
Journal of Electroanalytical Chemistry 774 (2016) 95–101

Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

j ourna l homepage: www.e lsev ie r .com/ locate / je l echem
An electrochemical study of the nickel hydroxide-gold modified
electrode employing the surface resistance technique
R. Tucceri
Instituto de Investigaciones Fisicoquímicas Teóricas y Aplicadas (INIFTA), CONICET, Facultad de Ciencias Exactas, Universidad Nacional de La Plata, Sucursal 4, Casilla de Correo 16, (1900) La Plata,
Argentina
E-mail address: rtucce@inifta.unlp.edu.ar.

http://dx.doi.org/10.1016/j.jelechem.2016.05.006
1572-6657/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 December 2015
Received in revised form 25 February 2016
Accepted 6 May 2016
Available online 07 May 2016
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 thinmetal films 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-
goldmodified electrode. The thickness of the eight gold films of each se-
ries is indicated in the heading of columns 3 to 7 in Table 1. The nickel
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
(R = 2
Thickn
ϕm =
(Serie

1 0.7 1.58 1.97
2 1.2 2.65 3.33
3 1.8 3.70 4.63
4 3.1 6.55 8.19
5 6.2 7.18 8.98
6 9.4 7.07 8.84
7 16 7.27 9.10
8 25 7.32 9.15

a Numbers 1 to 8 represent each gold film.
b Different nickel hydroxide surface coverage. The surface coverage was estimated from the

solution (0.2MNaOH) by using the equation ΓNi(OH)2= Q/nFA, where Q, is anodic (or cathodic)
Ni(II) oxidation (reduction) process.

c ΔR/R value of the gold film electrode at E = −0.5 V (SCE) for each nickel hydroxide surfac
hydroxide surface coverage of each one of the eight films of each series
is listed in column 2 of Table 1. It should be indicated that the use of an
evaporated gold film as base electrode to deposit nickel hydroxide films
leads to reproducible CV and SR data. The good reproducibility can be
attributed to the use of a smooth and renewable gold surface, obtained
by evaporation, to deposit the nickel hydroxidefilm in each experiment.
Nickel hydroxide was deposited 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 pe-
riod, to a constant potential of −0.5 V in a deoxygenated 0.5 M
Ni(NO3)2 solution,was transferred to a deoxygenated 0.2MNa(OH) so-
lution and cycled between−0.5 V and 0.6 V (vs. SCE) at 10mV s−1 until
a stable voltammogram was achieved (150 cycles). This procedure al-
lows one to obtain different nickel hydroxide surface coverages
(ΓNi(OH)2) on each one of the eight films of each series. The surface cov-
erage of the different Au/Ni(OH)2 modified electrodes was estimated
from the voltammetric oxidation (or reduction) charge (QNi(OH)2) eval-
uated 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 ca-
thodic) voltammetric charge corresponding to the oxidation (or reduc-
tion) process, assuming that all the nickel redox sites are electroactive
on the voltammetric time scale; F is the Faraday's constant; A is the geo-
metric surface area of the gold electrode; and n is the number of elec-
trons transferred in the Ni (II) ⇔ Ni (III) oxidation (reduction)
reaction. As can be seen from column 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
.

/Rc

5 Ω)
ess
24 nm
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)

2.16 3.14 5.95
4.01 5.13 9.12
5.87 7.17 13.51

10.31 12.61 23.32
10.98 13.58 23.12
11.04 13.79 23.21
11.11 13.79 23.19
11.07 13.79 23.12

voltammetric oxidation (or reduction) charge (Q) evaluated in the supporting electrolyte
voltammetric charge of thewave centered at about 0.35 V corresponding to the Ni (III)⇔

e coverage indicated in column 2.
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in detail [9–11]. The electrochemical cell was also the same as that de-
scribed previously [9]. The electrode resistance change was measured
employing the three-contact method described earlier [10]. The possi-
bility of coupling between the faradaic and measuring currents inside
the electrode was taken into account in [10]. It was demonstrated that
side effects of the faradaic current passing through the electrode can
be neglected when the contacts at the ends of the electrode are sym-
metrically placed with respect to the central one. Usually, the relative
resistance change as a function of potential (ΔR / R − E) is recorded in
SR experiments, where R is the initial resistance value of the gold film
and depends on the film thickness. The R value of the eight films of
each series is indicated in the heading of columns 3 to 7 of Table 1.

