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Simultaneous cyclic voltammetry (CV) and surface resistance (SR) measurements were employed to study the
electrochemical behaviour of the nickel hydroxide-gold modified electrode. To this end, firstly, gold film elec-
trodes of different thicknesses were synthesized, and their CV and SR responseswithin the potential regions cor-
responding to hydroxide ion adsorption (OHads) and gold oxide (AuO) formation in alkaline medium were
analysed. Then, these gold film electrodes were modified with different nickel hydroxide surface coverages,
and their CV and SR responses were compared with those of bare gold films within the same potential regions
and electrolyte solution. While cyclic voltammetric responses of the bare gold film electrode and the nickel
hydroxide-gold film modified electrode are practically the same within the whole potential range −
0.5 V b E b 0.35 V (SCE), SR responses are the same only within the potential range −0.3 V b E b 0.35 V. Strong
differences between the SR responses of the bare gold electrode and the nickel hydroxide-gold modified elec-
trode within the potential range comprised between−0.5 V and−0.3 V are observed. SR data were interpreted
in terms of the field effect and size effect theories formulated to study adsorption processes at thinmetallic films.
With regard to the bare goldfilmelectrode, thefield effect theory allows one to conclude thatwithin the potential
region corresponding to hydroxide ion adsorption, 77% of the electron density charge of gold is involved in the
hydroxide ion–gold interaction. Besides, a linear relation between the surface resistance change (ΔR) and the de-
gree of oxidation (θox) at fixed gold film thickness (ϕm) is obtained within the potential region corresponding to
gold oxide formation. In agreement with the size effect theory, the ΔR/θox slope exhibits a linear dependence on
ϕm
−2. The same SR responses for the nickel hydroxide-goldmodified electrode and the bare gold electrodewithin

the potential range−0.3 V b E b 0.35 V indicate that the nickel hydroxide layer does not directly interact with the
gold film surface. However, after the reduction of OHads and AuO layers, at potential values more negative than
−0.3 V (SCE), an increase of the surface resistance is observed for the nickel hydroxide-goldmodified electrode,
which was attributed to nickel adatoms that directly interact with the gold film surface. On the basis of the elec-
tron conduction scattering model employed to describe the interaction of a metal film surface with a foreign
atom layer, one can conclude that nickel film growth involves an initial stage in which nickel islands and then,
compact structures are formed.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Surface resistance (SR) changes of thinmetalfilms have beenwidely
used as a tool to study surface coverage in gas phase [1] as well as in
electrochemistry [2]. The resistance of a thin metal film is affected by
the presence of lattice defects, foreign entities on its surface and the
thickness, which hinder the movement of the electrons in the sample.
The SR technique has contributed to the knowledge of the microscopic
structure of the metal/solution interface, particularly about the role
played by the conduction electrons of the metal in different electro-
chemical processes [2]. The technique has also been recently extended

to study the redox process of an electroactive material, such as poly(o-
aminophenol), deposited on a gold film electrode [3,4]. In order to ex-
tend the use of the SR technique to study different electrochemical sys-
tems, in this work we have focused on analysing the effect of nickel
hydroxide layers on the electron transport properties of a gold film elec-
trode. Nickel hydroxide is an important electroactivematerial that, sup-
ported on different electrode materials, has been used for many
applications of interest [5–8]. In this work, a thin gold film electrode
was modified with different nickel hydroxide surface loadings, and the
electrode behaviour within potential values corresponding to hydrox-
ide ion adsorption and gold oxide formation was simultaneously stud-
ied employing cyclic voltammetry (CV) and SR. While CV allows one
to monitor the electroactivity of the nickel hydroxide layer deposited
on the gold electrode in terms of ion and electron exchange with the
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solution, complementary SR measurements allows one to study the
nickel hydroxide/gold interface in terms of the electron motion change
of the gold base substrate due to the presence of the nickel hydroxide
layer. To our knowledge, this is the first example of a study on the
gold/nickel hydroxide interface employing the SR technique. However,
as SR studies of gold film electrodes in alkaline medium are also scarce,
we firstly study the SR response of the sole substrate (gold film) in alka-
line medium and then, that of the nickel hydroxide-gold modified elec-
trode. Predictions of the field effect and size effect theories formulated
for metallic film thicknesses in the order of the mean free path of the
conduction electrons [2] are employed to explain the observed SR re-
sponse. In this work our interest is only to study the effect of nickel spe-
cies on the conduction properties of the gold film electrode, and then,
these species are here considered as “foreign entities” on the gold film
surface that impede the electron movement (scatterers) along the
film, increasing the resistance of the substrate. Further work is in prog-
ress to elucidate the chemical and physical transformations that alter
the conducting properties of a gold film after deposition of nickel hy-
droxide. As the SR technique can be considered as a non-traditional ap-
proach in electrochemistry, a brief interpretation of the resistance
changes exhibited by a thin metal film in terms of both the surface
charge induced by electricfields and the diffuse scattering of conduction
electrons from the inside of the metal film to the metal film surface is
given to the readers in Section 3.

