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a  b  s  t  r  a  c  t

Modified  electrodes  based  on  films  of  Schiff  base  complexes  are  excellent  candidates  for  sensing  appli-
cations.  The  influence  of  the  electrode  material,  glassy  carbon,  platinum,  gold  or  indium  tin  oxide,
on  the electrodeposition  of nickel-N,N’–bis(salicylidene)-1,3-propanediamine  (Ni-Salpn)  films  in  1,2-
dichloroethane  (DCE)  was  investigated,  and  their  electrochemical  behaviour  was  evaluated  by  cyclic
voltammetry  and electrochemical  impedance  spectroscopy.  The  effect  of  the electrodeposition  poten-
tial  and  electrodeposition  time  on the  electrochemical  behaviour  of  Ni-Salpn  was  examined  using  glassy
carbon  as substrate.  The  film  growth  process  was  investigated  using  the electrochemical  quartz  crys-
tal microbalance  and  UV-vis  absorption  spectroscopy  and  structural  differences  between  the  Ni-Salpn
complex  and the  Ni-Salpn  film  were examined  by micro-Raman  spectroscopy.  The  results  demonstrate
QCM
V-vis and Raman spectroscopy

that the  electrodeposition  mechanism  is independent  of the  electrode  material,  but  that  the  nature  of
the  substrate  material  influences  the  rate  of film  growth,  the  electrochemical  behaviour  and  the  stability
of the  film-modified  electrodes  in  aqueous  solution.  Counteranion  insertion  during  oxidation  can  break
the  bonds  between  the  complexes  in  the  stacked  Ni-Salpn  film  structure  and  cause  both  mass  loss  and
blockage  of  the  redox  metal  centre  activity,  but  these  effects  are  small  in  thin films.
. Introduction

Metal-Schiff complexes with tetradentate N2O2 ligands are
eing widely studied as modifiers of electrodes by oxidative
lectrodeposition on a variety of conducting surfaces [1–4]. The
lectrodeposition mechanism has been extensively discussed in
he literature by Goldsby et al. [5,6] and Audebert et al. [7–9], in
hich radical-radical coupling was proposed. However, Vilas-Boas

t al. [10,11] and Dahm et al. [12] concluded that the mecha-
ism is based on the interactions between the phenol ring and
he metallic centre with formation of Ni-phenyl stacks. Neverthe-

ess, in both hypotheses, the films are classified as conducting due
o the donor sites (metallic centre) and delocalized redox moi-
ties (�-conjugated system), where electron transfer occurs at the

∗ Corresponding author. Tel.: +351 239854470; fax: +351 239827703.
E-mail address: cbrett@ci.uc.pt (C.M.A. Brett).

ttp://dx.doi.org/10.1016/j.electacta.2015.07.123
013-4686/© 2015 Elsevier Ltd. All rights reserved.
© 2015  Elsevier  Ltd.  All  rights  reserved.

metallic centres, leading to important applications in electrochem-
ical sensors [4,13–15]. The properties of Schiff films depend on the
electrodeposition conditions, such as structure of the monomer
[16,17], electrodeposition mode [18,19], potential range, fixed
applied potential or current [19], the nature of the electrode mate-
rial [12], and solvent [5]. Thus, characterization in situ is very
important for understanding the electrochemical behaviour of the
film formed and its interactions with the electrode surface as well
as with species present in solution.

Among the metal-Schiff complexes, the nickel N,N’–
bis(salicylidene)-1,3-propanediamine complex (Ni-Salpn) has
been used as an antimicrobial agent [20] and as a chelating
agent in complexometric potentiometric titrations [21]. Ni-Salpn
was first electrodeposited by Ardasheva et al. [19] on platinum

electrodes. Since then, no reports on electrodeposited Ni-Salpn are
found in the literature; only a few studies concerning the ligand
Salpn in other soluble metal complexes have been reported [22,23].
To our knowledge, the influence of the electrode substrate material

dx.doi.org/10.1016/j.electacta.2015.07.123
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2015.07.123&domain=pdf
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nd electrodeposition parameters with a view to optimisation for
ensor applications has not been evaluated.

In this work, the electrodeposition of Ni-Salpn was  carried out
n 1,2-dichlorethane (DCE) on four different types of electrode sub-
trate, i.e. glassy carbon, platinum, gold and indium tin oxide (ITO),
n order to evaluate the influence of electrode material on the
lectrodeposition process as well as on the electrochemical and
lectrical properties of the film-modified electrodes in aqueous
olution.

The electrodeposition process and the electrochemical
ehaviour of the Ni-Salpn films in aqueous solution were evalu-
ted by cyclic voltammetry, a useful tool to investigate catalytic
echanisms and structure-reactivity relationships [24–26]. In

ddition, electrochemical impedance spectroscopy (EIS) was
sed to investigate the electrical properties and electron transfer
27–29] resulting from Ni-Salpn/substrate and/or Ni-Salpn/solution
nterface interactions. Characterization of film growth was  carried
ut by the electrochemical quartz crystal microbalance (EQCM)
nd UV-vis absorption spectroscopy. Micro-Raman spectroscopy
as used to evaluate the structural or chemical changes between

he Ni-Salpn complex and Ni-Salpn films.