Voltammetric experiments were performed using a measurement
system comprising a PAR model 175 universal programmer, a PAR
model 173 potentiostat-galvanostat, and a Philips model 8134 x-y1-y2
recorder. AR grade chemicals were employed throughout. Ni(NO3)2
Fluka was employed. NaOH (Merck) was used without purification.
The solutions were prepared with water purified using a Millipore
Milli-Q system. The potential drop at the extremes of the filmwasmea-
sured with a Keithley Model 160 voltmeter.

3. Electronic transport in thin metal films

The use of the SR changes as an alternativemethod to study the elec-
trochemical interface was reviewed considering both experimental and
theoretical aspects [2]. The most important contributions to electrode
resistance changes in electrochemistry are: (i) the field effect, related
to the application of an electric field thatmodifies the electrode conduc-
tivity; (ii) the size effect, which refers to conductivity changes brought
about by changes of the film thickness; and (iii) adsorption effects.

The field effect precisely refers to the variation of the resistanceΔR/R
with surface charge density (Q), induced by the electric field applied. In-
terpretation of the field effect on the basis of the free electron model
[13] leads to Eq. (1):

ΔR=R=Qð Þ ¼ noeϕmð Þ−1: ð1Þ

In Eq. (1), no is the metal electron density, e is the electron charge
and ϕm the film thickness. In the present work we compare the (ΔR/R/
Q) value obtained within the potential region where hydroxide ion ad-
sorption on gold occurs with the predictions of Eq. (1) related to the
field effect.

With regard to size effects, the scattering of conduction electrons at
planar interfaces defined by the top and bottom surfaces of a metal film
can contribute significantly to the resistivity. In the case of thin metal
films, the electrical resistivity, ρf, is higher than the bulk resistivity, ρm,
of the massive metal of the same structure as the metal film, and the
ρf/ρm ratio decreases with increasing film thickness, ϕm. The theory to
account for the size effectwas postulated by Fuchs [14] and Sondheimer
[15]. The expression for the dependence of the film resistivity, ρf, as a
function of ϕm can be written as:

ρ f =ρm ¼ 1þ 3=8ð Þ 1−pð Þlm=ϕm: ð2Þ

In Eq. (2), lm is the mean free path of the conduction electrons and p
is the specularity parameter [14,15]. The specularity parameter repre-
sents the probability of an electron being reflected specularly or dif-
fusely at the film surface. The p value ranges from 0 for complete
diffuse scattering to 1 for complete specular scattering. At first, it should
be considered that thinmetal films can be prepared to satisfy the Fuch's
model [14] in a sufficient way to exhibit a specularity parameter near 1
(a surfacewith a smooth mirror-like finish that is free of defects). How-
ever, this parameter correlates with the roughness of surface topogra-
phy and the presence of surface defects. All these imperfections
should lead to experimental p values lower than 1. Our gold films are
prepared at low evaporation rates and they show a specularity parame-
ter near 0.91.

Adsorption onmetal film surfaces has also been considered in terms
of the electron scattering process. That is, besides the above-mentioned
factors, if foreign entities (adsorbates) are present on the film surface,
translational symmetry parallel to the interface changes, and additional
scattering of the conduction electrons occurs. This electron dispersion
effect, brought about by the presence of foreign entities on the metal
surface, thereby acting as dispersion centres for the surface reflection
of the electrons from the inside of the metal, has been analysed on the
basis of Eq. (2). Assuming that the specularity, p, decreases with the in-
crease of the surface concentration of foreign scattering centres (ΓSurf) at
the film surface (Δp = −ko ΓSurf) and taking into account the relation-
ship between resistance and resistivity, differentiation of Eq. (2) leads
to the relationship,

ΔR ¼ 3=8G ρmlm=ϕm
2

� �
koΓSurf : ð3Þ

Then, an increase of ΔR would be expected with the increase in the
concentration of foreign entities (ΓSurf) on the metal film surface.
Concerning the mechanism proposed in Eq. (3), ΓSurf has been referred
to several interfacial phenomena, electrode surface oxidation, ionic, or-
ganic molecular adsorption, interaction of metal surfaces with foreign
adatoms during underpotential (UPD) deposition processes, etc. [2].
The nickel hydroxide-gold modified electrode is studied in this work
on the basis of Eq. (3), where ΓSurf is associated with the nickel hydrox-
ide surface coverage (ΓNi(OH)2). As the gold film thickness is also varied,
the size effect theory prediction, that is, the linear dependence of the
ΔR/ΓNi(OH)2 slope on ϕm

−2, according to Eq. (3), is also analysed in this
work.

