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Study of nickel passivation in a borate medium
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The adsorption of borate ions at the nickel and/or nickel oxide-electrolyte electrochemical
interface was studied at various concentrations and pH values in lithium and borate
solutions. First, the passivation range of nickel was estimated using cyclic voltammetry.
The nickel passive layer formation kinetics (transfer resistance, capacitance of passive film
formed, adsorption capacitance), as well as the semiconducting properties of this oxide
layer, were studied using electrochemical impedance spectroscopy (E.I.S.). These
electrochemical techniques were used in conjunction with adsorption measurements
performed with an electrochemical quartz crystal microbalance (E.Q.C.M.) and with surface
analyses (Auger spectroscopy). The nickel oxide showed type p semiconducting properties
and was depleted at, corrosion potential. Moreover, very little borate adsorption was
observed during the different tests. This may have been the result of the negative surface
charge, in the pH and potential conditions applied. C© 2003 Kluwer Academic Publishers

1. Introduction
Optimising productivity, reducing maintenance costs
and prolonging the service life of reactors (PWR) to-
gether represent a major economic challenge for the nu-
clear industry. During their service life, PWR reactors
are subject to ageing leading to an asymmetric energy
flux. One possible explanation for this phenomenon is
the presence of nickel oxide deposits on the fuel rods
(zirconium-based cladding). The source of these de-
posits is the corrosion of the nickel-based alloy fuel
cladding tubes in the primary circuit. The addition of
orthoboric acid (H3BO3) and lithium hydroxide (LiOH,
H2O) in the pure deoxygenated water of the primary cir-
cuit, could promote the adsorption of borates on nickel
oxide deposits.

The present study concerns the adsorption of borates
at the nickel and/or nickel oxide-electrolyte electro-
chemical interface as a function of their concentration in
the aqueous phase and the pH value. Cyclic voltamme-
try measurements were performed in order to determine
the passivation range of the nickel. Formation kinetics
as well as the semiconducting properties of the passive
film formed on the nickel in borate solution were char-
acterised by Electrochemical Impedance Spectroscopy
(E.I.S.). These electrochemical methods were used in
conjunction with adsorption measurements performed
using an Electrochemical Quartz Crystal Microbal-
ance (E.Q.C.M.) and with surface analyses (Auger
spectroscopy).

2. Experimental set-up and methods
The electrochemical measurements were performed in
three different solutions representative of the primary
circuit [1] (Table I), at 25◦C, in a three-electrode elec-
trochemical cell. The solutions were prepared from
orthoboric acid (H3BO3 99%) and lithium hydroxide
(LiOH, H2O 98%), supplied by Prolabo. The working
electrode was a nickel cylinder (Ni 99%, Goodfellow),
5 mm in diameter, embedded in PTFE and fitted to
the cap of a Radiometer EDI 101T rotating disk elec-
trode (vrot = 1000 rpm). The auxiliary electrode was
platinum and a Hg-HgO electrode was used as the ref-
erence (Eref = +117 mV/SHE). All the potentials are
refered to this electrode.

The nickel surface was ground with silicon carbide
papers to 1200 grit. In order to start with a non-oxidised,
reproducible surface before each test, the pre-existing
nickel oxide was reduced (30 s) by cathodic reduction
(Table I), with a potential shift taking into account the
pH difference of these solutions.

The cyclic voltammetry measurements were per-
formed with an EGG 273A potentiostat controlled by
M352 or M270 software.

The E.I.S. measurements were obtained with a fre-
quency response analyser and an electrochemical in-
terface (Autolab), controlled by the FRA software ap-
plication. Spectra were plotted at constant potentials
by decreasing potential from 100 mV in the three pre-
viously defined study solutions. After potentiostatic
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T ABL E I Study solution and pre-treatment

LiOH H3BO3 Pre-treatment
mol · L−1 mol · L−1 pH V/Hg-HgO

Solution 1 1.6 × 10−2 — 12 −1.6
Solution 2 1.6 × 10−2 9.25 × 10−2 8.5 −1.39
Solution 3 1.6 × 10−2 46.25 × 10−2 7.15 −1.31

polarisation of the electrode for one hour at each mea-
surement potential, a sinusoidal signal of 30 mV am-
plitude was applied with a frequency from 10 kHz to
0.01 Hz.