. Experimental

.1. Reagents and solutions

The Ni-Salpn complex (nickel-N,N’–bis(salicylidene)-
,3-propanediamine) was prepared from N,N’–bis(salicylidene)-
,3-propanediamine ligand (Sigma-Aldrich) and nickel acetate
Sigma-Aldrich), as previously described in the literature [30]. The
lectrodeposition process was carried out using a 1.0 mmol  L−1

i-Salpn solution prepared in 1,2 -dichloroethane (DCE, Sigma-
ldrich) containing 0.1 mol  L−1 tetrabutylammonium perchlorate

TBAP, Fluka) as supporting electrolyte.
Electrochemical measurements of the modified electrodes were

one in 0.1 mol  L−1 potassium chloride (KCl, Fluka) aqueous solu-
ion, prepared with Millipore Milli-Q nanopure water (resistivity ≥
8 M� cm).

.2. Instrumentation and methods

Glassy carbon, (GC - 0.28 cm2), platinum (Pt–0.0628 cm2), gold
Au–0.00785 cm2) and indium tin oxide (ITO ∼ 1.0 cm2), were used
s working electrodes. All electrochemical experiments were per-
ormed in a conventional three-electrode cell, using an Ag/AgCl
sat. KCl) electrode as reference and a platinum wire as counter
lectrode.

Cyclic voltammetry experiments were carried out using an
vium CompactStat.e potentiostat (Ivium Technologies, Utrecht,
etherlands). Electrochemical impedance spectroscopy (EIS)
xperiments were carried out at open circuit potential (OCP)
sing a Solartron 1250 Frequency Response Analyser, coupled to a
olartron 1286 Electrochemical Interface (Solartron Analytical, UK)
ontrolled by Zplot Software. Impedance spectra were analysed by
tting to equivalent circuits using ZView Software (Scribner Asso-
iates, USA). A sinusoidal voltage perturbation of amplitude 10 mV
ms  was applied in the frequency range from 65000 Hz to 0.1 Hz
ith 10 frequency steps per decade, and integration time 60s.

The Ni-Salpn electrodeposition process and evaluation of the
hysical stability of the films formed in aqueous solution were

ollowed gravimetrically, using an electrochemical quartz crystal

icrobalance (EQCM), eQCM 10MTM Quartz Crystal Microbalance,
amry Instruments, with AT-cut Au-coated piezoelectric quartz
rystals (AuQC) with 10 MHz  resonance frequency.
a Acta 178 (2015) 80–91 81

Characterization by UV-vis absorption and micro-Raman spec-
troscopy was performed using modified ITO electrodes. UV-vis
absorption spectroscopy was  carried out using a Varian model
Cary 50 spectrophotometer (Varian, USA), and Raman spectra were
obtained with a Renishaw model in-Via micro-Raman spectrograph
(Renishaw, UK), coupled to a Leica optical microscope.

2.3. Electrodeposition of Ni-Salpn films

Ni-Salpn films were electrodeposited in both potentiodynamic
and potentiostatic modes on the various electrode materials. Poten-
tiodynamic electrodeposition was carried out in a solution in DCE
containing 1 mmol  L−1 Ni-Salpn complex in 0.1 mol  L−1 TBAP by
potential cycling between 0.0 and +1.4 V vs.  Ag/AgCl at 50 mV s−1.
Potentiostatic electrodeposition was performed in a solution of the
same composition at a constant potential of +1.2 vs.  Ag/AgCl for
900 s. The influence of varying the electrodeposition conditions was
assessed using a GC working electrode, where the Ni-Salpn films
were obtained at different electrodeposition potentials (+1.0, +1.1
and +1.2 V vs. Ag/AgCl at 900 s), also varying the electrodeposition
time (300, 600, 900 and 1200 s at +1.2 V vs. Ag/AgCl).

All electrochemical measurements of the film-modified elec-
trodes were carried out under a nitrogen atmosphere.

Gravimetric measurements during the electrodeposition pro-
cess performed at +1.2 V vs. Ag/AgCl for 300 and 900 s, were done
using a gold-coated quartz crystal (AuQC–0.205 cm2) as electrode
substrate.

UV-vis and micro-Raman characterization was done with an
ITO electrode modified with the Ni-Salpn film electrodeposited at
a constant potential of +1.2 V vs.  Ag/AgCl for a fixed time of 300 or
900 s.

2.4. Characterization of Ni-Salpn films in aqueous solution

After each modification stage, the electrode modified with Ni-
Salpn film was washed thoroughly with Millipore Milli-Q nanopure
water and allowed to dry at room temperature for one hour. All
characterizations in aqueous solution were carried out using a
0.1 mol  L−1 KCl solution. Cyclic voltammetry measurements were
done at 25 mV  s−1 in the potential range 0.1 to 0.8 V vs. Ag/AgCl.
The potential cycling was also followed gravimetrically in the same
experimental conditions. In addition, the modified electrodes were
characterized by EIS at OCP using 0.1 mol  L−1 KCl solution.

The influence of anion on electrochemical stability of thinner
film in aqueous solution was studied using various supporting elec-
trolytes of concentration 0.1 mol  L−1with the same cation (Na+) and
different anions: Cl−, NO3

−, ClO4
−, SO4

2−.

3. Results and Discussion

3.1. Formation and voltammetric behaviour of Ni-Salpn films on
different electrode materials

Ni-Salpn films were obtained by potential cycling in a solution
of 1 mmol  L−1 Ni-Salpn in 0.1 mol  L−1 TBAP/DCE between 0.0 and
+1.4 V vs.  Ag/AgCl at 50 mV  s−1, and then characterised by cyclic
voltammetry in 0.1 mol  L−1 KCl aqueous solution.