The resistance change within the potential region corresponding to
surface oxidation of the gold film electrode is analysed as well. In this
case, Δp is expressed in terms the degree of oxidation (θox). That is, on
the assumption that the increase in the surface oxidation of the gold
film electrode increases the diffuse scattering of the electrons, one can
writeΔp=−k θox; then, the resistance change ΔRwithin the potential
region corresponding to gold oxide formation can be expressed as

ΔR ¼ 3=8 G ρmlm=ϕm
2

� �
kθox : ð4Þ

As can be seen from Eq. (4), if k is independent of θox, a linear ΔR/R
vs. θox dependence should be expected. The degree of oxidation of the
gold film electrode is defined at each potential E by the ratio θox =
Qox/QT, where QT is the voltammetric charge corresponding to the
completely oxidised gold film and Qox is the oxidation charge at each
potential E obtained also from the voltammetric current recorded at
ν = 0.01 V s−1.

4. Results and discussion

4.1. Voltammetric and surface resistance responses of the gold film elec-
trode in alkaline medium

Simultaneous voltammetric and surface resistance (ΔR / R − E) re-
sponses of a 30 nm gold film electrode in contact with a deoxygenated
0.2 M NaOH solution, within the potential range −0.5 V b E b 0.6 V, is
shown in Fig. 1. With regard to the voltammetric response, it is well-
known that in alkaline solutions, measurable adsorption of OH− on
gold starts around −0.4 V, with increasing surface coverage resulting
at more positive potentials [16–18]. The anodic current observed at
E ≥ 0.2 V during the positive potential scan has been attributed to gold
oxide formation. In the negative potential scan, the gold oxide is re-
duced at a potential value around 0.1 V.

The surface resistance has been employed to study adsorption on
gold film electrodes in acid and neutral media [2]. However, to our



Fig. 1.Voltammetric (I-E) and relative surface resistance (ΔR / R− E) responses of a 30nm
goldfilm electrode in contact with a 0.2MNa(OH) solution. Inset: Charge vs. potential (Q-
E) dependence for the same goldfilmelectrodeobtained by integration of the I-E response.
Potential scan rate: 0.010 V s−1.

Fig. 3. (ΔR / R− Q) dependences for the same films indicated in Fig. 2 within the potential
region −0.5 V b E b 0.2 V. Electrolyte: a 0.2 M Na(OH) solution. Potential scan rate:
0.010 V s−1. Inset: (■) (ΔR/R/Q) vs. ∅m

−1 dependence within the potential region
−0.5 V b E b 0.2 V. ΔR/R/Q values were extracted from the (ΔR / R − Q) dependences
shown in Fig. 3. (•) (ΔR/R/Q) vs. ∅m

−1 dependence predicted by the field effect theory.
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knowledge, there are few studies related to adsorption on gold film
electrodes in alkaline media employing the SR technique [19]. As can
be seen by comparing I-E and ΔR / R − E responses shown in Fig. 1,
ions adsorbing on the surface of the gold film electrode cause the in-
crease of the surface resistance in going towards the positive potential
scan direction from a potential value about E = −0.5 V. SR measure-
ments at potential values slightlymore negative than−0.6 V are not re-
producible because the gold film is slowly detached (peeled off) from
the base surface, possibly due to incipient hydrogen evolution (bubbles
on the gold film surface are visible). The abrupt change of slope in the
ΔR / R− E dependence at about 0.2 V in going towards the positive po-
tential scan direction shows the beginning of gold oxide formation. The
inset in Fig. 1 shows the charge vs. potential (Q-E) dependence. The Q-E
dependence was obtained from the integration of the I-E response
shown in Fig. 1. While the SR response depends on the thickness of
the gold film electrode (Fig. 2), the voltammetric response and the Q-
E dependence are independent of this variable (Fig. 1). The inset in
Fig. 2 shows ΔR / R− E responses for the different gold film thicknesses
only within the potential region corresponding to hydroxide ion ad-
sorption (−0.5 V b E b 0.2 V). Fig. 3 shows the ΔR / R− Q dependence
for the different film thicknesses within the potential region
−0.5 V b E b 0.2 V. As can be seen from Fig. 3, linear ΔR / R− Q depen-
dences are obtained for each film thickness. The inset in Fig. 3 shows the
comparison of the (ΔR/R)/Q slopes extracted from Fig. 3 as a function of
ϕm
−1 with the (ΔR/R)/Q vs. ϕm