2. Experimental

2.1. Synthesis of gold films and nickel hydroxide-gold film modified
electrodes

Firstly, five gold film electrodes of different thicknesses (ϕm =
30 nm; 24 nm; 18 nm; 14 nm and 10 nm) were synthesized to study
the SR response of the bare gold electrode in the presence of an alkaline
solution. Gold films were prepared by vacuum evaporation, as was pre-
viously described [2,9–11]. The relationship between the length, l, and
the width, w, (G = l/w) of these gold film electrodes was 25. The elec-
trode areawas 0.69 cm2. It is well-known that thinmetal films obtained
by evaporation (low rate of evaporation) exhibit specular surfaces with
a relatively low number of defects as compared with a massive metal
surface (see Section 3). Each gold film electrode was conditioned elec-
trochemically by cycling the potential between −0.5 V and 0.6 V for
150 cycles at a scan rate of 10 mV s−1 in a deoxygenated 0.2 M Na
(OH) solution. Then, five series of eight nickel hydroxide coated gold
film electrodes each were prepared (see columns 3 to 7 in Table 1) to
study the CV and SR responses of the nickel hydroxide-gold modified
electrode. The thickness of the eight goldfilms of each series is indicated
in the heading of columns 3 to 7 in Table 1. The nickel hydroxide surface

coverage of each oneof the eightfilms of each series is listed in column2
of Table 1. It should be indicated that the use of an evaporated gold film
as base electrode to deposit nickel hydroxidefilms leads to reproducible
CV and SRdata. The good reproducibility can be attributed to theuse of a
smooth and renewable gold surface, obtained by evaporation, to deposit
the nickel hydroxide film in each experiment. Nickel hydroxidewas de-
posited on the gold film electrodes employing the procedure described
elsewhere [12], that is, each one of the eight gold films of each series,
after being subjected, for a different time period, to a constant potential
of −0.5 V in a deoxygenated 0.5 M Ni(NO3)2 solution, was transferred
to a deoxygenated 0.2 M Na(OH) solution and cycled between −0.5 V
and 0.6 V (vs. SCE) at 10 mV s−1 until a stable voltammogram was
achieved (150 cycles). This procedure allows one to obtain different
nickel hydroxide surface coverages (ΓNi(OH)2) on each one of the eight
films of each series. The surface coverage of the different Au/Ni(OH)2
modified electrodes was estimated from the voltammetric oxidation
(or reduction) charge (QNi(OH)2) evaluated in the supporting electrolyte
solution (0.2 M NaOH) by using the equation ΓNi(OH)2 = QNi(OH)2 / nFA,
where QNi(OH)2 is the anodic (or cathodic) voltammetric charge corre-
sponding to the oxidation (or reduction) process, assuming that all
the nickel redox sites are electroactive on the voltammetric time
scale; F is the Faraday's constant; A is the geometric surface area of the
gold electrode; and n is the number of electrons transferred in the Ni
(II)⇔ Ni (III) oxidation (reduction) reaction. As can be seen from col-
umn 2 of Table 1, the sequence of ΓNi(OH)2 values was always the same
for each one of the five series. A large-area gold grid was used as
counter-electrode in all experiments. All the potentials reported in
this work are referred to the SCE.

2.2. Cyclic voltammetry and surface resistance measurements

Firstly, CV and SR measurements within the potential region com-
prised between −0.5 V and 0.6 V were performed with each one of
the five bare gold film electrodes of different thicknesses indicated
above, in contact with a deoxygenated 0.2 M Na(OH) solution. Then,
CV and SRmeasurementswithin the same potential regionwere carried
out with the nickel hydroxide-gold film modified electrodes in contact
with the same electrolyte solution. Each one of the nickel hydroxide-
gold modified electrode listed in Table 1 was successively employed as
working electrode in an individual experiment. All measurements
were performed employing electrolyte solutions previously deoxygen-
ated by N2 bubbling for 5 h. The reduction of the oxygen content in
the electrolyte solution is necessary in order to avoid the interference
of the O2 reduction process in the CV and SR responses at potential
values more negative than−0.3 V (SCE).

The experimental set-up for simultaneous voltammetric and SR
measurements on thin film electrodes has previously been described

Table 1
ΔR/R change of the gold film electrode coated with different nickel hydroxide surface coverage.

Goldfilma ΓNi(OH)2/nmol cm−2b 103ΔR/Rc

(R = 20 Ω)
Thickness
ϕm = 30 nm
(Serie 1)

103ΔR/Rc

(R = 25 Ω)
Thickness
ϕm = 24 nm
(Serie 2)

103ΔR/Rc

(R = 33 Ω)
Thickness
ϕm = 18 nm
(Serie 3)

103ΔR/Rc

(R = 43 Ω)
Thickness
ϕm = 14 nm
(Serie 4)

103ΔR/Rc

(R = 60 Ω)
Thickness
ϕm = 10 nm
(Serie 5)

1 0.7 1.58 1.97 2.16 3.14 5.95
2 1.2 2.65 3.33 4.01 5.13 9.12
3 1.8 3.70 4.63 5.87 7.17 13.51
4 3.1 6.55 8.19 10.31 12.61 23.32
5 6.2 7.18 8.98 10.98 13.58 23.12
6 9.4 7.07 8.84 11.04 13.79 23.21
7 16 7.27 9.10 11.11 13.79 23.19
8 25 7.32 9.15 11.07 13.79 23.12

a Numbers 1 to 8 represent each gold film.
b Different nickel hydroxide surface coverage. The surface coverage was estimated from the voltammetric oxidation (or reduction) charge (Q) evaluated in the supporting electrolyte

solution (0.2MNaOH) by using the equation ΓNi(OH)2=Q/nFA, whereQ, is anodic (or cathodic) voltammetric charge of thewave centered at about 0.35 V corresponding to theNi (III)⇔Ni
(II) oxidation (reduction) process.

c ΔR/R value of the gold film electrode at E = −0.5 V (SCE) for each nickel hydroxide surface coverage indicated in column 2.
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