3.1.1. Deposition of Ni-salpn films
The increasing anodic and cathodic peak currents with increas-

ing number of cycles due to growth of the Ni-Salpn film was
observed for all electrode materials, as shown in Fig. 1. The increase

of the anodic-cathodic peak potential separation (�Ep) indicates a
decrease of electrochemical activity of the Ni-Salpn complex that
makes formation of subsequent layers more difficult [31]. On gold
electrode substrates, a decrease in the peak current after ten cycles
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The voltammetric profile of the modified electrodes in
0.1 mol  L−1 KCl solution, exhibits only one redox process
attributable to the Ni(II)/Ni(III) redox couple, Fig. 2a, but the mid-
point potential and quasireversibility (�E value) was different for

Table 1
Peak potentials in the Ni-Salpn potential cycling electrodeposition process on differ-
ent electrode materials in the 15th potential cycle; solution of 1.0 mmol L−1 Ni-Salpn
in  0.1 mol  L−1 TBAP/DCE. Ecr, potential for cation radical formation; Epa, anodic peak
potential; Epc, cathodic peak potential. Potential values vs. Ag/AgCl.

Substrate Ecr/V Ni(II)/Ni(III) �Ep/V

Epa/V Epc/V
ig. 1. Cyclic voltammetric response for the electrodeposition of 1.0 mmol  L−1 Ni-S
otential cycles between 0.0 and +1.4 V vs.  Ag/AgCl at 50 mV s−1.

as observed, which can be ascribed to the decreasing redox activ-
ty of Ni-Salpn films due to irreversible oxidation of ligand [10,19],
o solvent decomposition or to other reactions from adsorption
f intermediates/dimers present in solution [32]. For GC, Pt and
TO electrodes, a decrease of peak current appears only after 30
otential cycles. Such differences in behaviour demonstrate that
he electrode material can influence the amount of the Ni-Salpn
lm electrodeposited on the electrode surface (film growth).

The electrodeposition mechanism of Ni-Salpn begins with elec-
ron transfer from a ligand-centred orbital. An irreversible anodic
ave corresponding to oxidation of the Ni-Salpn complex with for-
ation of the cation radical, and a quasi-reversible process at less

ositive potentials, attributed to the Ni(II)/Ni(III) redox couple [5],
as observed in the first potential scan. After Ni-Salpn oxidation,

he oxidized species react rapidly with other monomers present
n solution forming a stacked acceptor-donor deposit on the elec-
rode surface [10,12]. Visual inspection of the electrodes showed
he deposition of a green film, similar to other nickel-Schiff com-
lexes in the literature [10,12,14].

Table 1 summarizes the parameters obtained from the cyclic
oltammograms in Fig. 1. It can be seen that there are differences
n the potential for cation radical formation and of the redox couple
i(II)/Ni(III), as well as changes in the peak current for the elec-

rodeposition process, all depending on the identity of the substrate
lectrode. This can be attributed to the intrinsic properties of the
lectrode material such as porosity and reactivity of the surface,

hich directly influence not only the potential of cation radical for-
ation and overoxidation of Ni-Salpn, but also the organization of

ons and solvent on the electrode surface [32]. The electrode mate-
ial can determine the rate of monomer adsorption and the kinetics
 0.1 mol  L−1 TBAP/DCE on (A) GC, (B) Pt, (C) Au and (D) ITO electrodes, applying 15

and growth mechanism of the film, and thence the stability of the
film on the electrode surface.

Ni-Salpn films were also obtained by applying a constant
fixed potential of +1.2 V vs.  Ag/AgCl during 900 s (potentiostatic
mode). However, formation at constant fixed potential leads to the
deposition of thick films more rapidly than cycling the potential
(potentiodynamic mode).

Thus, the electrode material has little influence on the mech-
anism of Ni-Salpn formation, but plays an important role in the
amount of film electrodeposited (thickness).

3.1.2. Cyclic voltammetry of Ni-salpn film modified electrodes in
aqueous solution
GC 1.16 0.997 0.629 0.368
Pt  1.28 0.927 0.688 0.239
Au  1.23 0.890 0.704 0.186
ITO  1.13 0.963 0.619 0.344
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ig. 2. Cyclic voltammetry in 0.1 mol  L KCl aqueous solution; v  = 25 mV s ; third
C)  Voltammetric response during cycle 5, 10, 15 and 20 for GC electrode substrate
nd  ITO electrode substrates.

ach electrode material. The peak potential values obtained from
he third cycle are presented in Table 2. The GC electrode modified
ith Ni-Salpn film showed the smallest �E  value, suggesting that

lectron transfer between the Ni-Salpn film and electrode surface is
aster than for the Pt, Au and ITO electrode substrates, and is related
ith the amount of film electrodeposited.

Furthermore, for the same deposition parameters on different
ubstrates, Ni-Salpn films with different thicknesses were obtained,
hich supports the hypothesis that the electrode material influ-

nces the rate of film growth. The theoretical thickness, l, of the
i-Salpn film was estimated for each modified electrode using the
quation derived from the Faraday’s law:

 = MQ
nFA�

here M is the molecular mass of the monomer (339.02 g mol−1),
 is the charge, calculated by the integration of the anodic peak

able 2
nodic and cathodic peak potentials from cyclic voltammograms obtained in
.1  mol  L−1 KCl solution for the Ni-Salpn film on different electrode substrates; values
or  3rd cycle. Potential values vs. Ag/AgCl.