Adsorption measurements were performed using a
Maxtek-PM 710 E.Q.C.M. Based on the piezoelectric
properties of the quartz crystal, the E.Q.C.M. detects
mass variations in the electrode through the frequency
variations of the quartz according to Sauerbrey’s equa-
tion [2]

� f = − 2 f 2
0 × �m√

µqρq
(1)

where � f : frequency variation caused by deposit (in
Hz), f0: resonant frequency (5 MHz) of the crystal qua-
rtz, �m: mass variation linked deposit (in g · cm−2), µq :
shear modulus of quartz (2.947 × 1011 g · cm−1 · s−2),
and ρq : density of quartz (2.648 g · cm−3).

A quartz crystal frequency variation of 1 Hz is equiv-
alent to a mass variation of 18 ng · cm−2. This highly
sensitive technique is well suited to the study of ad-
sorbed species. The working electrode (1.37 cm2) was
a piezoelectric quartz crystal wafer, with a 0.33 µm
thick gold coating for the gold electrode. The nickel
electrode was then covered with a 0.2 µm thick nickel
coating by vacuum evaporation. The auxiliary and ref-
erence electrodes were identical to those used for the
electrochemical measurements.

To ensure the same initial surface conditions prior
to each test, the two types of electrode were rinsed in
alcohol and deionized water and a protocol was es-
tablished to remove the species present on their sur-
faces. This involved electrochemical reconstruction for
the gold electrode [3] and cathodic reduction (−1.72
V/Hg-HgO) for 30 s) for the nickel electrode. Finally,
to check that the surface was reproducible between each
measurement, the frequency of the quartz crystal was
measured in deionized water, with the frequency ob-
tained being used as a reference.

The Auger analyses were performed on an Auger
spectrometer (Riber). Etching was carried out at
2.5 keV, either in sweep mode (vdéc = 240 Å · mn−1),
or fixed mode (vdéc = 3600 Å · mn−1).

3. Experimental results
3.1. Cyclic voltammetry
Fig. 1 shows the voltammogram obtained for a nickel
electrode in the three solutions. In solution 1, at
pH 12, oxidation of the nickel started −0.77 V/Hg-HgO
according to the following reaction:

Ni + 2OH− → Ni(OH)2 + 2e− (2)
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Figure 1 Cyclic voltammogram for nickel in solutions 1, 2 and 3 at 25◦C
(v = 10 mV/s).

The passivation range was between −0.42 V/Hg-
HgO and 0.48 V/Hg-HgO. The current density values
in this potential range were low, which might be related
to the fact that oxide solubility is very low at pH = 12
[4]. In the transpassive region, the oxidation peak from
nickel II to nickel III was observed at 0.63 V/Hg-HgO
to the reaction:

Ni(OH)2 → NiOOH + H+ + e− (3)

Reduction of the nickel III was observed at 0.53
V/Hg-HgO.

In solutions 2 and 3, the same characteristics with
respect to the nickel oxidation reactions (reaction 2)
were observed, with a potential shift attributed to the
difference in pH. The passivation range was greater in
these solutions (1 V at pH 8.5 and 1.1 V at pH 7.15).
Nickel oxidation (reaction 3) was accompagnied by
evolution of oxygen (E > 1.08 V/Hg-HgO) for both so-
lutions. Reaction 3 in reduction (E = 0.78 V/Hg-HgO)
was only visible in solution 2. These results are consis-
tent with literature data [5].

3.2. Electrochemical impedance
spectroscopy

Fig. 2 shows the characteristic Nyquist diagrams ob-
tained at various potentials in solution 3. They are mod-
elled by a one step electrosorption reaction [6] corre-
sponding to the equivalent electric circuit in Fig. 3.

A− + s ↔ A, s + e− (A− : OH−, borates, etc.) (4)

Circuit parameters were determined using Z-VIEW
software from Scribner Associates. To take into account
dispersion phenomena, the capacitive terms are con-
stant phase elements CPE. The observed Nyquist dia-
grams correspond to an adsorption capacitance (Cads)
of the same order of magnitude as an interfacial capac-
itance (Cint) The low frequency limit was not reached
even for relatively low frequency values showing that
the electrosorption reaction is slow. The electrolyte
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Figure 2 Nyquist diagrams in solution 3 (pH 7.15), at several potentials.

