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Abstract Electrochemical processes taking place on a Ni
electrode have been investigated with the electrochemi-
cal quartz crystal microbalance. At potentials negative
of ca. )500 mV vs. SCE, a closed frequency loop is
observed without irreversible changes in the mass of the
electrode. The phase transition a- fi b-Ni(OH)2, taking
place at potentials positive to )500 mV vs. SCE, is
accompanied by an irreversible increase in the mass of the
electrode. When Ni(OH)2 is further oxidized, the fre-
quency increase is followed by a decrease, indicating the
transport of various species in both directions, i.e. from
and into the electrode. During the Ni(OH)2 oxidation
reaction the transport of species responsible for the mass
increase is slower than the charge transfer process.

Keywords Nickel Æ Nickel hydroxide Æ Quartz crystal
microbalance

Introduction

Nickel is one of the most common electrode materials.
Two of the most important kinds of nickel electrodes
investigated so far are metallic nickel electrodes and
nickel oxide/hydroxide electrodes. The latter are of
special interest owing to their application in alkaline
batteries, e.g. Ni-Cd, Ni-Fe and Ni-MH [1, 2].

Nickel hydroxide electrodes, mainly a-Ni(OH)2, are
usually obtained by precipitation of Ni(OH)2 from
solution [1]. Measurements carried out with the elec-
trochemical quartz crystal microbalance (EQCMB)
show that during oxidation of various forms of nickel
hydroxides, transport of various species, i.e. water
molecules, OH) ions, protons and alkali metal cations,
takes place, depending on the Ni(OH)2 structure and
the electrolyte solution composition [3, 4, 5, 6, 7, 8, 9,
10, 11, 12, 13]. The results show that transport pro-
ceeds in both directions, i.e. expulsion of one species
from the Ni(OH)2 (e.g. protons) is accompanied by
intercalation of others (e.g. cations). Moreover, some
data suggest that cations could be incorporated as
hydrated complexes, together with water molecules [4,
5, 6, 14, 15].

Metallic nickel electrodes are the electrodes prepared
from bulk metal samples (foils, wires, powder, etc.) or by
electrodeposition of the metal in its reduced form. The
analysis of processes taking place on the metallic nickel
electrode is usually based on the diagram introduced
initially by Bode et al. [16], subsequently verified and
modified by other authors [17, 18, 19, 20, 21, 22, 23, 24].
The most common proposed oxidation product at
potentials negative of ca. )500 mV vs. SCE is
a-Ni(OH)2. Another considered compound is NiO,
usually as a minor product [25, 26, 27, 28]. According to
the Bode diagram, a-Ni(OH)2, stable at cathodic
potentials, is irreversibly transformed into a different
crystalline form, b-Ni(OH)2, at potentials positive to ca.
)500 mV vs. SCE. The latter compound could be gen-
erated in more than one layer [29, 30, 31]. Oxidation of
Ni(OH)2 at potentials positive to ca. 400 mV vs. SCE
leads to generation of compounds of nickel with higher
valence states. There are still doubts concerning both the
structure and the stoichiometry of the compounds. The
most commonly proposed structures are b-NiOOH and
c-NiOOH, which differ in structure [18, 22, 32]. Among
other products proposed are NiO2 and Ni2O3 [21, 32,
33]. Another process which is still not fully explained
is hydrogen adsorption/absorption in/on a nickel

J Solid State Eletrochem (2004) 8: 390–397
DOI 10.1007/s10008-003-0461-1

Contribution to the 3rd Baltic Conference on Electrochemistry,
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electrode. The oxidation currents of both forms of
hydrogen probably overlap the currents observed due to
the generation of Ni(OH)2 [17, 29, 34, 35]. It is very
difficult to distinguish these processes.

Various kinds of techniques have been used for
investigation of the electrochemical processes on Ni
electrodes in basic solutions, including AC impedance
spectroscopy [36, 37, 38], AFM [39], IR [20], Raman
[40], UV-VIS [17, 31] and ellipsometric [27, 41, 42]
spectroscopies. Although there are many EQCMB
studies on nickel hydroxides [3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 43], there are no published results with EQCMB
experiments carried out on metallic nickel electrodes.