−1 dependence predicted by the field effect
theory according to Eq. (1). A lower (ΔR/RQ)/ϕm

−1 slope value is pre-
dicted by Eq. (1) as compared with the value obtained in the presence
of hydroxide ion adsorption. It iswell-known that thefield effect in elec-
trochemistry is often masked by ionic adsorption in the double-layer
Fig. 2. Relative surface resistance (ΔR / R − E) responses for gold film electrodes of
different thicknesses within the potential region −0.5 V b E b 0.6 V. Inset: Relative
surface resistance (ΔR / R − E) responses for the same gold film electrodes within the
potential region −0.5 V b E b 0.2 V. Thicknesses, 1: ∅m = 30 nm; 2: ∅m = 24 nm; 3:
∅m = 18 nm; 4: ∅m = 14 nm; 5: ∅m = 10 nm. Electrolyte: a 0.2 M Na(OH) solution.
Potential scan rate: 0.010 V s−1.
region [2]. However, it is interesting to note that the comparison of
the (ΔR/RQ)/ϕm

−1 slope value, within the potential region
−0.5 b E b 0.2 V obtained in the presence of hydroxide ions, with the
value extracted from the field effect theory allows one to obtain the
(noe)OH/(noe)FE ratio. As no (electrons/cm3) is the free electron density
for gold and e (=1.6 × 10−19 coulomb) is the electron charge,
(noe)OH/(noe)FE should represent the relationship between the free elec-
tron charge density of the electrode in the presence and in the absence
of adsorbed hydroxide ions. The (noe)OH/(noe)FE value obtained from
data shown in the inset of Fig. 3 is 0.23. This value should indicate that
in the presence of hydroxide ions, 77% of the electron density charge
of gold is involved in hydroxide ion adsorption. This finding seems to
be consistent with the hydroxide ion–gold interaction process con-
ceived in terms of partial charge transfers [17,18].

Fig. 4 shows the representation ofΔR-θox dependencewithin the po-
tential region corresponding to gold oxide formation (0.2 V b E b 0.6 V)
for different gold film thicknesses. The ΔR was extracted from ΔR/R
measurements by multiplying by the corresponding initial R value for
each film thickness (see Table 1). The ΔR value at E = 0.2 V was taken
as reference to assess the resistance change within the potential region
corresponding to gold oxide formation for each film thickness. The de-
gree of oxidation, θox, was calculated as indicated in Section 3. As pre-
dicted by Eq. (4), a linear ΔR-θox dependence is obtained. Also,
according to the size effect theory (Eq. (4)), the ΔR/θox ratio exhibits a
linear dependence on ϕm

−2 (inset in Fig. 4) with a k value of about
6.7 × 10−4. Linear dependences such as those shown in Fig. 4 are also
obtained for the gold oxide reduction process. Then, the SR behaviour
of gold film electrodes in alkaline medium seems to respond to field
Fig. 4. Surface resistance change as a function of the degree of oxidation (ΔR vs. θox) for
different gold film thicknesses within the potential region 0.2 V b E b 0.6 V. The same
film thicknesses indicated in Fig. 2. Inset: ΔR/θox vs. ∅m

−2 dependence. ΔR/θox values
were extracted from the ΔR vs. θox dependence shown in Fig. 4. Electrolyte: a 0.2 M
Na(OH) solution. Potential scan rate: 0.010 V s−1.