Figure 3 Equivalent circuit.

resistance (Re) and the interfacial capacitance (Cint)
were determined from the high frequency part. The
transfer resistance (Rt) and adsorption capacitance
(Cads) were then identified using the low frequency part.

Re estimated in the three solutions (Table II), was
found to increase when the pH was reduced. This varia-
tion reflects changes in the conductivity of the solutions,
which increased when the borate ion concentration was
higher. Thus, between pH 12 and pH 8.5, Re increased
because the conductivity of the solution decreased. In
fact, at pH 12, the predominant species were H2BO−

3
ions, whereas at pH 8.5 and 7.15, the less concentrated
HB4O−

7 ions were in a majority [7].

T ABL E I I Resistance of electrolyte in solutions 1, 2 and 3

Solution 1 Solution 2 Solution 3
pH 12 pH 8.5 pH 7.15

Re (Ohms) 403 1677 1878
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Figure 4 Changes in transfer resistance as a function of potential in the
three solutions.

The changes in the transfer resistance (Rt) as a func-
tion of potential in the three solutions are shown in
Fig. 4. The overall variation in transfer resistance was
the same, irrespective of the pH. Rt was high and con-
stant in the passive zone (106 ohms) where the conduc-
tivity in the film was the lowest [8]. The lower transfer
resistance at potentials above 0.4 V/Hg-HgO is due to
the properties of the nickel III oxide, which is more con-
ductive than the nickel II oxide. In the water oxidation
and reduction range, the transfer resistance dropped sig-
nificantly, since the reactions involved are characterised
by rapid kinetics. In this case, the equivalent circuit is
no longer applicable.

Fig. 5 shows the changes in interfacial capacitance
(Cint) as a function of potential. The variation was sim-
ilar in all three solutions. In the absence of specific ad-
sorption and surface states, the difference in potential at
the passive film-electrolyte interface is distributed be-
tween the space charge region of the passive film and
the Helmholtz layer [9]. The interface capacitance was
thus equivalent to two capacitors in series: the capaci-
tance of the space charge developed in the passive film
(CSC) and the Helmholtz layer capacitance (CH):

1/Cint = 1/CSC + 1/CH (5)

For potentials situated in the depleted region of ma-
jority carriers, the contribution of the Helmholtz layer
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Figure 5 Changes in interfacial capacitance as a function of potential in
the three solutions, for f = 315.4 Hz.
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Figure 6 Mott-Schottky diagram in the three solutions, for f =
315.4 Hz.

was negligible. Thus:

1/C2
int ≈ 1/C2

SC = [(2)/(qεε0 N )][E − Ebp − (KBT/q)]

(6)

where Ebp is the flat band potential, ε the dielectric con-
stant of the passive film (ε = 12) [10], ε0 the permittiv-
ity of free space, N the majority carrier concentration,
KB the Boltzmann constant, and q the electron charge.
Ebp and N were estimated from the Mott-Schottky dia-
grams (Fig. 6). The space charge layer thickness, when
the space charge layer is approximated by a flat capac-
itor was determined according to the equation:

d = [(2εε0)/(q ND)]1/2[E − Ebp − (KBT/q)]1/2 (7)

The different experimental values obtained are
shown in Table III. Ecorr were always lower than the flat
band potential (Ecor ≈ −170 mV/Hg-HgO) indicating
that the passive film (p-SC) was depleted at corrosion
potential and that the space charge was negative. Ebp
varied as a function of pH, although their variation was
much greater than 60 mV per pH unit. This may be
related to the equilibrium of boron-containing ions in
this pH range [7]. The high dopant concentrations (N ≈
1021 cm−3) showed the high defectiveness, character-
istic of a passive layer [11]. The low space charge layer
thickness (calculated for E − Ebp = 0.5 V/Hg-HgO),
was consistent with a highly doped passive layer.

The variation in adsorption capacitance (Cads) as a
function of potential in the three solutions was the
same in all three solutions (Fig. 7). Cads is maximum
for a fractional coverage θ = 0.5 and was observed for
nickel oxidation potential (reaction 1). On the passi-
vation plateau, Cads values were of the same order
of magnitude as those of the interfacial capacitances
(50 µF/cm2). It can thus be concluded that there was
little adsorption in the investigated potential region.