In this paper, we present the results of an EQCMB
investigation on a metallic nickel electrode in basic
solution when the electrode potential is cycled in a lim-
ited potential range. The results are compared with
known data concerning Ni(OH)2 electrodes [3, 4, 5, 6, 7,
8, 9, 10, 11, 12, 13, 43] and with the data obtained in our
previous study on Pd-Ni alloys [44].

Experimental

Nickel was electrodeposited at a constant potential ()1000 mV vs.
SCE) from a bath containing NiSO4, Na2SO4 and H3BO3, as de-
scribed previously [34]. All solutions were prepared using Millipore
water and analytical grade reagents. The solutions were deaerated
with an argon stream. All measurements were carried out at room
temperature. All potentials are referred to the SCE electrode.

The EQCMB (type 224) was the same as that used in our pre-
vious work [45, 46]. The construction has been described in detail
by Kutner and co-workers [47]. 5 MHz AT-cut gold-coated crystals
with a diameter of 14 mm (ITR, Poland) were used. The EQCMB
was coupled with a potentiostat (Elpan EP20A) and a linear sweep
generator (Elpan EG20). Frequency measurements were carried
out with a universal counter (HP 53131A). Both the galvanostat/
potentiostat and the frequency counter were coupled with a
PC computer via an ACD/ADC converter. The EQCMB was

calibrated in acidic AgClO4 solution in the same way as in
our previous work [45, 46]. The obtained mass sensitivity was
10.8 ng Hz)1.

The most desired form of presentation of the EQCMB results is
a value of the mass per mole unit. It can be obtained by dividing the
mass change (Dm) by the charge passed during the process, q:
Ma�Df/q. The q value can then be converted into the number of
moles of electroactive species when the number of electrons ex-
changed by one electroactive species is known. Owing to the fact
that processes different from pure mass changes of species directly
involved in charge transfer process also influence the measured
frequency changes obtained, the Ma value will be further called the
‘‘apparent molar mass’’, as used in our earlier work [44, 46].

Results and discussion

General voltammetric and gravimetric behavior
of the metallic Ni electrode

Figure 1 presents CV and gravimetric curves recorded
for a Ni electrode in 0.1 M KOH solution in the po-
tential range from )1000 to 600 mV. Three potential
regions, (a), (b) and (c), clearly indicated in the figure,
correspond to:

(a) Below ca. )500 mV: oxidation of metallic nickel,
probably to a-Ni(OH)2. Other processes that are
also considered in this potential range are hydrogen
adsorption/absorption and subsequent desorption
[17, 29, 34, 35, 37].

(b) From ca. )500 mV to ca. 400 mV: further oxidation
of nickel, including a a- fi b-Ni(OH)2 phase
transition.

(c) Above 400 mV: oxidation of Ni(II) to higher valence
states; most commonly proposed compounds are
various forms of NiOOH.

When the electrode potential is continuously scanned
below )500 mV on a stabilized gravimetric curve (after a

Fig. 1 Voltammetric (lower)
and gravimetric curves (upper)
for a metallic Ni electrode in the
potential range )100 to 600
mV. Continuous line: first cycle;
dashed line: second cycle; 0.1 M
KOH solution, 20 mV s)1. The
letters (a), (b) and (c) denote
characteristic potential regions
described in the text
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few tens of cycles), a closed frequency loop is observed
without any irreversible mass gain or loss. There is no
indication of irreversible nickel dissolution according to
previous reports on low Ni dissolution in basic solutions
[25, 48]. Thus, the processes taking place in this potential
region can be considered reversible.