Fig. 6. Voltammetric and (ΔR / R− E) responses of a 30 nm gold film electrode modified
with different nickel hydroxide coverages: ΓNi(OH)2 = 0.7 nmol cm−2 (1); 1.2 nmol cm−2

(2); 1.8 nmol cm−2 (3); 3.1 nmol cm−2 (4); 6.2 nmol cm−2 (5); 9.4 nmol cm−2 (6). (—)
The bare goldfilm electrode. Inset: (ΔR / R− E) responses for the same goldfilm electrode
modified with nickel hydroxide coverages: ΓNi(OH)2= 9.4 nmol cm−2 (—); 16 nmol cm−2

(−⋅⋅−⋅⋅−); 25 nmol cm−2 (— — —) Electrolyte: a 0.2 M Na(OH) solution. Potential scan
rate: 0.010 V s−1.
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and size effect theories proposed to interpret conductivity changes in
thin metal films due to charge and thickness variations, respectively.

4.2. Voltammetric and surface resistance responses of the nickel hydroxide-
gold film modified electrodes

The stabilized voltammetric response of a gold film modified with
different nickel hydroxide surface coverages (ΓNi(OH)2) is shown in
Fig. 5. This voltammetric response is the weighted sum of the activities
of gold and nickel hydroxide. Two redox transitions are observed: a1/c1,
which are related to gold–oxide formation and reformation of Au° and
a2/c2, which is due to the Ni(II)/Ni(III) system [20–22]. The shape of
the Ni(II)/Ni(III) transition (i.e. peak separation, peak current ratios
and peak potentials) is influenced by the ΓNi(OH)2 value. The good elec-
tronic and permeation properties of the nickel hydroxide films are evi-
denced by the currents and peak potentials related to a1/c1 processes,
which are virtually identical to those observed for the bare gold elec-
trode (Fig. 1). Although the coupling between faradaic and measuring
currents is taken into account in SRmeasurements [2], the high faradaic
current passing through the resistive gold electrodewithin the potential
region corresponding to the Ni (II)⇔Ni (III) redox process, particularly
for ΓNi(OH)2 N 10 nmol cm−2 values (inset in Fig. 5), causes some side ef-
fects, which are difficult tominimize during SRmeasurements. Then, si-
multaneous CV and SR measurements of nickel hydroxide-gold
modified electrodes were only performed within the potential range
−0.5 V b E b 0.35 V. Fig. 6 compares simultaneous I-E andΔR / R− E re-
sponses for the 30 nm bare gold film electrode with those of the same
film, modified by different nickel hydroxide surface loadings. The
ΓNi(OH)2 values are the same as those indicated in Fig. 5. Although stabi-
lized voltammetric and surface resistance responses obtained after
prolonged potential cycling (around 150 potential cycles at
10mV s−1) are shown in Figs. 5 and 6, it is well-known that during con-
tinuous electrochemical cycling in alkaline solutions the Au/Ni electrode
undergoes profound physical and/or structural modifications [12]. In
this regard, we observe that both voltammetric and SR responses dras-
tically changewith the number of potential cycles. As has been reported
[12,22,23], nickel hydroxide can exist at least in two different crystallo-
graphic forms designed asα-Ni(OH)2 and β-Ni(OH)2. The α-Ni(OH)2 is
known to be unstable in alkaline medium and converts slowly and irre-
versibly to β-Ni(OH)2. In addition, the oxidation of nickel hydroxide
gives another two varieties of oxyhydroxides, β and γ. Thus, the surface
concentration of nickel oxyhydroxide increases, and also the gold film
electrode undergoes surface reconstruction during multiple potential
cycling. The SR technique seems to be a powerful tool to analyse the
changes of the electrochemical response on the Au/Ni electrode with
potential cycling, potential range and electrolyte composition. In this re-
gard, we have previously employed the technique to study the surface
Fig. 5. Voltammetric response of a 30 nm gold film electrode modified with different
nickel hydroxide surface coverages: ΓNi(OH)2 = 0.7 nmol cm−2 (1); 1.2 nmol cm−2 (2);
1.8 nmol cm−2 (3); 3.1 nmol cm−2 (4); 6.2 nmol cm−2 (5); 9.4 nmol cm−2 (6). Inset:
ΓNi(OH)2 = 16 nmol cm−2 (7); 25 nmol cm−2 (8), (—) the bare gold film electrode.
Electrolyte: a 0.2 M Na(OH) solution. Potential scan rate: 0.010 V s−1.
structural change of silver film electrodes [24]. Morework is in progress
in our laboratory to study surface structural and chemical composition
changes of the Au/Ni electrode on the basis of the evolution of the SR re-
sponse during electrochemical cycling. However, as was indicated, in
the present work only stabilized voltammetric and SR responses of the
Au/Ni electrode are analysed.