T ABL E I I I Semiconducting properties of the passive layer

Solution 1 Solution 2 Solution 3
pH 12 pH 8.5 pH 7.15

Ebp (V/Hg-HgO) 0.236 0.624 0.896
N (cm−3) 7.2 × 10 21 4.3 × 10 21 6.8 × 10 21

d (nm) 0.3 0.4 0.3
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Figure 7 Changes in adsorption capacitance as a function of potential
in the three solutions.

3.3. Electrochemical quartz
crystal microbalance

The nickel electrode quartz crystal frequency vibration
was measured versus time at corrosion potential as a
function of lithium hydroxide and orthoboric acid con-
centrations. Starting solution was 200 mL of LiOH at a
concentration of 1.6 × 10−3 mol · L−1, at 25◦C. Follow-
ing frequency stabilisation, 20 mL of 1.6 × 10−1mol ·
L−1 LiOH was first added. Then, increasing amounts
of orthoboric acid (H3BO3) were added. Limit mass
variations after stabilisation in time (�mlim) were de-
termined from Sauerbrey’s relationship [2]. They are
shown in Table IV.

The addition (1) of a very small concentration of
lithium hydroxide caused a variation in mass. This vari-
ation could only be due to adsorption of the species
present in the solution, in this case hydroxide ions. The
addition of a small amount of orthoboric acid (addi-
tions 2 and 3) did not have any significant effect on
the mass of the adsorbed film, the mass variation being
limited to 0.1 µg · cm−2. The adsorbed film was still es-
sentially composed of the hydroxide species present in
the solution. When larger amounts of orthoboric acid
(additions 3–6) were added, the mass of this film in-
creased regularly, going from 1.2 to 6.5 µg · cm−2 with
pH variations from 11.5 to 7.5. This variation in mass
can be attributed to different factors:

– adsorption of new species (borate ions) present in
the solution at a higher concentration or at a more acid
pH,

– modification of the passive layer at more acid pH
values.

TABLE IV Variation in limiting mass (�m lim) after stabilisation
in time, as a function of LiOH and H3BO3 concentration on the nickel
electrode

LiOH H3BO3 �m lim
Additions (mol · L−1) (mol · L−1) (µg · cm−2) pH

1 1.6 × 10−2 — 1.1 11.6
2 1.6 × 10−2 4.5 × 10−4 1.2 11.5
3 1.6 × 10−2 2.65 × 10−3 1.25 11.1
4 1.6 × 10−2 6.77 × 10−3 1.65 9.4
5 1.6 × 10−2 2.3 × 10−2 3.85 8.4
6 1.6 × 10−2 9.2 × 10−2 6.5 7.5
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Acidification of the medium leads to a reduction in hy-
droxide ion concentration. Desorption of the hydroxide
ions with acidification of the solution should only lead
to a reduction in the adsorbed mass. However this result
was not obtained.

The nature of the adsorbed species originating from
the boron differed according to pH. There was compe-
tition between the H2BO−

3 , B4O2−
7 and HB4O−

7 ions.
At pH = 11.2, the H2BO−

3 ions were in a majority, at
pH = 9.37 it was the B4O2−

7 ions, while at pH 8.4 the
adsorbed species were the HB4O−

7 ions [7]. For a given
initial amount of boron in solution, the concentration
of ions in solution (H2BO−

3 , B4O2−
7 , HB4O−

7 ) did not
increase when the pH was decreased. The difference
in borate ion distribution as a function of pH cannot
provide justification for the increase in adsorbed mass.

Nickel corrosion occurring with an acidification of
the solution could only lead to a loss of mass, which is
not what was observed. The nickel thus remained pas-
sive in this pH range. This means that in the case of
high orthoboric acid concentrations, the mass variation
observed on the nickel electrode (Table IV) can be at-
tributed only to the growth of passive layer in acidic
solution.

The passive layer is modified as a function of pH.
At high lithium hydroxide concentrations (high pH),
the adsorbed film is not very hydrated [12]. The wa-
ter molecules are generally found in the outer layers
and are therefore very little adsorbed. The adsorbed
film is therefore not as important. On the other hand,
at low lithium hydroxide concentrations (less alkaline
pH) the adsorbed film is more hydrated. The solute-
solute forces have less influence on the cohesion of the
film. The more hydrated adsorbed film is thus heavier.

