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Nickel hydroxide undergoes profound structural transformations under prolonged potential cycling in alkaline
solutions. In this work, gold film electrodes modified with different nickel hydroxide coverages were subjected
to continuous potentiodynamic cycling in alkaline medium, while the simultaneous evolution of voltammetric
and surface resistance records was monitored until stable responses were obtained. A surface resistance (SR) in-
crease proportional to the nickel hydroxide coverage was observed at potential values more negative than
−0.3 V (vs. SCE), which was attributed to the deposition of nickel adatoms from the reduction of nickel hydrox-
ide layers. This SR change was analysed on the basis of the electron scattering theory, considering that nickel
adatoms act as scatterers for the reflection of gold conduction electrons. The nickel adatom layer produced
from the reduction of the nickel hydroxide structure formed during the first voltammetric scan potential cycles
(b40) exhibits amore specular reflection than that generated after a larger number of potential cycles (N140). As
the specularity of a layer for electron scattering can be associated with scatterer compactness, the distance be-
tween nickel atoms in the former nickel adatom structure is shorter than that in the last one.

© 2017 Published by Elsevier B.V.
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1. Introduction

Surface resistance (SR) refers to changes in resistivity (or conductiv-
ity) of thin metal films (thickness, ϕm b 30 nm) brought about by de-
fects, impurities and carrier concentration in the interfacial region of
the exposed face of the material sample, assuming all the bulk effects
and other conditions remain unaltered. The use of the SR changes as
an alternative method to study the electrochemical interface was
reviewed considering both experimental and theoretical aspects [1].
The most important contributions to electrode resistance changes in
electrochemistry are: (i) the field effect, related to the application of
an electric field that modifies the electrode conductivity; (ii) the size ef-
fect, which refers to conductivity changes brought about by changes of
the film thickness; and (iii) adsorption effects. With regard to adsorp-
tion effects, it has been considered that the resistance of a thin metal
film is sensitive to surface processes that affect the specular reflection
of conduction electrons at the metal film surface.

The scattering of conduction electrons at planar interfaces defined
by the top and bottom surfaces of the film under study can contribute
significantly to the resistivity. In the case of thin metal films, the electri-
cal 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 de-
creases with increasing film thickness, ϕm. This “size effect” becomes
evident when ϕm is comparable with the mean free path, lm, of the
conduction electrons. The theory to account for the size effect was pos-
tulated by Fuchs [2] and Sondheimer [3]. The exact expression for the
dependence of the film resistivity, ρf, as a function of ϕm is complicated.
However, it can be reduced to a limiting form when ϕm/lm ≥ 1:

ρ f=ρm ¼ 1þ 3=8ð Þ 1−pð Þlm=ϕm ð1Þ

In Eq. (1), p is the specularity parameter [3]. This parameter repre-
sents the probability of an electron being reflected specularly or diffuse-
ly 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 con-
sidered that thinmetalfilms can be prepared to satisfy the Fuch's model
in a sufficient way to exhibit a specularity parameter near 1 (a surface
with a smoothmirrorlike finish that is free of defects). However, this pa-
rameter, which is also interpreted as the fraction of the surface that
specularly reflects electrons, depends on the quality of the metal film
surface, that is, on the method of preparation of the metal film [4]. In
this sense, an appreciable fraction of the conduction electrons can be
scattered diffusely and give rise to an additional resistance, which
correlates with the roughness of surface topography and the presence
of surface defects. All these imperfections should lead to experimental
p values lower than 1. Besides the size effect, if foreign entities are pres-
ent on the film surface, translational symmetry parallel to the interface,
changes and additional scattering of the conduction electrons occur.
This electron dispersion effect, brought about by the presence of entities
on themetal surface, thereby acting as dispersion centres for the surface
reflection of electrons from the inside of themetal, has been analysed on
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the basis of Eq. (1). Assuming that the specularity, p, is themain param-
eter influenced by the surface concentration of foreign scattering cen-
tres at the film surface, Γsurf, differentiation of Eq. (1) leads to the
relationship:

