/GO and cycled between —0.5V and 0.2 V
vs. SCE (35 cycles) in 5.8 mM KCl solution plus 1.5 mM Ni(NOs), and 4.5 mM Co(NOs)»;
GC/PVA/GO/Ni-Co* electrode obtained as GC/PVA/GO/Ni-Co and cycled in 0.1 M NaOH be-
tween 0.1 and 0.7 V vs. SCE, for 200 scans (50 mV s~ 1).
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4. Conclusions

In this study our interest was focused on the electrochemical, mor-
phological and spectroscopic characterization of a composite GC/PVA/
GO/Ni-Co electrode cycled in alkaline medium. An “anomalous co-depo-
sition” of Ni-Co species on the GC/PVA/GO substrate was observed
when the species were co-deposited simultaneously and a schematic
mechanism of electrodeposition process was proposed. An average
composition of the electrodeposited Ni-Co active material of Ni;gCogy,
was obtained. The beneficial effects of cobalt oxide species on the elec-
trochemical redox behavior of the GC/PVA/GO/Ni-Co electrode have
been highlighted and interpreted in light of current knowledge. The
SEM analysis reveals that the GO particles appear as multi-layered
agglomerated platelets dispersed in the PVA matrix, showing a disorder
three-dimensional (3D) distribution with metal oxide particles with an
average diameter comprised between 50 nm and 300 nm. XPS was used
in order to evaluate the surface chemical composition of the GC/PVA/
GO/Ni-Co electrode. An average atomic ratio R(O/M), very close to the
value of 2, suggests that the Ni(OOH),, Ni(OH),, NiO,, Co(OOH),,
Co(OH), and Co0,, are the dominant species present on the GC/PVA/
GO/Ni-Co electrode.
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