Fig. 6 shows that while I-E responses for the different nickel
hydroxide-gold modified electrodes and the bare gold electrode are
practically the samewithin thewhole potential range, theΔR / R− E re-
sponses only within the potential region comprised between −0.3 V
and 0.35 V are the same. In this regard, a ΔR/R increase within the po-
tential range comprised between −0.3 V and−0.5 V in going towards
the negative potential direction is observed for the nickel hydroxide-
gold modified electrodes. This behaviour contrasts with the relatively
constantΔR/R value for the bare gold film electrodewithin the same po-
tential region. It should be indicated that to record theΔR / R− E change
in the presence of nickel hydroxide films, we take as reference the ΔR/R
value at E = −0.5 V for the bare gold film electrode (absence of nickel
hydroxide surface coverage), which is considered as zero after compen-
sating for the initial resistance R of the gold film electrode. The increase
of ΔR/R in going towards the negative potential scan direction from
−0.3 V to −0.5 V depends on the nickel hydroxide surface coverage
value (ΓNi(OH)2). That is, the higher the ΓNi(OH)2 value is, the higher the
surface resistance change becomes. However, for ΓNi(OH)2 values higher
than 3 nmol cm−2, a saturation in the ΔR/R change is observed (see
inset in Fig. 6). Although the ΔR/R change is magnified as the gold film
thickness decreases, saturation in the ΔR/R change with the ΓNi(OH)2 in-
crease is observed for all gold film thicknesses. This effect can be seen
clearly in Fig. 7, where ΔR vs. ΓNi(OH)2 dependences for the different
Fig. 7. ΔR vs. ΓNi(OH)2 for gold films of different thicknesses (∅m): (O) 10 nm; (■) 14 nm;
(•) 18 nm; (+) 24 nm; (Δ) 30 nm.
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gold film thicknesses are plotted together. ΔR changes were obtained
from experimental ΔR/R changes, employing the corresponding R
value for each film thickness (see Table 1). It is also observed in Fig. 7
that for all film thicknesses, ΔR increases almost linearly within the hy-
droxide nickel surface coverage range 0 b ΓNi(OH)2 b 3 nmol cm−2. This
fact is more clearly seen in Fig. 8. Employing experimental ΔR/ΓNi(OH)2
slopes showed in Fig. 7 and the following parameter values in Eq. (3),
G = 25; ρm = 2.4 × 10−6 Ω cm; lm = 22 nm, and the corresponding
film thickness, ϕm, a value of ko = 7.28 × 106 cm2 mol−1, independent
of ϕm, is obtained. As predicted by the size effect theory for thin metal
films [2], the ΔR/ΓNi(OH)2 slope within the surface coverage range
0 b ΓNi(OH)2 b 3 nmol cm−2 follows a linear dependence on ϕm

−2 (inset
in Fig. 8). Thus, the resistance response of the nickel hydroxide-gold
film modified electrode also complies with the size effect theory
predictions.