Substrate Ni(II)/Ni(III) Ni(II)/Ni(III)

Epa/V Epc/V �Ep/V *Em/V

GC 0.542 0.433 0.109 0.488
Pt  0.534 0.397 0.137 0.466
Au  0.630 0.456 0.174 0.543
ITO 0.593 0.439 0.154 0.516

* Em = (Epa + Epc)/2
, for GC, Pt, Au and ITO electrodes (A) modified with Ni-Salpn and (B) unmodified.
ariation of current density with number of potential cycles for modified GC, Pt, Au

obtained from the cyclic voltammogram in KCl (v = 25 mV  s−1), n is
the number of electrons transferred (assumed to be 1), F the Faraday
constant (96485 C mol−1), A the electrode area (in cm2) and � the
film density (∼1 g cm−3) [4]. The Ni-Salpn film thicknesses were:
41 nm on the GC electrode, 18 nm,  12 nm and 2.8 nm for the Au,
ITO and Pt electrodes, respectively.

The modified GC electrode showed the greatest film thickness,
and highest electron transfer rate (smallest �E). These variations
in behaviour occur due to the specific interaction between the Ni-
Salpn film and the electrode material.

The Ni-Salpn films are unstable in aqueous solution, since the
peak currents decrease with increasing number of cycles as shown
in Fig. 2b. After 15 potential cycles, the peak currents were approxi-
mately equal to those of the bare electrode, where no redox activity
was observed. However, visual inspection showed that the Ni-
Salpn film remained on the electrode surface, which suggests that
changes in the film structure cause blocking of the electrode sur-
face.

A possibility is the formation of nickel oxides and/or hydroxides,
that lead to loss of redox activity [32]. In addition, ion diffusion
from bulk electrolyte to inside the Ni-Salpn film may  block the
redox process, through complexation of nickel centres with species
from solution (chloride ion and/or water ligand). However, this
behaviour has not been discussed in the literature, and so EIS and
gravimetric measurements were performed to better understand
the behaviour of the modified electrode (see below).
A smaller peak current due to oxidation of the Ni-Salpn film
was observed on Pt and Au, since metallic materials can form
oxides in aqueous solutions at potentials less positive than car-
bon and conductive oxides [32–34], decreasing the rate of charge
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ig. 3. Complex plane impedance spectra of (A) GC, Au, (B) Pt, and ITO electrodes mo
agnifications of the high frequency part are also shown. Lines indicate equivalent

ransfer between the film and electrode surface. In fact, the
urrent decreases less during the potential cycling of the modi-
ed GC and ITO electrodes, which can be explained by the nature
f the interactions between the Ni-Salpn film and the electrode
aterial, as follows. On the GC electrode surface chemical func-

ionalities are present, such as quinones, ketones, alcohols, lactones
nd carboxylic acids as well as an aromatic network that provides
lectron delocalization [35,36]. Thus, radical attack can occur on the
romatic network of the GC electrode surface, changing the organi-
ation of �-bonds, thence influencing the interaction between the

C surface and the first layer of Ni-Salpn. Due to this interaction,
i-Salpn films on the GC electrode cause a major effect on the rates
f film growth and electron transfer as well as on the stability com-
ared with the other electrode substrates used in this work. The
 with Ni-Salpn film, obtained in 0.1 mol L−1 KCl solution at OCP (+0.36 V vs. Ag/AgCl).
it fitting. (C) Equivalent electrical circuits.

ITO electrode showed similar behaviour to the metallic materials,
which indicates that the oxide present on the glass surface does
not provide strong interactions to maintain the stability of the film
during the potential cycling in aqueous solution, as shown in Fig. 2c.

The cyclic voltammetry results show that the electrode mate-
rial plays an important role on the stability of the Ni-Salpn film in
aqueous solution.

3.2. Electrochemical impedance characterization of Ni-Salpn films
3.2.1. Influence of electrode material
EIS was  used in order to evaluate the influence of the electrode

material on the electrical properties of Ni-Salpn films. Impedance
spectra, Fig. 3, were recorded in 0.1 mol  L−1 KCl aqueous solution
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Table  3
Parameters obtained from impedance spectra of the electrodes modified with Ni-Salpn film by fitting to the equivalent circuits of Fig. 4; frequency range 65 kHz to 1.0 Hz.

Substrate R�/� cm2 CPE1/�F cm−2 s�−1 �1 Rct/� cm2 CPE2/�F cm−2 s�−1 �2 Rdiff (Wo)/�  cm2 �Wo

GC* 13.6 447 0.66 20.6 – – 36.3 0.46
GC  13.6 504 0.64 21.2 – – 30.6 0.44
Pt  11.5 42.6 0.85 278 – – 601 0.38
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amount of film electrodeposited on the electrode surface [27,40].
This can be related to the increase of the film thickness as well as
to an increase of nucleation during the electrodeposition process.

Fig. 4. Complex plane impedance spectra of GC electrodes modified with Ni-Salpn
Au  2.48 2141 0.55 215
ITO  63.9 128 0.90 973

* Frequency range 65 kHz to 0.1 Hz

t open circuit potential (+0.36 V vs.  Ag/AgCl (sat. KCl)), after
lectrodeposition of Ni-Salpn at a fixed potential of +1.2 V vs.
g/AgCl during 900 s.

As seen in Fig. 3, all impedance spectra show a semicircle in
he high frequency range that corresponds to kinetic control of
he charge-transfer process, and a linear range at lower frequency,
scribed to diffusion control. However, the GC electrode modified
ith just the Ni-Salpn film showed good linearity for frequencies

elow 1 Hz. This behaviour suggests that the electrode material has
 large influence on the electrical properties of the Ni-Salpn film.