Δρ f ¼ −3=8 ρmlm=ϕmð Þ Δpð Þ ð2Þ

On the assumption that the increase of ΓSurf increases the diffuse
scattering of the electrons, Δp =−k ΓSurf, an increase in Δρf would be
expected with increasing Γsurf (Eq. (2)). In terms of the resistance
changes (ΔR = Δρf G/ϕm), Eq. (2) can be written as:

ΔR ¼ −3=8 G ρmlm=ϕ
2
m

� �
Δp ð3Þ

In Eq. (3), G (=l/w) is the relationship between the length, l, and the
width, w, of the metal film electrode. Usually, the relative resistance
change as a function of potential (ΔR/R-E) is recorded in SR experi-
ments, where R is the initial resistance value of the gold film and de-
pends on the film thickness. ΔR/R changes around 10−5 could be
measured (see the Experimental section).

1.1. Application of the surface resistance technique to study the nickel hy-
droxide-gold modified electrode

Eq. (3) was employed in previous work [5] to interpret the SR re-
sponse of a gold film electrodemodifiedwith different nickel hydroxide
coverages. As a SR increase in going towards the negative potential di-
rection from−0.3 V to−0.5 V proportional to the nickel hydroxide sur-
face coverage, ΓNi, was observed, the change of the specularity
parameter in Eq. (3) was expressed as Δp = −koΓNi, and Eq. (4)
(below) was applied.

ΔR ¼ 3=8 G ρmlm=ϕm
2

� �
koΓNi ð4Þ

The parameter ko in Eq. (4) is a constant independent of ΓNi. The sur-
face coverage of the different Au/Ni(OH)2 modified electrodes was esti-
mated from the stabilized voltammetric responses (N150 potential
cycles at 10 mV s−1). The linear dependence of the ΔR/ΓNi slope on
ϕm
−2, according to Eq. (4), was also verified. The ΔR increase within

the potential region−0.3 N E N−0.5 V expressed by Eq. (4) was attrib-
uted to the deposition of nickel adatoms from the reduction of nickel
hydroxide layers. Although only stabilized voltammetric and resistance
responses were analysed in [5], it was observed that both records grad-
ually change with the number of potential cycles before stable profiles
are reached. In this work, we analyse the simultaneous evolution of
voltammetric and surface resistance records of a nickel hydroxide-
gold film modified electrode subjected to prolonged potential cycling
with the twofold purpose of extending the application of the SR tech-
nique to the study of the structural transformation of an adsorbed
layer on gold and obtaining some complementary information to that
reported in the literature about the electrochemical modifications of a
nickel hydroxide layer during potential cycling by employing a non-tra-
ditional technique. To our knowledge, the SR technique has never be-
fore been employed to study a structural transformation [1].

2. Experimental

Five gold film electrodes of different thicknesses (ϕm = 30 nm;
24 nm; 18 nm; 14 nm and 10 nm) were synthesized. Rectangular gold
films were prepared by vacuum evaporation, as was previously de-
scribed [5]. The relationship between the length, l, and the width, w,
(G = l/w) of these gold film electrodes was 25. The electrode area was
0.69 cm2. It iswell-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
Introduction). Our gold films were prepared at low evaporation rates
and they show a specularity parameter (p) near 0.91. Each gold film
electrode was conditioned electrochemically by cycling the potential
between −0.5 V and 0.6 V for 160 cycles, at a scan rate of 10 mV s−1,
in a deoxygenated 0.2 M Na(OH) solution.

Nickel hydroxide was deposited on the gold film electrodes
employing the procedure described elsewhere [6], that is, after being
subjected, for a different time periods, to a constant potential of
−0.5 V in a deoxygenated 0.5 M Ni(NO3)2 solution, each one of the
gold films 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, while
both i-E and ΔR/R-E responses were continuously recorded until stable
profiles were achieved (160 cycles). The surface coverage (ΓNi) of the
different Au/Ni(OH)2modified electrodeswas estimated from the stabi-
lized voltammetric oxidation (or reduction) charge (QNi(OH)2) evaluated
in the supporting electrolyte solution (0.2 M NaOH) by using the equa-
tion ΓNi = QNi / nFA, where QNi is the anodic (or cathodic) voltammetric
charge corresponding 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.

