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Abstract The adsorption of neutral organophosphorous com-
pounds on a charged polycrystalline Ni electrode is studied by
differential capacitance and impedance measurements in
methanol solutions. Analysis of capacitance measurements
reveals that tributylphosphine oxide, tri(n)octylphosphine ox-
ide, and triphenylphosphine follow Langmuir adsorption iso-
therm. Saturation capacitance Csat, potential of maximum ad-
sorption Emax, limiting surface concentration Γmax, and stan-
dard Gibbs energy of adsorption ΔGmax

o at Emax are deter-
mined. The cathodic reduction of (NiOCH3)ads film formed
on Ni surface at positive potentials, introducing a faradaic
contribution in addition to the electrostatic charging of the
interface, is supported by linear sweep voltammetric and im-
pedance measurements. High values of electrode coverage
and strong depression of faradaic currents are attained, indi-
cating that these adsorbates may be suitable as corrosion
inhibitors.
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Introduction

Nickel in the form of pure bulk metal or as an alloy constituent
or finely divided as nanoparticles and nanopowder or in the
form of nickel hydride and nickel oxide is used as an electrode

material in important electrochemical applications including
batteries, fuel cells and electrochemical capacitors, catalysis of
electrode reactions, electroplating, protection against corro-
sion, transformation of solar energy, etc.

The operation of metal electrodes is principally the result of
the specific characteristics of the electrode/solution interface,
which can be probed by the adsorption of surface active ionic
and non-ionic species. In the case of nickel electrodes, such
adsorption studies, appearing in the literature for almost the
last 40 years, were usually based on radiotracer techniques [1],
on the electrochemical quartz microbalance technique [2] and
also on spectroscopic methods [3–5].

A survey of the voltammetric, kinetic, and double layer
studies of nickel electrodes up to 1971 presented by Arvia
and Posadas [6] and a more recent review by Inzelt and
Horanyi [7] revealed that adsorption studies by means of elec-
trochemical impedance and differential capacitance are very
rare with the exception of a few papers of Bockris and
Devanathan [8, 9] reporting complete C–E curves and other
publications [10] reporting indicative capacitance values.

In our present work, we investigate the interface of a poly-
crystalline Ni electrode in contact with neutral methanolic
solutions containing non-ionic organophosphorus adsorbates
by means of differential capacitance and electrochemical im-
pedance measurements. Methanol is an efficient solvent for all
organophosphorus compounds. Organophosphorus and relat-
ed compounds constitute a family of surfactants which can be
effectively used as probes to obtain information about metal/
solution interface.

The advantages of organophosphorus compounds refer to
their solubility in a variety of solvents, their significant
adsorbability and the width of adsorption potential region,
and their electrochemical stability and strong inhibitory action
on various electrode reactions as for example the
electroreduction of metal cations at the Hg electrode in a
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variety of solvents. Due to their inhibitory action, organophos-
phorus compounds may be proved to act as effective corrosion
inhibitors. Among them, triphenylphosphine oxide and
triphenylarsine oxide were frequently used as reaction inhib-
itors [11] and also as probes of Hg/solution [12, 13] and Ag/
solution interface [14], while other alkyl substituted
phosphinoxides [11], phosphines, arsines [15], and phospho-
nium salts [16, 17] have received less attention.

Experimental

Polycrystalline Ni working electrode was assembled by using
a nickel rod (Goodfellow, purity 99 %) embedded in a glass
cylinder, sealed by adhesive resistant to water and methanol,
and covered with thermoplastic tube, so as to leave at its end
an insulated disk surface of 3-mm diameter.

A Pt foil was used as auxiliary electrode, the free end of
which was bended so as to be parallel to the disk face of the
working electrode at a distance of about 2 mm, in order to
ensure uniform potential distribution.

In all measurements, an aqueous Schott reference Ag|AgCl
electrode saturated with NaCl was used and placed at a dis-
tance of less than 5 mm from both working and auxiliary
electrodes without the use of Luggin capillary. The electrode
arrangement was set in a single compartment double-walled
electrochemical cell kept at 298 K. LiClO4 (0.1 M) in metha-
nol is used as base solution in all measurements.

The working electrode was mechanically polished by
Al2O3, then it was rinsed with distilled water and chemically
cleaned and polished in aqueous 10 % v/vHNO3. After that, it
was set for several minutes in an ultrasonic bath containing
distilled water, and then, it was washed with the working
solution and transferred to the electrochemical cell, taking care
to avoid contact with air. Then, by means of linear sweep
voltammetry (LSV), the working electrode was scanned from
0.3 to −0.8 V vs. Ag|AgCl with a rate of 0.25 V s−1.