The spectra were fitted to appropriate equivalent electrical cir-
uits. The complex plane impedance spectra at GC and Pt electrodes
odified with Ni-Salpn films were modelled using a typical Ran-

les equivalent circuit consisting of the cell resistance, R�, in series
ith a parallel combination of a constant phase element, CPE and a

harge transfer resistance, Rct, together with a Warburg impedance,
wo (finite diffusion) [37]. The CPE was modelled as a non-ideal
apacitor, given by CPE = -1/(Ci�)˛, where C is the capacitance,
hich describes the charge separation at the double layer inter-

ace, � is the frequency in rad s−1 and  ̨ exponent is due to the
eterogeneity of the surface (0.5 < � < 1). The Warburg impedance
as modelled as an open circuit finite Warburg element, resulting

rom the equation Zw = Rdifctnh[(�i�)˛]/(�i�)˛, where Rdif is the dif-
usion resistance of electroactive species, � a time constant (� = l2/D,
here l is the effective diffusion thickness, and D is the effective dif-

usion coefficient of the species), and  ̨ < 0.5. However, for modified
t electrodes, this equivalent circuit could be applied only to higher
requencies (above 1 Hz). For the Au and ITO electrodes modified
ith Ni-Salpn film, changes to the equivalent circuit were neces-

ary, where the Warburg impedance element was  substituted with
 CPE element, as shown in Fig. 3c. This change can occur when the
ounteranions impede diffusion, charge separation occurs and the
nterface acts as a non-ideal capacitor (CPE) [38,39]. Values of the
ircuit parameters are summarized in Table 3.

There is no direct relation between the values of the circuit
arameters of the modified electrodes and film thickness, indicat-

ng that the behaviour of the Ni-Salpn films is associated principally
ith the intrinsic properties of the substrate electrode material.
owever, for the same electrode material, the thickness has a sig-
ificant influence on the electrical properties and stability of the
lms, as described in subsections 3.2.2 and 3.4, respectively.

Comparing the values obtained for the charge transfer resis-
ance, Rct, the GC electrode modified with Ni-Salpn showed better
onducting properties, which is in agreement with the results from
yclic voltammetry, suggesting that the glassy carbon surface allow

 better interaction with the Ni-Salpn film. Furthermore, the modi-
ed GC electrode showed the small  ̨ exponent, that can be related
o a greater heterogeneity of the film on the electrode surface. This
acilitates counteranion diffusion into the stacked Ni-Salpn film
tructure, promoting a faster charge transfer process.

.2.2. Effect of electrodeposition parameters on GC electrodes

Due to the greater reversibility and stability of the Ni-Salpn

lms on GC electrodes, the effect of electrodeposition parameters
n the electrical properties in aqueous solution, were assessed by
IS at OCP, the Ni-Salpn films having been formed at a constant
1302 0.82 – –
170 0.72 – –

fixed potential of +1.0 V, +1.1 V or +1.2 V vs. Ag/AgCl for 900 s. As
seen in Fig. 4a, all impedance spectra show a semicircle in the
high frequency range that corresponds to kinetic control of the
charge-transfer process, and a linear range at lower frequency, cor-
responding to diffusion control. The diameter of the semicircle, the
charge transfer resistance, increases with an increase in the applied
constant potential, which can be attributed to the increase in the
films in 0.1 mol  L−1 KCl solution at OCP (+0.36 V vs. Ag/AgCl). Magnifications of the
high frequency part are also shown. Lines indicate equivalent circuit fitting.
(A) For different electrodeposition potentials (+1.0 V, +1.1 V, +1.2 V vs. Ag/AgCl for
900 s), (B) For different electrodeposition times (300 s, 600 s and 900 s at +1.2 V vs.
Ag/AgCl).
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Table 4
Parameters obtained from impedance spectra at the GC electrode modified with Ni-Salpn film at different electrodeposition potentials, Edep, and electrodeposition times,
tdep, by fitting to the equivalent circuits of Fig. 4.

Electrodeposition R�/� cm2 CPE1/�F cm−2 s�−1 � Rct/� cm2 Rdif (Wo)/� cm2 �Wo

During 900 s Edep/V
+1.0 15.8 – – – 48.5 0.47
+1.1  16.0 516 0.75 16.2 123 0.49
+1.2  16.9 535 0.69 48.0 111 0.47

At  + 1.2 V tdep/s
300 17.4 – – – 14.8 0.48
600  17.1 450 0.75 7.80 28.6 0.49
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Shagisultanova and Ardasheva [41] affirmed that films obtained
from Ni-Salen (Salen: N,N’-bis(salicylidene)ethylenediamine) and
Ni-Salphen (Salphen:N,N’-bis(salicylidene)-o-phenylenediamine)
complexes can grow on ITO by both continuous and stepwise

N
N

O
O

Ni

N
N

O
O

Ni

N
N

O
O

Ni

N
N

O
O

Ni

Ni-Salpn
900  16.7 536 

1200 16.4 872 

he parameters from equivalent circuit fitting are summarized in
able 4.