Thus, five series of six nickel hydroxide-coated gold film electrodes
each were prepared (see columns 2 to 6 in Table 1) to study the evolu-
tion of CV and SR responses under prolonged potential cycling. The
thickness of the five gold films of each series is indicated in the heading
of columns 2 to 6 in Table 1. The sequence of the nickel hydroxide sur-
face coverage of each one of the five gold films of each series is listed in
column 1 of Table 1. As can be seen, the sequence of ΓNi values was al-
ways 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 re-
ported in this work are referred to the SCE. All measurements were per-
formed employing electrolyte solutions previously deoxygenated 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 reduc-
tion process in the CV and SR responses at potential values more nega-
tive than −0.3 V (SCE).

The experimental set-up for simultaneous voltammetric and SR
measurements on thin film electrodes has previously been described
in detail [4,7,8]. The electrochemical cell was also the same as that de-
scribed in [7]. The electrode resistance changewasmeasured employing
the three-contact method described earlier [8]. Then, the potential drop
along the resistive electrode, together with the polarization current, is
measured as a function of the applied potential E. The voltage difference
at the extremes of the film is directly proportional to the resistance, and
thus to the resistivity of the electrode. The potential drop ΔVwas mea-
sured with a voltmeter. The output of the voltmeter was compensated
for by employing a reference tension. In this way only resistance varia-
tions, ΔR (or ΔV potential variations), as a function of the electrode po-
tential, E, aremeasured.ΔR changes around 10−4Ω could bemeasured.
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
five films of each series is indicated in the heading of columns 2 to 6
of Table 1. The possibility of coupling between the faradaic and
measuring currents inside the electrode was taken into account in [8].
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 symmetrically placed with respect to the central
one. Let the distances from the end contacts to the central one be l1
and l2, then, the factor h can be defined as h = (l1 − l2) / l1,
which takes into account the symmetry of the electrical contacts in a
rectangular film. In the present electrode design, h = 0.003 results
from the l1 and l2 values measured with a travelling microscope with a
precision of 10−4 cm. Thus, despite the high faradaic current passing
through the resistive gold film electrode within the potential region



Table 1
Stabilized ΔR/R value at E = −0.5 V of different gold film electrodes modified with different nickel hydroxide surface coverages.

aΓNi/nmol cm−2 b103ΔR/R
(R = 20 Ω)
Thickness
ϕm = 30 nm
(Series 1)

b103ΔR/R
(R = 25 Ω)
Thickness
ϕm = 24 nm
(Series 2)

b103ΔR/R
(R = 33 Ω)
Thickness
ϕm = 18 nm
(Series 3)

b103ΔR/R
(R = 43 Ω)
Thickness
ϕm = 14 nm
(Series 4)

b103ΔR/R
(R = 60 Ω)
Thickness
ϕm = 10 nm
(Series 5)

0.7 1.53 1.97 2.16 3.21 5.95
1.2 2.65 3.33 4.01 5.67 9.12
1.8 3.74 4.63 5.87 8.14 13.51
2.5 5.53 6.90 9.32 11.87 16.60
3.1 6.01 8.19 10.31 12.81 23.32
6.2 6.23 8.98 10.98 13.50 23.12

a Different nickel hydroxide surface coverage. The surface coveragewas estimated from the stabilized (after 140 cycles) voltammetric oxidation (or reduction) charge (Q) evaluated in
the supporting electrolyte solution (0.2 M NaOH) by using the equation ΓNi = Q/nFA, where Q is the anodic (or cathodic) voltammetric charge of the wave centred at about 0.35 V corre-
sponding to the Ni(III)↔ Ni(II) oxidation (reduction) process.

b StabilizedΔR/R value (after 140 cycles) at E=−0.5 V (SCE) of the goldfilm electrodewhose thickness is indicated in the headings of columns 2 to 6, for each nickel hydroxide surface
coverage indicated in column 1. R is the initial resistance value of the gold film free of nickel hydroxide coverage, which depends on the film thickness, ϕm.
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corresponding to the Ni(II) ↔ Ni(III) redox process (0.35 b E b 0.6 V),
simultaneous CV and SR measurements could be taken within the
electrode potential range − 0.5 V b E b 0.6 V.