The anodic peak observed at ca. )700 mV is
accompanied mainly by a mass increase, indicating that
the process of electrode oxidation (mass increase),
probably a-Ni(OH)2 generation, is the main reaction
responsible for the frequency changes. This observation,
however, does not exclude participation of other pro-
cesses, such as desorption of absorbed/adsorbed
hydrogen, which could overlap with the surface oxida-
tion processes also at potentials positive to the reversible
hydrogen potential [17, 29, 34, 35, 37]. Some of those
processes, i.e. adsorption, are fast enough to influence
the results obtained during a fast potential scan. During
a negative potential scan the frequency starts to increase
as soon as the cathodic current is constituted. Finally,
Ni(II) compounds, formed in an anodic scan, are com-
pletely reduced in a cathodic potential scan. A detailed
investigation of the processes taking place in potential
region (a), below )500 mV, is beyond the scope of the
present communication and will be reported in a sepa-
rate paper.

When the positive potential scan limit increases po-
sitive to )500 mV, an irreversible frequency decrease is
observed (first cycle in Fig. 1). After a subsequent sec-
ond cycle of electrode polarization with the cathodic
vertex potentials at ca. )1000 mV, the gravimetric curve
did not return to the previous value. This effect could be
interpreted as an irreversible increase of the mass of the
electrode due to the a- fi b-Ni(OH)2 transformation
taking place on a Ni electrode in this potential range.
This effect is accompanied by the disappearance of the
anodic current peak at ca. )700 mV. During the second
scan at potentials negative of )500 mV, only a current
plateau is observed. This is due to the fact that the
electrode surface has been irreversibly covered with a
passive layer of nickel hydroxide, most probably b-
Ni(OH)2, that could not be reduced back to metallic
nickel [17, 18, 19, 21, 26, 28, 35, 48]. The influence of
changes in the cathodic vertex potential on processes
taking place on an aged Ni electrode will be presented in
a separate communication. The electrode subjected to
polarization at potentials where the a- fi b-Ni(OH)2
transition takes place will be called ‘‘aged’’ in further
parts of this text.

According to the literature [2, 49], only a-Ni(OH)2
contains incorporated species like water or alkali metal
cations, while b-Ni(OH)2 is free from such species.
Taking into account these suggestions, one could expect
that replacing one layer of a-Ni(OH)2 containing
incorporated water and/or cations by one layer of b-
Ni(OH)2 free from incorporated species should produce
a mass decrease (frequency increase). In contrast, the
opposite effect, i.e. a mass increase during the a- fi b-
Ni(OH)2 transformation, observed in Fig. 1, could be

explained by the formation of an additional number of
b-Ni(OH)2 layers. This is in agreement with the data of
other authors [29, 30, 31], who reported that b-Ni(OH)2
forms more than one layer on the surface of a Ni elec-
trode. It is worth noting that the mass increase observed
during the first positive potential scan above )500 mV is
not monotonous. At potentials ranging from )500 to
)200 mV, a frequency plateau is observed. It is likely
that water molecules incorporated into the a-Ni(OH)2
film could participate in generation of a b-Ni(OH)2
layer. As a result, the obtained mass gain is smaller than
that expected for hydroxide generated with participation
of an oxygen-containing species arriving directly from
the solution. During the anodic potential scan of an
aged Ni electrode in the potential region negative of
400 mV, the frequency increases with potential. The cur-
rent in this potential region is featureless. Further exper-
iments described in the text were taken over a limited
potential region, ca. 600 to 0 mV, the potential range
usually used in experiments with Ni(OH)2 electrodes.

In potential region (c), above 400 mV, nickel
hydroxides are oxidized to compounds containing nickel
ions with a higher valence state, most probably c- and b-
NiOOH [17, 18, 19, 35, 48, 49, 50]. It is known that
gravimetric behavior recorded during oxidation of
nickel hydroxides is drastically different for a-Ni(OH)2
and b-Ni(OH)2 electrodes. The oxidation of a-Ni(OH)2
induces a general mass increase (frequency decrease),
while the oxidation of b-Ni(OH)2 is accompanied by a
general mass decrease (frequency increase) [3, 7, 8, 9, 10,
11, 13]. One could expect that similar EQCMB data
induced by a a- fi b-Ni(OH)2 phase transition should
be observed also for a metallic Ni electrode. From
Fig. 1, however, it is evident that the behavior of the Ni
electrode is similar to that observed for the b-Ni(OH)2/
b-NiOOH redox couple. Virtually no evidence for the
existence of a a-Ni(OH)2/c-NiOOH redox couple on the
Ni electrode is seen. This observation is the same for
both KOH and NaOH solutions. We can propose the
following explanations of this phenomenon:

1. On a metallic Ni electrode, the a- fi b-Ni(OH)2
phase transition is completed, i.e. all a-Ni(OH)2 is
transformed into b-Ni(OH)2, before the potential
region (c) from 400 to 600 mV responsible for
Ni(OH)2 oxidation is reached. In the case of nickel
hydroxide electrodes, transformation between vari-
ous forms of Ni(OH)2 and NiOOH was observed in
this potential region as a qualitative evolution of a
gravimetric profile [3, 8, 9, 11]. The difference be-
tween ageing processes on Ni(OH)2 and metallic Ni
electrodes could be explained as a result of a differ-
ence in the rate of the a- fi b-Ni(OH)2 phase
transition for both kinds of electrodes. For the
Ni(OH)2 electrodes, a phase transition is a bulk
process which probably needs more time for com-
pletion than the time passed during a relatively fast
potential scan in region (b) from )500 to 400 mV. In
the case of a metallic nickel electrode, however, the
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thickness of the generated b-Ni(OH)2 layer is limited
to 3–5 layers [17, 18], i.e. much thinner than for
Ni(OH)2 electrodes. Thus, on a Ni electrode a nickel
hydroxide layer could be thin enough for completing
the a- fi b-Ni(OH)2 phase transformation during a
CV scan in potential region (b), from )500 to
400 mV, before potential region (c), positive to
400 mV, is reached. This process is probably not
completed for Ni(OH)2 electrodes.

2. The gravimetric behavior of oxygenated nickel com-
pounds generated on metallic Ni electrodes could
differ from that reported for nickel hydroxide elec-
trodes. It is know that transport of water molecules
and ions plays an important role in the electrogravi-
metric behavior of Ni(OH)2 electrodes [3, 7, 8, 9, 10,
11, 12]. The incorporation of various species into the
crystal lattice of Ni(OH)2 depends on the crystalline
structure of the latter. Namely, the more compact the
structure, the more difficult the intercalation process.
Thus, one could expect that an ion/water intercala-
tion process in Ni(OH)2 generated on the nickel
electrode could be impeded due to its structure. In
our previous paper [4] it was shown that generation
of nickel compounds with a higher valence state on
Pd-Ni alloys was accompanied by a strong mass in-
crease. It is known, however, that the lattice constant
of these alloys is greater than that of pure nickel [51].
Thus, a more open structure of the alloy could
facilitate generation and stabilization of a specific
form of nickel hydroxide. As a result, a stable
gravimetric profile different than that observed for a
metallic nickel electrode was recorded. These obser-
vations agree with the data of other authors, who
reported differences in the oxidation of Ni(OH)2
generated on metallic nickel and Ni(OH)2 electrodes
on the basis of electrochemical and spectrophoto-
chemical measurements [31].

Influence of the electrolyte solution composition

Figure 2 shows frequency–charge plots for anodic scans
in the potential range 0–400 mV recorded for an aged Ni
electrode in KOH and NaOH solutions. These plots
indicate that processes at this potential range are inde-
pendent of the mass of the cation present in the elec-
trolyte solution. Since both K+ and Na+ cations have
similar solvation energies and hydration numbers, one
can conclude that the abilities of both cations towards
adsorption during relatively fast potential scans are
similar [52]. This means that cations do not participate
in double layer charging nor in faradaic processes ob-
served in this potential range when the potential of the
electrode is scanned at 20 mV s)1. The only published
results concerning cation adsorption on a Ni electrode in
basic solutions show that the adsorbability of alkali
metal cations increases with the cation mass increase
[53]. Thus, it should be expected that frequency–charge
curves recorded in both electrolyte solutions should
differ. Taking into account the results presented in
Fig. 2, one could conclude that there is no specific
adsorption of alkali metal cations at potentials positive
to 0 mV.