An increase in Rct was also observed with increasing electrode-
osition time at +1.2 V vs.  Ag/AgCl, as shown in Fig. 4b and Table 4.
owever, for 1200 s electrodeposition time, hardly any variation

n the diffusion impedance was seen in relation to 900 s, in agree-
ent with cyclic voltammetry results. The same equivalent circuit
as able to be applied to all the spectra, which suggests that the
olecular organization of the Ni-Salpn film on the GC electrode

urface is the same throughout the electrodeposition. As expected,
he apparent charge transfer resistance and constant phase element
epended on the amount of Ni-Salpn film electrodeposited on the
lectrode surface.

A  decrease in the value of the CPE exponent  ̨ was observed with
ncreasing electrodeposition potential and electrodeposition time,

hich indicates an increase in film roughness [25]. This is expected
ince the films from Schiff base complex form stack structures,
o that a non-uniform film is obtained on the electrode surfaces.
herefore, the best electrical properties were observed with the
i-Salpn films obtained by electrodeposition applying a potential
f +1.2 V vs.  Ag/AgCl for 900 s. In all cases, the Ni-Salpn film is unsta-
le in aqueous solution, confirmed by a decrease in current with
otential cycling.

Due to the instability in aqueous solution, impedance spectra
ere recorded at OCP after each potential cycle and for different

imes of immersion in aqueous solution, Fig. 5. Before potential
ycling, the spectra of Ni-Salpn films showed behaviour that could
e modelled by a Randles circuit, but after the fifth cycle in aqueous
olution a significant change in both the low and high frequency
ange was observed, as shown in Fig. 5a.

The increase in semicircle diameter with potential cycling, as
ell as the decrease of peak current, observed by cyclic voltamme-

ry (Fig. 2), suggests that ion diffusion from bulk electrolyte through
he film as well as other effects, such as mass loss, blocks the redox
rocess, since the profiles obtained until the last potential cycle are
imilar to those of unmodified GC.

To elucidate the effect of the insertion of the ion from bulk elec-
rolyte into the Ni-Salpn film structure, the GC modified electrode
as kept in 0.1 mol  L−1 KCl solution and impedance spectra at OCP
ere recorded for different immersion times (Fig. 6b) together with

yclic voltammograms.
The increase in charge transfer resistance, Rct, and the decrease

n the value of CPE1 with increasing immersion time, as shown in
ig. 6, can be ascribed to the loss of film due to ion insertion break-
ng bonds between the complexes in the stacked film structure, as
hown in Scheme 1, and to the blockage of the redox metal centre
y coordination with the counterion and/or solvent swelling inside
he Ni-Salpn structure, as also observed by cyclic voltammetry.

his suggests that mobile species insertion from bulk electrolyte
o inside the film is constant with the time, but is not the only fac-
or to block the redox process, where the mass loss also has a big
nfluence, confirmed by EQCM measurements (see below).
0.71 17.4 56.1 0.49
0.67 24.02 55.1 0.50

The same behaviour was also observed for Ni-Salpn films formed
on the other electrode materials. Thus, this effect can be due to
intrinsic characteristics of the Ni-Salpn film and/or their interaction
with the ions present in the supporting electrolyte.

3.3. Film growth assessed by UV-vis absorption spectroscopy
Ni-Salpn film

Scheme 1. Schematic representation of Ni-Salpn complexes (non-planar) and Ni-
Salpn film.
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Fig. 5. Complex plane impedance spectra of GC electrodes modified with Ni-Salpn films 

frequency part are also shown. Lines indicate equivalent circuit fitting. (A) After potential 

in  0.1 mol  L−1 KCl solution.

Fig. 6. Variation of CPE and Rct values with immersion time in 0.1 mol  L−1 KCl solu-
t
ion. Data from analysis of Fig. 5b.
in 0.1 mol  L−1 KCl solution at OCP (+0.36 V vs. Ag/AgCl). Magnifications of the high
cycling in 0.1 mol  L−1 KCl solution at 25 mV s−1. (B) After different immersion times

electrodeposition, and that the film thickness is one of the most
important parameters in the electron transfer process. Thus, the
growth of Ni-Salpn on ITO electrode surfaces by electrodeposition
at fixed constant potential for different times was  monitored by
UV-vis absorption spectroscopy, see Fig. 7. A linear increase of the
absorbance at 377 nm with increase of electrodeposition time was
observed, which indicates that the rate of electrodeposition was
constant over the time range investigated.

The UV-vis absorption spectra of the Ni-Salpn film and of the
Ni-Salpn complex in solution showed significant differences, which
are attributed to particle aggregation with formation of conducting
structures in the film [42]. Thus the absorbance band observed at
377 nm for the Ni-Salpn film can be attributed to the overlapping
of the 352 and 421 nm absorption bands that the Ni-Salpn complex
showed in dichloromethane (DCM) solution. This suggests that the
molecular organization of the film occurs through the overlapping
of the molecular orbitals, and all absorption bands observed in this
spectral range are ascribed to charge transfer of the d -� * type
M L
[42,43].

As described by Borisov et al. [42], the main spectral distinction
between the oxidized and reduced forms of the Cu-Salpn film is that
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Fig. 7. UV-vis absorption spectra for Ni-Salpn films electrodeposited for different
times on the ITO electrode. The dotted line corresponds to UV-vis absorption spectra
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Fig. 8. Frequency and mass changes of Ni-Salpn film coated AuQC recorded in
0.1 mol  L−1 KCl solution during potential cycling between +0.1 and +0.8 V vs. Ag/AgCl,
f  Ni-Salpn/DCM solution. In the inset are the values of absorbance at 377 nm vs.
lectrodeposition time.

road absorption bands at wavelengths in the range 600–900 nm
ppear in the oxidized form and are eliminated in the reduced form.
n this work, the UV-vis spectra were obtained for the Ni-Salpn film
n its reduced form (stable form in oxidizing atmosphere), so that
he band in the spectral range of 600-900 nm is not observed. How-
ver, the Ni-Salpn obtained for 900 s of electrodeposition showed a
ery low intensity broad absorption band centred at around 700 nm
data not shown), ascribed to d-d transitions [42]. This may  occur
ue to the greater film thickness, where equilibrium of the oxidized
nd reduced species may  exist between the inside of the Ni-Salpn
lm and its surface.