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. Results

The evolution of the voltammetric and SR responses with the elec-
trode potential cycling within the potential range −0.5 V b E b 0.6 V
was studied for the different nickel hydroxide-gold modified electrodes
indicated in Table 1. The corresponding responses for the 30 nm gold
film modified by a nickel surface coverage of 2.5 nmol cm−2 are
shown in Fig. 1. The voltammetric response is in agreement with that
described in previous work [5,6,9]. The i-E response of the Au/Ni(OH)2
modified electrode is the weighted sum of the activities of gold and
nickel hydroxide. Two redox transitions are observed, one of them
(a1/c1) is related to gold–oxide formation and reformation of Au°, and
the other one (a2/c2) is attributed to the Ni(II)/Ni(III) system. While
Fig. 1. (─) Evolution of i-E and ΔR/R-E responses of a 30 nm gold film electrode modified
with a nickel hydroxide coverage ΓNi= 2.5 nmol cm−2with potential cycling. The number
of potential cycles is indicated in the figure. (- - -) The bare goldfilm electrode. The (a1/c1)
redox transition is related to gold–oxide formation and reformation of Au°, and (a2/c2)
corresponds to the Ni(II)/Ni(III) system. Electrolyte: a 0.2 M Na(OH) solution. Potential
scan rate: 0.010 V s−1.
the SR response of the nickel hydroxide-gold modified electrode and
that of the bare gold electrode remain practically equal with potential
cycling within the potential range comprised between −0.3 V and
0.6 V, a ΔR/R increase in going towards the negative potential direction
from−0.3 V to−0.5 V is observed for the nickel hydroxide-gold mod-
ified electrode as compared with the response of the bare gold film
electrode. The ΔR/R increase becomes more pronounced as the number
of potential cycles increases (Fig. 2). However, a stabilized ΔR/R
response is obtained after about 140 cycles for all ΓNi values (column 1
in Table 1). The stabilized ΔR/R value at E=−0.5 V obtained for differ-
ent ΓNi values at constant gold film thickness is shown in columns 2 to 6
of Table 1. As can be seen, the stabilized ΔR/R value for each ΓNi value
becomes more pronounced as the gold film thickness decreases. This
result is consistent with Eq. (4), which indicates a magnification of the
ΔR change with the decrease in ϕm.

From the evolution of the relative ΔR/R changes with potential cy-
cling for each gold film thickness (see Fig. 2 for the 30 nm film), ΔR
values at E = −0.5 V (ΔRE = −0.5 V) as a function of the potential
cycle number for different ΓNi values were calculated. The correspond-
ing R value for each gold film thickness indicated in the headings of col-
umns 2 to 6 of Table 1 was employed to obtain the ΔR values. The
evolution of ΔRE = −0.5 V with the potential cycle number for the
30 nm and 14 nm gold films modified with different nickel hydroxide
surface coverages is shown in Fig. 3(A) and (B), respectively.

In order to analyse the effect of alkali concentration on the evolution
of the surface resistance response, we performed an experiment where
Na(OH) concentration is increased from 0.2M to 2M (see Fig. 4). As can
be seen from Fig. 4, theΔR value at E=−0.5 V as a function of the num-
ber of potential cycle depends on the alkali concentration.
Fig. 2. More detailed evolution of ΔR/R-E response for the same nickel hydroxide-gold
modified electrode indicated in Fig. 1, within the potential range − 0.3 V N E N −0.5 V.
The number of potential cycles is indicated in the figure. Electrolyte: a 0.2 M Na(OH)
solution. Potential scan rate: 0.010 V s−1.