The electrochemical treatment employed in our work (repetitive
potential cycling in alkaline solutions) to stabilize the nickel
hydroxide-gold modified electrode is the same as that employed in
[12], where XPS measurements show the formation of a uniform nickel
film. As SR responses of the bare gold electrode and that of the nickel
hydroxide-gold modified electrode within the potential range
−0.3 V b E b 0.35 V are the same, the presence of the nickel hydroxide
layer in the Au/Ni electrode does not add scattering centres to the con-
duction electrons at the gold film surface coated by Au(OH)ads and AuO
species. Thus, the nickel hydroxide layer does not directly interact with
the gold film surface. This finding seems to be in agreement with previ-
ous XPS results [12], where it was not possible to confirm any direct in-
teraction between gold and nickel oxide species. So, one cannot obtain
structural information about the nickel hydroxide layer employing SR
measurementswithin the potential range−0.3 V b E b 0.35 V. However,
considering that the surface deposition of nickel hydroxide films in-
volves the participation of OH– ions, after the reduction of AuO and de-
sorption of Au-OHads have just occurred, nickel adatom layers are
formed and directly interact with the gold film surface increasing the
SR. Then, theΔR increasewithin the potential range comprised between
−0.3 V and−0.5 V can be attributed to the physical (non-faradaic) in-
teraction of nickel adatom layers with the gold surface. Some structural
information about the nickel adatom layers formed at potential values
lower than−0.3 V can be obtained from SR measurements. The ΔR in-
crease with the increase in the nickel adatom surface coverage and its
saturation, shown in Fig. 7, can be interpreted, from the microscopic
point of view, in terms of the specularity parameter change
(Δp = −ko ΓSurf) employing Eq. (3), and considering that the more
dense the surface layer is, the more specularly the electrons are
reflected [1]. The Δp difference between the specularity parameter at
E=−0.5 V (p(E = −0,5 V)) and that at E=−0.3 V p(E = −0.3 V) is a neg-
ative number, that is,Δp= p(E=−0,5 V) - p(E=−0.3 V) b 0 because always
p(E = −0,5 V) b p(E = −0.3 V). That is, the electron reflection ismore diffuse
Fig. 8. ΔR vs. ΓNi(OH)2 for different gold film thicknesses within the nickel hydroxide
surface coverage range 0 b ΓNi(OH)2 b 3 nmol cm−2. Gold film thickness,∅m: (O) 10 nm;
(■)14 nm; (•) 18 nm; (+) 24 nm; (Δ) 30 nm. Inset: ΔR/ΓNi(OH)2 vs. ϕm

−2.
at E = −0.5 V than at E = −0.3 V. Thus, as ΓNi(OH)2 increases, Δp in-
creases in Eq. (3) because p(E = −0,5 V) decreases while p (E = −0.3 V) re-
mains constant. Although absolute values of p(E = −0,5 V) and
p(E = −0.3 V) are unknown, the ΔR saturation is indicative of a
p(E = −0,5 V) limiting value at a given ΓNi(OH)2value. Then, in terms of
the electron conduction scattering at a gold film surface coated with
nickel adatoms, the initial linear resistance increase observed in Figs. 7
and 8 would mean that scatterer centres (nickel adatoms) for the gold
conduction electrons are far apart from one another, forming part of a
surface structure in which the nearest scatterer distances are constant
and higher than the Fermi wavelength [13] of the conduction electrons
of the substrate (gold). The latter would correspond to an island growth
mechanism, as proposed by several authors for explaining SR data of
different adsorbates on thin metal films [1]. As the nickel adatom sur-
face coverage increases further, more compact structures that reflect
electrons more specularly are formed, leading in these regions to no
change or a decrease of SR. The appearance of these structures makes,
on average, ΔR depart from the initial straight line, leading to a smaller
slope and eventually to a constant value ofΔR (Fig. 7). Thiswould be the
point where areas occupied by surface structures reflecting diffusely
are, on average, compensated by those reflecting specularly. If surface
structures reflectingmore specularly predominate over those reflecting
diffusely, ΔR should decrease. However, the latter is not observed, at
least up to a ΓNi(OH)2 value about 25 nmol cm−2. Although these consid-
erations about the structure of the nickelfilms formed are only based on
the free electron scatteringmodel [13], XPSmeasurements also support
the hypothesis that nickel film growth on the gold surface involves an
initial stage in which nickel islands, with a random distribution, are
formed [12].