In the literature there is a lack of data concerning the
potential of zero charge (p.z.c.) for a nickel electrode in
basic solutions. Since the potential of zero charge of a Ni
electrode in basic media is unknown, it is not clear if
there is any specific adsorption of K+ and Na+ cations
at all or if the p.z.c. is located at potentials negative of
0 mV. The lack of influence of the kind of cation on the
described processes indicates that water molecules and/
or OH) ions rearrangement or adsorption are respon-
sible for the frequency response in this potential range.

Figure 3 presents stabilized CV and gravimetric
curves of an aged Ni electrode in a potential range from
0 to 600 mV. At potential region (c), above 400 mV, one

Fig. 2 Frequency vs. charge
profile for an aged Ni electrode
in various solutions. Anodic
scan in the potential range
0–400 mV; 20 mV s)1
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anodic and two poorly separated cathodic peaks at (1)
ca. 425 mV and (2) ca. 330 mV are observed. The shape
of the currents observed on a Ni electrode in this po-
tential range depends on the electrode ageing process as
well as on the anodic and cathodic vertex potentials [17,
19, 22, 29, 30, 34, 54]. These currents could be consid-
ered as the effect of the overlapping of multiple reactions
[22]. During the anodic potential scan, the frequency
increase is followed by a small frequency decrease. From
the changes in the frequency profile observed in Figs. 1,
3 and 4, it is clear that more than one species participates
in the overall Ni(OH)2 oxidation process. One of them is
responsible for the initial frequency increase (mass de-
crease), while the transport of the other causes the
subsequent frequency decrease, i.e. the mass increase.
Similar shapes of gravimetric curves were interpreted for
Ni(OH)2 electrodes as a result of removing certain spe-
cies (H2O molecule or proton) from the electrode fol-
lowed by cation incorporation [6, 14, 15, 43, 55].

This gravimetric response accompanies a relatively
wide anodic current peak. During a subsequent cathodic
scan a frequency increase is followed by a frequency
decrease. The latter part of the gravimetric curve coin-
cides with the beginning of a more anodic peak (1) at ca.
425 mV. Peak (1) is accompanied by a frequency de-
crease with a greater slope than the wide peak (2) at ca.
330 mV. This suggests that mass transfer during the
processes responsible for peak (2) is slower than during
the processes generating the currents of peak (1). At the
end of peak (2) the frequency–potential curve recorded
for cathodic and anodic potential scans overlaps, indi-
cating that the process responsible for mass changes in
the potential region of peak (2) is completed. The results
presented in Fig. 3 suggest that alkali cation transport
accompanies cathodic processes responsible for both
cathodic peaks.

Information about the involvement of cations in
Ni(OH)2 oxidation processes can be gained from the
experiments carried out in KOH and NaOH solutions.

The CV and gravimetric curves recorded in 0.1 M KOH
and then in 0.1 M NaOH solutions are compared in
Fig. 3. At potentials positive to 400 mV, i.e. when
Ni(OH)2 is oxidized, both the CV and gravimetric
curves are influenced by the kind of cations present in
solution. This is observed for both anodic and cathodic
potential scans. Since Fig. 2 shows that cations do not
influence the double layer charging processes, it is clear
that the changes observed in Fig. 3 result from the
solution composition and originate from direct partici-
pation of cations in a Ni(II) oxidation process. Anodic
current peaks are shifted in the potential scale when the
solution is changed from NaOH into KOH. In KOH
solution, the gravimetric curve accompanying the cur-
rents of Ni(OH)2 oxidation is placed at lower frequency
values. This concerns both the initial frequency increase
as well as the subsequent frequency decrease. It can be
seen that the initial frequency increase observed during
the anodic potential scan is influenced by the cations.
This indicates that cation transport begins before the
process of expulsion of species responsible for the fre-
quency increase is completed. It is likely that the sub-
sequent mass increase could be also the result of the
incorporation of species other than cations, such as
water molecules. An even more dramatic influence of
the kind of cation is observed for the cathodic potential
scan. The frequency decay in NaOH solution is much
slower than in the case of KOH. It is worth noting that
although for cathodic peak (1) at ca. 425 mV the fre-
quency–potential slopes are very similar in both elec-
trolyte solutions, a large difference between the
gravimetric curves occurs for cathodic peak (2) at ca.
330 mV. Moreover, more than 50% of the overall fre-
quency decrease is connected with peak (2). Peak (2) is
wider and less defined than peak (1). This could be the
effect of diffusional limitations in the process responsi-
ble for these currents. Overall, these experiments suggest
that one of the species involved in mass changes during
Ni(OH)2 oxidation is an alkali metal cation and