Fig. 3. ΔR value at E = −0.5 V as a function of the number of potential cycle for the (A)
30 nm and (B) 14 nm gold film electrodes modified with different ΓNi values
(nmol cm−2): (+) 0.7; (×) 1.2; (□) 1.8; (O) 2.5; (Δ) 3.1; (■) 6.2. Electrolyte: a 0.2 M
Na(OH) solution. Potential scan rate: 0.010 V s−1.
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4. Discussion

The ΔR/R increase within the potential range −0.3 V N E N −0.5 V
shown in Figs. 1 and 2 was attributed to the direct physical interaction
of nickel adatom layers with the gold surface after desorption of OHads

and AuO layers [5]. As was indicated, from relative ΔR/R changes it is
possible to calculate ΔR. As can be seen from Fig. 3(A) and (B), the ΔR
value at E=−0.5 V as a function of the potential cycle number exhibits
an S-shape form for each ГNi value. Thus, two regimes are clearly
differentiated. The first one is represented by a plateau to the left of
the S-shaped ΔRE = −0.5 V change (1st plateau) where the SR remains
Fig. 4. ΔR value at E = −0.5 V as a function of the potential cycle number for the 30 nm
gold film electrode modified with a ΓNi value of 2.5 nmol cm−2. Different electrolyte
concentrations are indicated in the figure. Potential scan rate: 0.010 V s−1.
nearly constant during the first cycles, and a second one at the end of
the S-shaped ΔRE = −0.5 V variation observed at a potential cycle
number higher than 140 (2nd plateau), where again ΔRE = −0.5 V

takes a constant value but higher than that obtained at the beginning
of potential cycling. It is interesting to notice from Fig. 3(A) and (B)
that while the first plateau shrinks, the second one extends as ΓNi in-
creases. The same feature is observed for the other film thicknesses. In
order to establish the common existence of two plateaux for all ΓNi
values, we consider ΔR values within the range 1 to 40 potential cycles
and beyond 140 cycles to define the first and second plateaux, respec-
tively (see Fig. 3A and B). An intermediate zone is also defined between
the two plateaux. The comparison of Fig. 3(A) and (B) shows that: (i) at
fixed ΓNi value, the ΔRE = −0.5 V is magnified as the gold film thickness
decreases. This fact is in agreement with Eqs. (3) and (4), which show
the ΔR vs. ϕm

−2 dependence. (ii) A saturation in the S-shape form is ob-
served at ΓNi N 3 nmol cm−2 for all gold film thicknesses (see depen-
dences for ГNi values of 3.1 and 6.2 nmol cm−2, respectively, in Fig.
3(A) and (B)). (iii) Linear ΔRE = −0.5 V vs. ΓNi dependences are obtained
up to ΓNi=3 nmol cm−2 whenΔRE = −0.5 V values corresponding to the
first and the second plateaux are considered, respectively (Fig. 5). By
comparing ΔRE = −0.5 V/ΓNi slopes extracted from both plateaux at
fixed gold film thickness, a lower value is obtained from the former as
compared with the latter (Fig. 5). Again, as can be seen from Fig. 5, ΔR
is magnified as ϕm decreases.