.4. Gravimetric monitoring

The EQCM is an excellent technique to monitor film growth
nd evaluate the behaviour of the films whilst carrying out cyclic
oltammetry. The variation of the frequency with time can be used
o determine the change in mass during successive potential cycles,
y using the Sauerbrey equation [44], for rigid films:

f  = − 2f 2
0

A
√

�q�q
�m

here f0 is the resonant frequency (Hz), �f  is the frequency change
Hz), �m is the mass change (g), A is the piezoelectrically active
rystal area, �q is the density of quartz (g cm−3) and �q is the
hear modulus of quartz for AT-cut crystals (g cm−1 s−2). In the
xperimental arrangement in this study, the frequency/mass cor-
elation factor is 1.102 kHz per 1 �g. The rigidity of the film was
onfirmed by the unchanging value of the dissipation factor during
he gravimetric measurements (data not shown).

In the electrodeposition process at +1.2 V vs. Ag/AgCl during
00s on the AuQC, an immediate decrease of the frequency was
bserved, indicating fast nucleation of the Ni-Salpn complex on the
uQC surface, leading to rapid film growth [2,45]. The total fre-
uency decrease after 900 s electrodeposition was  �f  = 18.96 kHz,
orresponding to a deposited mass of 17.2 �g. Cycling the potential
f the Ni-salpn-coated AuQC in 0.1 mol  L−1 KCl aqueous solution

howed a decrease of mass, the decrease becoming almost zero
fter the 10th cycle, as shown in Fig. 8a. The mass loss after 15
ycles was 6.6 �g, leaving approximately 10.6 �g of Ni-Salpn film
n the AuQC surface.
for  films electrodeposited during (A) 900 s and (B) 300 s.

For comparison, potential cycling of Ni-salpn-coated AuQC in
0.1 mol  L−1 KCl aqueous solution, formed by electrodeposition dur-
ing 300 s, corresponding to thinner Ni-salpn films was  also done.
The total deposited mass was  8.78 �g, that corresponds to ∼50%
of the mass deposited at 900s, indicating that film growth is not
constant and is greater during the initial part of the electrodepo-
sition process. For these thinner films, an increase of mass, rather
than a decrease, was observed during potential cycling in aqueous
solution, to be discussed further below.

Mass variation during the redox switching and cycling was
observed for both films (formed during 300 s and 900 s). These
aspects can be understood better by referring to Fig. 9.

A decrease of frequency during the positive sweep (above +0.5 V
vs. Ag/AgCl), can be attributed to insertion of anions into the
film structure, and an increase during the negative sweep (below
+0.75 V vs. Ag/AgCl) to anion extraction, where the incorporation
of anions is dominant, a mechanism essential for maintaining elec-
troactivity [45,46].

In the first scan, for the Ni-Salpn film formed during 900s elec-
trodeposition, the decrease of mass can be attributed to bond
breaking as well as counterion insertion, which causes the greatest
loss of film mass (see graphical abstract). This decrease in mass,
due to bond breaking and loss of complex becomes less on fur-
ther potential cycling, indicating a greater stability of the remaining
film, as shown in Fig. 9A1 and A2. After 10 potential cycles, there
is almost no change in frequency between successive cycles (up

to 15 cycles); the intra-cycle variation can be attributed exclu-
sively to anion insertion/expulsion. The crossover of the frequency
vs. potential traces in the course of potential scan also indicates
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ig. 9. Frequency changes and current response of Ni-Salpn film coated AuQC record
ycling  between +0.1 and +0.8 V vs. Ag/AgCl for films electrodeposited during (A1) 9

hat counteranion expulsion is more than its insertion, and which
ecomes smaller in successive potential scans.

Interestingly, gravimetric studies performed with the thinner
i-Salpn films formed during 300s (Figs. 9 B1 and B2) showed an

ncrease of mass which can be ascribed to net uptake of solvent
ithin the Ni-Salpn film structure and very similar anion inser-

ion/expulsion, with no crossover. This indicates a more stable
tructure of the thinner films; incorporation of solvent leads to
welling, as seen visually, and which is reversible.

The effect of structure on the electrodeposition mechanism,
lectrochemical behaviour and stability, has been widely discussed
n the literature [16,17,47], and shows that the best properties
re observed for films formed from symmetrical and planar Schiff
ase complexes, such as Ni(salen), where the films are formed
hrough strong stacked acceptor-donor interactions. Vilas-Boas et.
l [2,45] found that anion insertion into films formed by non-
lanar Ni(salen) derivatives causes structural changes, such as
wisting. Consequently, the monomer units tend to align in a copla-
ar arrangement to maximize orbital overlap and promote charge
elocalization through the film structure. Vilas-Boas et. al [1] also
uggest that methyl (Me) groups present on the imine bridge
f the 2,3-dimethyl-N,N’-bis(salicylidene)butane-2,3- diaminaton-
ckel(II) (Ni-SaltMe) structure can provide repulsive forces, and

ould impose an open and flexible structure, responsible for facile
nion ingress and solvent swelling. In comparison, Ni(Salen) shows

 more compact structure, and the movement of species from solu-
ion into the film are associated solely with film charge transfer

1].