In order to check our hypotheses, similar tests were
carried out on the gold electrode. Since gold is a noble
metal, it should have been possible to avoid formation
of the passive layer. The factors concerned should be
limited to adsorption phenomena. The gold electrode
quartz crystal vibration frequency was measured in the
same conditions as for the nickel electrode. The exper-
imental results are given in Table V.

When large amounts of orthoboric acid were added
(additions 3′–6′) no increases in adsorbed mass were
observed despite the lower pH. This result confirms the
role of the passive layer when large amounts of boric
acid were added in the case of the nickel electrode.
Only adsorption phenomena were measured on the gold
electrode.

As in the previous case, the increase in mass with
the first addition of lithium hydroxide (1′) was due

T ABL E V Variation in limiting mass (�m lim) after stabilisation in
time, as a function of LiOH and H3BO3 concentration on gold electrode

LiOH H3BO3 �m lim
Additions (mol · L−1) (mol · L−1) (µg · cm−2) pH

1′ 1.45 × 10−2 — 12.8 11.6
2′ 1.45 × 10−2 4.5 × 10−4 13 11.5
3′ 1.45 × 10−2 2.65 × 10−3 13.4 11.1
4′ 1.45 × 10−2 6.77 × 10−3 11.3 9.4
5′ 1.45 × 10−2 2.3 × 10−2 9.25 8.4
6′ 1.45 × 10−2 9.2 × 10−2 9.75 7.5

to hydroxide ion adsorption. The addition of a small
amount of orthoboric acid (additions 2′, 3′) had no sig-
nificant effect on the mass of the adsorbed film. This
film was still essentially composed of the hydroxide
species present in solution. The mass of this adsorbed
film increased up to pH 11.1 and was estimated at
13.4 µg · cm−2. From pH 9.4, the mass decreased, un-
like the case of nickel. This variation can be attributed
to the following:

– acidification of the medium, resulting in reduction
of adsorbed hydroxide ions and therefore a reduction
in the mass of the adsorbed film,

– change in the nature of the adsorbed species
(H2BO−

3 , B4O2−
7 , HB4O−

7 ). The borate species con-
centration dropped when the pH of the solution was
reduced on addition of boric acid (addition 3′).

The electrochemical quartz crystal microbalance
measurements confirmed that there was no borate ad-
sorption in the pH and potential conditions applied and
that the passive layer formed was more hydrated when
the pH became less alkaline. Furthermore, the results
of the Auger spectrometry surface analyses showed that
the passive layer formed in borate solution did not con-
tain any borate and the thickness of this layer increased
with the acidity of the solution.

4. Conclusion
The aim of this study was to investigate borate adsorp-
tion at the nickel and/or nickel oxide-electrolyte inter-
face at various concentrations and pH in lithium and
borate solutions. Cyclic voltammetry was used to de-
fine the nickel passivation range in a borate solution.

The electrochemical impedance diagrams obtained
for nickel passivated in a borate solution presented a
capacitive semi-circle at the highest frequencies and a
more or less vertical straight line at the lowest frequen-
cies. This was simulated by an equivalent electric circuit
of an electrosorption reaction. The adsorption capaci-
tance values were of the same order of magnitude as
those of the interfacial capacitances. This means that
in the pH and potential conditions applied there was
very little adsorption. Impedance measurements were
also used to determine the semiconducting properties of
the nickel passive layer. Thus, the passive film that was
formed was highly doped (N ≈ 1021 cm−3) presented
type p semi-conducting properties and was depleted
in holes at the corrosion potential. In other words, the
space charge layer was negative. Moreover, in the ex-
perimental conditions, the pH was higher than the iso-
electric point of the nickel oxide (pHpie ≈ 7.5) [13].
The adsorption phenomena of a negative species were
therefore not optimally promoted. For this to happen, a
more acid solution (less than the pH of the iso-electric
point) and a higher potential would be necessary.

The electrochemical quartz crystal microbalance
measurements provided evidence that the hydroxide
ions were adsorbed at the surface of the gold and
nickel electrodes. On the other hand, the borate ions,
by acidifying the solution, led to growth of the nickel
passive layer, but they were not adsorbed on the surface
of the film.
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