TheΔR increase with ΓNi shown in Fig. 5 can be interpreted, from the
electron scattering point of view, in terms of the specularity parameter
change (Δp = −ko ΓNi) (see 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
negative 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 at E = −0.5 V than at E = −0.3 V (see Fig. 2). Thus, as ΓNi
increases, Δp decreases because p(E = −0.5V) decreases while
p(E = −0.3 V) remains constant. Although absolute values of
p(E = −0.5 V) and p (E = −0.3 V) are unknown, the ΔR saturation is indic-
ative of a p(E = 0.5 V) limiting value at a given ΓNi value. Then, in terms
of the electron conduction scattering at a gold film surface coated with
nickel adatoms, the initial linear resistance increase observed in Fig. 5
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 [10] 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 nickel adatom surface
coverage increases further (ГNi N 3 nmol cm−2), more compact struc-
tures that reflect electrons more specularly are formed, leading in
these regions to no change or a decrease in SR. The appearance of
these structures makes, on average, ΔRE=−0.5V depart from the initial
straight line, leading to a smaller slope and eventually to a constant
Fig. 5.ΔR vs. ΓNi dependence for two goldfilm thicknesses: 14 nmand 30nm. (O) First and
(■) second plateaux, respectively.
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value of ΔRE = −0.5 V. In the present case, no ΔRE = −0.5 V change is ob-
served forГNiN 3 nmol cm−2 (see Fig. 5). The coverage ГNi=3would be
the pointwhere areas occupied by surface structures reflecting diffusely
are, on average, compensated by those reflecting specularly. A similar
explanation has been proposed in gas phase studies to interpret oxygen
adsorption layers on Cu (001) surfaces [11]. On the basis of these con-
siderations related to the free electron scattering model [1], the lower
ΔRE= −0.5 V/ΓNi slope value obtained from thefirst plateau, as compared
with that extracted from the second one, would mean that the nickel
adatom structures formed at the beginning of potential cycling (first
plateau) are more compact, that is, they reflect conduction electrons
more specularly than structures stabilized after a high number of
voltammetric scan cycles (N140). In other words (see Fig. 5), at a fixed
ΓNi value, the distance between nickel islands in structures correspond-
ing to thefirst plateau is shorter than that in structures corresponding to
the second one. As was indicated, this effect is observed for all gold film
thicknesses. The different specularity of nickel adlayers for the gold con-
duction electrons at these two different stabilization steps is shown in
Table 2, where ko values were calculated from experimental
ΔRE=−0.5 V/ΓNi slopes for the different gold film thicknesses by
employing Eq. (4).

As can be seen in column 4 of Table 2, the (ko2nd/ko1st) relationship is
almost 2 for the different gold film thicknesses. According to the Δp =
p(E = −0.5 V) − p(E = −0.3 V) = −koΓNi dependence, one can conclude
that nickel adlayers formed at a lownumber of voltammetric scan cycles
exhibit a reflectance for the gold conduction electrons that is nearly
twofold (compact nickel adatomdistribution) compared to that of nick-
el adlayers formed after a large number of voltammetric scan cycles
(spread nickel adatom distribution).

With regard to Ni(II) ↔ Ni(III) transition, the evolution of the
voltammetric response with potential cycling shown in Fig. 1 shows
that the peak currents increase with the number of potential cycles.
Also, the anodic peak a2 is shifted in the positive potential direction
with the increase in the number of potential cycles. Besides, two cathod-
ic peaks are observed after a few voltammetric scan cycles. The
same characteristics are observed for other ΓNi values. The evolution of
the i-E response with potential cycling of the Au/nickel hydroxide
electrode was discussed elsewhere [6] and it was associated to phase
transformations. As has been reported, nickel hydroxide can exist
at least in four different phases [12–15], which are designed as β-
Ni(OH)2, β-NiOOH, γ-NiOOH andα-NiOOH, respectively. Voltammetric
and XPS investigations carried out with nickel hydroxide electrochemi-
cally deposited on gold indicate that α-Ni(OH)2 is the initial phase of
nickel hydroxide formed by cathodic deposition on gold [6]. However,
theα-Ni(OH)2 phase is very unstable in the presence of water and alka-
li, and it is converted to β-Ni(OH)2. The conversion seems to be faster as
the alkali concentration increases [16]. The oxidation of the β-Ni(OH)2
phase gives two varieties of oxyhydroxides, β-NiOOH and γ-NiOOH,
which could explain the existence of two cathodic peaks during the
Table 2
ko values for different gold films calculated from experimental ΔR/ΓNi slope values by
employing Eq. (4). ko1st and ko

2st values correspond to the first and second plateau, respec-
tively. The two plateaux are shown in Figs. 3A and B.