Fig. 3 Cyclic voltammetric
(lower) and gravimetric curves
(upper) for an aged metallic Ni
electrode in the potential range
0–580 mV in 0.1 M KOH
(dashed line) and 0.1 M NaOH
(solid line) solutions; 20 mV
s)1. The numbers (1) and (2)
denote current peaks described
in the text
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separate electrochemical processes are accompanied by
different transport processes.

The difference in the frequency changes recorded
during the Ni(OH)2 oxidation process observed for K+

and Na+ solutions corresponds to the difference of
molar masses for these cations. Kim et al. [9] reported
EQCM measurements on Ni(OH)2 deposited on AT-
and BT-cut crystals. Those experiments showed that
during reactions of the Ni(II)/Ni(III) redox couple, the
frequency response is not influenced by stresses gener-
ated inside the electrode material. It is not clear if the
hydroxide film present on the surface of a metallic Ni
electrode behaves in a same manner. However, even if
Ni(OH)2 generated on metallic nickel is more compact,
which facilitates generation of additional stresses during
Ni(II) oxidation, the influence of the kind of cation on
the gravimetric plots presented in Fig. 3 indicates that
these ions must participate in the overall processes of
Ni(OH)2 oxidation. As was proposed for Ni(OH)2
electrodes [4, 5, 6, 10, 14, 15], the cations are incorpo-
rated into the bulk of the compound generated during
Ni(OH)2 oxidation. In order to avoid the generation of
excess positive charge during the incorporation of alkali
metal cations, this process is probably accompanied by
simultaneous incorporation of OH) ions [10, 14].

Chronoamperometric results

Figure 4 presents the results of combined voltammetric
and potentiostatic experiments. The electrode potential
was scanned at a rate of 20 mV s)1 and then, at a de-
sired potential value in the Ni(OH)2 oxidation region,
Es, the scan was stopped. After enough time for
obtaining a constant frequency value (ca. 60 s), it was
then continued again towards a positive potential value
(see potential program in the inset in Fig. 4a).

Chronoamperometric (lower) and gravimetric (up-
per) responses for a Ni electrode recorded as a function
of time are presented in Fig. 4b. Although the potential
was kept at the Es value until a constant frequency value
was recorded, starting the potential scan in the anodic
direction caused a further frequency increase, indicating
further progress in the Ni(II) oxidation process. This
observation indicates that the process of Ni(II) oxida-
tion is not completed until a high enough potential value
is reached. This observation is supported also by results
presented in Fig. 4b. The comparison of frequency–time
curves recorded for various Es potential values indicates
that for Es>524 mV the frequency stabilizes at a po-
tential-dependent value, i.e. the greater the Es value, the
lower the stabilized frequency value. Thus, it is likely
that the amount of Ni(II) oxidation products is potential
dependent.

Figure 4b and Fig. 4c present chronoamperometric
and gravimetric responses for a Ni electrode kept at a
various Es values. The current recorded at a constant
potential is stabilized within less than 20 s for all
potentials in the range 520–580 mV. At potentials