The Ni-Salpn complex has a non-planar structure [30], and
he Ni-Salpn film is formed by weak orbital overlap, which can
e broken by ion insertion and consequently loss of some layers
 0.1 mol  L−1 KCl solution in the 1st, 3rd, 5th and 15th potential cycles during potential
nd (B1) 300 s, and their respective voltammograms (A2) and (B2).

from the film can occur. The propane (–(CH2)3–) bridge between
the imine moieties can provide repulsive forces and impose an
open film structure (Scheme 1), that facilitates anion insertion
and solvent swelling. Therefore, a stable Ni-Salpn film can only
be obtained when the film is very thin, in which the orbital over-
lap is more effective, the repulsion forces are minimized and the
layers more compact. Thus, the mass loss from the Ni-Salpn film
can be attributed to loss of Ni complexes during molecular re-
arrangement, as shown in Scheme 1.

According to the results obtained, the decrease of redox currents
during oxidation and reduction of the Ni-Salpn films can be ascribed
not only to mass change, but also to uptake of the counteranion and
solvent within the Ni-Salpn film structure.

3.5. The counteranion effect

The separation of the counteranion and solvent contribution
to electrochemical stability cannot be determined easily from the
EQCM response alone, because the mass variation simultaneously
reflects ion and solvent exchange. Thus, 15 potential cycles in
various supporting electrolytes of concentration 0.1 mol L−1 with
different anions Cl−, NO3

−, ClO4
−, SO4

2−, but the same cation
(Na+) were done in order to evaluate counteranion insertion within
the Ni-Salpn film structure. It was  found that the values of Em

are proportional to the ratio [ionic charge]/[ionic radius] of the
anion present in solution for NO3

−, ClO4
− and SO4

2−, Fig. 10, con-

firming the dependence on the mobility of the counterions of the
supporting electrolyte in charge transport and in maintaining elec-
troneutrality during potential cycling [1,2,46]. The higher value of
Em obtained for Cl− ions compared with NO3

−, which has a similar
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ig. 10. Dependence of the mid-potential, Em, of the GC electrode modified with
i-Salpn  thin film vs.  [ionic charge]/[ionic radius] of counteranions. The values of

onic radius in aqueous solutions were from [48].

ize [48], may  indicate that Cl− has a different interaction within
he Ni-Salpn film structure.

.6. Raman scattering

The Raman scattering technique was employed to follow the
ddition of the nickel metal ion to Salpn giving Ni-Salpn and its
osterior electrodeposition as a Ni-Salpn film on ITO electrodes.
he results obtained using a 633 nm excitation line are shown in
ig. 11. Significant changes between the Salpn ligand and Ni-Salpn
omplex spectra (both in powder form) were observed, such as
hifting of bands to lower frequencies, such as the C = N stretching
rom 1632 to 1629 cm−1, C = C stretching from 1583 to 1543 cm−1

nd C–Ophenyl stretching from 1464 to 1454 cm−1, as well as the
ppearance of new bands at 591 cm−1 and 458 cm−1 ascribed to
i–N and Ni–O stretching, respectively [49–52]. The latter is con-

istent with the insertion of nickel in the N2O2 coordination centre
f the Salpn ligand [53]. The C = C and C = N bands, at ca. 1543 and
629 cm−1, decrease in intensity after electrodeposition owing to

 decrease in � delocalisation, and a new band at ca. 1603 cm−1

ppears, attributed to C-C bonds in the propane (–(CH2)3–) bridge

etween the imine moieties (Fig. 11) [54].

All the differences between the spectra of Ni-Salpn powder
nd Ni-Salpn film can be attributed to the electropolymerisa-
ion through stacked acceptor-donor interactions [10,12], such as

ig. 11. Raman spectrum for Ni-Salpn film on ITO electrode surface, Ni-Salpn com-
lex (powder) and Salpn ligand (powder), recorded using the 633 nm laser line.
pectrum range from 1500 cm−1 to 1700 cm−1.

[

[

[

a Acta 178 (2015) 80–91

broadening and decreasing of the bands due to the less localized
vibrations in the polymer than in the monomer [55].

4. Conclusions

The mechanism of Ni-Salpn film formation by electrodeposition
in 1,2-dichloroethane occurs via the overlapping of the orbitals of
the aromatic rings of one monomer molecule with the metallic cen-
tre of other monomers present in solution, which is independent
of the electrode material. However, the electrode material showed
a big influence on the rate of film growth as well as on the electro-
chemical behaviour and stability of the films in aqueous solution.
Due to the non-planar structure of the Ni-Salpn complexes, the
Ni-Salpn films are formed through weak interactions, and coun-
teranion insertion during oxidation leads to breaking of the bonds
between the complexes in the stacked Ni-Salpn film structure,
which causes mass loss. Moreover, the propane (–(CH2)3–) bridge
between the imine moieties can lead to repulsive forces and impose
an open structure on the film, that facilitates anion and solvent
uptake, and consequent blockage of the redox metal centre. The
thinner Ni-Salpn films have a more effective orbital overlap and
a more compact stacked structure, being more stable in aqueous
solution and showing the most promising electrochemical proper-
ties as modified electrodes for sensing applications.
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