Gold film thickness,
ϕm/nm

a10−6 ko
1st/cm2 mol−1 b10−6 ko

2nd/cm2 mol−1 cko
2nd/ko1st

30 3.70 7.28 1.97
24 3.73 7.17 1.88
18 3.71 7.29 1.96
14 3.72 7.14 1.92
10 3.73 7.22 1.93

a Values of ko extracted from the first plateau employing experimental (ΔRE = −0.5 V/
ГNi) slope values for each gold film thickness in Eq. (4).

b Values of ko extracted from the secondplateau employing experimental (ΔRE = −0.5 V/
ГNi) slope values for each gold film thickness in Eq. (4).

c Values of the ko
2nd/ko1st relationship for different gold film thicknesses.
negative potential scan (see Fig. 1). The γ-NiOOH phase reduces to
form theα-Ni(OH)2 phase, which, aswas indicated, is unstable and con-
verts to the β-Ni(OH)2 phase. The distance between nickel atoms in the
different nickel hydroxide phases is different. EXAFS investigations indi-
cate a contraction in the Ni–Ni distance of 0.05 A in the lattice of the α-
Ni(OH)2 structure as compared with the Ni–Ni distance in the β-
Ni(OH)2 structure (dβNi–Ni = 3.124 A and dαNi–Ni = 3.08 A) [17]. Al-
though one cannot establish that nickel deposits with different
reflecting properties for the gold conduction electrons detected by SR
measurements at potential values more negative than −0.3 V are di-
rectly related to the reduction of different nickel hydroxide phases (α-
Ni(OH)2 and β-Ni(OH)2), it is interesting to note that structures obtain-
ed at a low number of potential cycles seem to bemore compact, that is,
they exhibit a smaller interatomic distance than those formed at a num-
ber of potential cycles higher than 140 (see Table 2). Another interesting
observation arises from Fig. 3(A) and (B), where it is noted that while
thefirst plateau shrinks, the secondone spreads, as the nickel hydroxide
coverage increases. The same effect is observed with the increase of the
alkali concentration (Fig. 4). This would mean that the stability range of
themore compact nickel structure (higher specularity) decreases as the
nickel hydroxide coverage and alkali concentration increase. In other
words, spread nickel structures (higher electron diffusivity) are formed
early, that is, at a lower number of potential cycles as the nickel hydrox-
ide coverage and alkali concentration increase (see Fig. 3A and B, and
Fig. 4). Althoughwe cannot provide a clear explanation for these effects,
it is possible that strong repulsion effects between nickel atoms operate
at high coverage, reducing the stability range of compact nickel layers.
Also, although at potential values more negative than −0.4 V the de-
sorption of OH– species from the gold surface should be expected, it is
possible that in the presence of a high concentration of negatively
charged OH−species in a 2 M Na(OH) solution, the potential cycling
will affect atom interactions favouring the formation ofmore open nick-
el structures as compared with those formed in a 0.2 M Na(OH)
solution.

5. Conclusion

The surface resistance (SR) technique applied to study the behaviour
of a nickel hydroxide-goldmodified electrode does not allow one to ob-
tain direct evidence about nickel hydroxide structural transformations
produced during prolonged potential cycling due to the presence
OHads and AuO layers on the gold substrate within the potential range
−0.3 V b E b 0.6 V (SCE). However, after desorption of OHads and AuO
species at potential values more negative than −0.3 V (vs. SCE), an in-
crease of the surface resistance is observed, which is attributed to nickel
layers formed by reduction of nickel hydroxide. Nickel layers formed
from the reduction of nickel hydroxide generated after a large number
of potential cycles (N140) exhibit an about twofold diffusivity value
for the gold conduction electrons as compared with those formed
from nickel hydroxide layers generated after a low number of potential
cycles (b40). As from the electron scattering model employed to inter-
pret SR changes, electron diffusivity is related to scatterer distribution, it
is possible to conclude that nickel adlayers formed by reduction of nick-
el hydroxide structures generated at a low number of potential cycles
are more compact than those formed by reduction of nickel hydroxide
structures generated after prolonged potential cycling. The SR also indi-
cates that the relative stability of these nickel layers depends on nickel
hydroxide surface coverage and alkali concentration. The higher the al-
kali concentration and nickel hydroxide surface coverage are, the lower
the number of potential cycles at which spread nickel atom layers are
obtained.
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