positive to ca. 525 mV, a frequency decrease (mass in-
crease) is observed after an initial mass decrease, indi-
cating that transport of another species starts. The
comparison of current–time and frequency–time profiles
shows that the frequency reaches a constant value after a
time longer than that needed for completing the current
decay. The time of the frequency decay is not greater
than ca. 50 s for all potentials presented in the figure.
The fact that both the frequency and the current are
stabilized within a relatively short time suggests that the
processes under consideration are limited to a few
atomic layers below the surface, as was reported by
other authors [17]. The difference between the time
needed for completing the current and frequency decays
indicates that the process responsible for the frequency
response observed at potentials positive to ca. 525 mV is
much slower than the charge transfer process. This also
suggests that the species responsible for frequency decay
does not participate directly in the charge transfer pro-
cess. Current–time and mass–time transient measure-
ments for the oxidation of Ni(OH)2 electrodes show that
the transport of counterions, i.e. cations of alkali metals,
in the hydroxide layer starts when a sudden change in
the slope of the current–time curve is observed [12]. This
is probably the result of the formation of the NiOOH
phase in the electrode/electrolyte interface. It was sug-
gested that the growth of NiOOH begins at the elec-
trode/substrate interface, while for cation incorporation
the presence of NiOOH at the electrode/electrode
interface is required [12]. In order to avoid the genera-
tion of excess charge and a potential barrier that could
stop further oxidation reactions, the rate of transport of
the counterions should be similar to the rate of the
charge transfer process. In the case of metallic Ni elec-
trodes, however, the frequency decay is still observed
even when the current falls to zero (see Fig. 4a). More-
over, taking into account the total charge passed in the
one-electron Ni(II) oxidation process, the apparent
molar mass calculated for the frequency decay presented
in Fig. 4a gives values not greater than 2 g mol)1. Such
a small value, as well as the conditions of the electro-
negativity of the formed film, suggests that transport
simultaneously occurs in two directions, i.e. intercala-
tion of one specimen is accompanied by extraction of the
other.

Thus, we can conclude that, during the slow fre-
quency decrease observed in Fig. 4a, transport of species
responsible for the frequency changes, i.e. alkali metal
cations and/or water molecules and OH) ions, takes
place simultaneously in both directions. The apparent
molar mass calculated for the one-electron oxidation
process for the initial frequency increase during the
anodic potential scan in region (c), above 400 mV,
strongly exceeds 1 g mol)1, the value expected for
expulsion of a proton from Ni(OH)2. Thus, it is likely
that species different from protons, i.e. water molecules
or OH) ions, are removed from the electrode during
Ni(OH)2 oxidation. Generally, taking into account the
observation presented in the above text that more than
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Fig. 4 a Current–time (lower)
and frequency–time (upper)
profiles for an aged metallic Ni
electrode in 0.1 M NaOH
solution. Potential program
applied to the electrode
presented in the inset. b
Frequency vs. time profiles
recorded for various potential
values; 0 denotes the frequency
level just before the start of the
Ni(II) oxidation process; Es are
potential values indicated on
the plot. c Similar to b but
current vs. time plots. Potential
scan rate 20 mV s)1
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one species participate in the mass exchange during
Ni(OH)2 oxidation, it is clear that any calculations of
‘‘apparent molar mass’’ are doubtful since the effective
mass transport results in at least two simultaneous
transport processes. The EQCM results give us infor-
mation about the transport processes taking place dur-
ing oxidation of Ni(OH)2 and subsequent reduction of
the products.

Conclusions

The irreversible transformation of nickel hydroxides at
potentials positive to ca. )500 mV is accompanied by
the irreversible increase in the mass of the electrode.

The gravimetric profile for oxidation of nickel(II)
compounds on a metallic Ni electrode is close to that
observed for b-Ni(OH)2 electrodes. This profile is al-
ready recorded during the first scan in this potential
range.

The oxidation of Ni(II) is accompanied by a mass
decrease, which is followed by a mass increase. This
process depends on the kind of cation present in solu-
tion, indicating that K+ and Na+ ions are incorporated
into the generated film, probably as counterions.

During Ni(II) oxidation, transport of species
responsible for the mass changes is slower then the
charge transfer process.

The amount of nickel oxides with valence states
higher than II depends on the electrode potential.

The processes taking place on the aged Ni electrode
in the potential range 0–400 mV are independent of the
kind of cation present in the electrolyte solution.
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