With regard to the catalytic activity of the nickel hydroxide-gold
modified electrode, it was demonstrated that the electrode combines
the catalytic activity of gold species at low potentials (E b 0.3 V) and
that of NiOOH at higher polarisation potentials (E b 0.5 V) [12,23]. Be-
sides, the good electronic and permeation properties of the nickel hy-
droxide film observed by CV, SR measurements within the potential
range −0.3 V b E b 0.35 V, show that the nickel hydroxide film does
not affect the scattering processes of Au(OH)ads species for the gold con-
duction electrons. Then, in agreement with previous work [12,23], it
should be expected that even in the presence of the nickel film, the cat-
alytic activity of the adsorbed hydroxide gold species at potential values
lower than−0.3 V b E b 0.35 Vwill remain unaltered. Unfortunately, SR
measurements cannot be extended to positive potential values beyond
E = 0.35 V, where NiOOH species predominate on the gold surface.
However, nickel adatom deposition on the gold film substrate detected
by SR measurements at potential values more negative than −0.3 V
may alter the reactivity of the base electrode and then, it can be used
to change its electrocatalytic properties. The activity of the electrode de-
pends on the formation of compact and uniform adsorbate layers on the
substrate. In this regard, the saturation of the SR shown in Fig. 7 is indic-
ative of a limiting coverage of the nickel adatom layer on gold. It is well-
known that just the deposition of a fraction ormore than amonolayer of
foreign atoms adsorbed on a base metal substrate electrode is often the
first step in the metal electrodeposition and may affect the further
growth of the deposit. In this regard, the so-called UPD refers to the for-
mation of foreign metal adatoms at positive potentials of the reversible
Nernst potential before its bulk deposition occurs [25]. This provides a
unique method for controlling and changing the foreign metal adatom
coverage under near thermodynamic equilibrium between zero and
one monolayer. In the present study, the SR technique has proven to
be adequate to study the deposition of a fraction of a Ni adatommono-
layer on gold, even in the presence of a nickel hydroxide film on the gold
surface. Since the adatom coverage is controlled only by the electrode
potential, it is easy to investigate in situ electronic and structural prop-
erties of the deposit under well-defined conditions. The structure and
morphology of Ni deposits, especially during the initial growth stages,
have been extensively studied [26]. The electrochemistry of nickel has
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receivedmuch attention [27] and from the point of view of practical ap-
plications, nickel is widely used in the electroplating industry [28]. More
work is in progress in our laboratory to obtain structural and electronic
information about nickel adatom layers adsorbed on gold.

5. Conclusions

The electrochemical behaviours of a gold film electrode and a nickel
hydroxide-gold film modified electrode in alkaline medium have been
studied employing the surface resistance technique. With regard to
the bare gold film electrode, the surface resistance response corre-
sponding to hydroxide ion adsorption was analysed on the basis of the
field effect theory. A relationship between the free electron charge den-
sity of the electrode in the presence and in the absence of adsorbed hy-
droxide ions has been obtained. This relationship indicates that in the
presence of hydroxide ions, 77% of the electron density charge of gold
is involved in hydroxide ion adsorption. Surface resistance data within
the potential region corresponding to gold oxide formation were
interpreted in terms of the size effect theory. A linear relation between
the surface resistance change (ΔR) and the degree of oxidation (θox) at
fixed gold film thickness (ϕm) was obtained. Also, according to the
size effect theory, theΔR/θox slope exhibits a linear dependence on ϕm

−2.
The comparison of SR responses of the nickel hydroxide-gold modi-

fied electrode with the bare gold film electrode within the potential
range −0.3 V b E b 0.35 V shows that the nickel hydroxide layer does
not affect the electron scattering process of AuO and Au-OHads layers
formed on the gold surface. After the reduction of OHads and AuO layers,
at potential valuesmore negative than−0.3 V, nickel adatom layers are
formed, which affects the scattering of gold conduction electrons. The
electron conduction scatteringmodel allows one to conclude that nickel
film growth involves an initial stage in which nickel islands are formed,
and then, compact structures (structures diffusely reflecting conduction
electrons are, on average, compensated by those reflecting specularly)
are formed. Despite the presence of the nickel film, the catalytic activity
of the adsorbed hydroxide gold species at potential values lower than
−0.3 V b E b 0.35 V remains unaltered. However, the deposition of a
fraction ormore than amonolayer of nickel adatoms on a base gold sub-
strate electrode, at potential values lower than−0.3 V,may alter the re-
activity of the base electrode and it can be used to change its
electrocatalytic properties.
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