LSV scans and electrochemical impedance spectroscopy
(EIS) measurements were carried out by the electrochemical
system Autolab PGSTAT302N connected to a personal com-
puter running the Autolab software necessary for the control
of LSV and EIS measurements. EIS measurements were car-
ried out within a frequency range of 1 Hz to 10 kHz with 4-
mVac signal at various dc potentials.

Capacitance measurements were carried out by the exper-
imental setup described previously [18], which comprises a
lock-in amplifier (model SR830 from Stanford Research) and
a potentiostat (model Potentioscan Wenking POS73 from
Bank Elektronik), interfaced to our personal computer run-
ning LabVIEW 6.1 under Windows XP. The dc potential
was applied in steps of 25 mV, and each measurement was
taken after a 5-s stopover at each potential. The amplitude and

the frequency of the ac signal were set to 4 mV and 80 Hz,
respectively.

The standard deviation between at least three successive
capacitance measurements, expressed on a percent basis,
was found to be on average equal to about 5 % within the
potential range from 0.3 to −0.70 V vs. Ag|AgCl. In this re-
spect, the reproducibility of our measurements may be con-
sidered as a reasonable one.

The reproducibility of all electrochemical impedance mea-
surements confirmed by the comparison of two to three suc-
cessive measurements at the same potential was very satisfac-
tory over all the frequency range.

The linearity-stability of EIS measurements was checked
by the Kramers-Kronig test incorporated in the Autolab soft-
ware by which the complex, the real, and the imaginary
pseudo-chi-squared were found to be of the order of 10−5 to
10−6 in all systems studied and over all the frequency range
used.

The chemical reagents used without further purification are
anhydrous LiClO4 (Aldrich 99.99 %), tributylphosphine ox-
ide (TBPO, Aldrich), tri(n)octylphosphine oxide (TOPO,
Merck), triphenylphosphine (TPP, Fluka), and methanol
(MeOH, Lab-Scan, purity >99 %, maximum water content
0.05 %).

Results and discussion

Differential capacitance curves of the interface between poly-
crystalline Ni and methanol solutions of TBPO, TOPO, and
TPP are shown in Figs. 1, 2, and 3. Capacitance values are
expressed with respect to the geometrical area of the working
electrode.

The overall profile of the base electrolyte capacitance vs.
potential curve of the working Ni electrode in methanolic
solution of 0.1 M LiClO4 approximates that of Bockris [8]

Fig. 1 Differential capacitance curves of polycrystalline Ni in contact to
methanolic solutions of 0.1 M LiClO4 containing the following
tributylphosphine oxide concentrations in molar: 0 (black square),
0.0025 (white circle), 0.005 (black up-pointing triangle), 0.01 (white
down-pointing triangle), 0.02 (black circle), 0.04 (white square), and
0.06 (black star)
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and Devanathan [9] in aqueous solutions. Moreover, the min-
imum capacitance of 12.7 μF cm−2 in methanol and
19.3 μF cm−2 in aqueous 0.1 M LiClO4, the latter obtained
by preliminary experiments, is in reasonable agreement with
the corresponding values of 18.5–19.5 μF cm−2 provided by
Bockris in aqueous solutions of KClO4–NaOH mixtures.
Within the potential range from 0.3 to −0.7 V vs. Ag|AgCl,
the base electrolyte capacitance curve of Ni in 0.1 M LiClO4

in methanol presents no particular features.
The minimum is located at E=0.075 V vs. Ag|AgCl close to

the minimum of the aqueous solution at 0.05 V vs. Ag|AgCl
and to the value of −0.26 V vs. normal hydrogen electrode
(NHE) of the potential of zero charge in aqueous perchlorate
solutions reported by Bockris [8] and also to the average value
of −0.3 V vs. NHE reported by Trasatti [19]. The small increase
of capacitance at potentials close to 0.3 V vs. Ag|AgCl may be
caused by weak adsorption of perchlorate ions. On the other
hand, the increase of capacitance values negative to −0.2 V
vs. Ag|AgCl may be of faradaic origin. On account of
the LSV curves of the base solution, shown in Fig. 4,

the increase of cathodic current suggests for the occurrence
of a charge transfer reaction negative to −0.2 V vs. Ag|AgCl.

To identify this reaction, we must account for the condi-
tions prevailing on Ni surface in methanolic LiClO4 solutions.
From a variety of descriptions regarding anodic film forma-
tion on Ni surface over all the pH range [20, 21], we suggest
that in anhydrous neutral solutions, methanol is auto-
dissociated [22] according to the scheme:

2CH3OH⇔CH3OH
þ
2 þ CH3O

− ð1Þ
resulting to the coverage of Ni surface by methoxy anions.

At anodic polarizations, (NiOCH3)ads is formed on the
electrode surface, which at negative potentials is reduced as:

NiOCH3ð Þads þ e−→Niþ CH3O
− ð2Þ

giving rise to the observed increase of cathodic current. In this
respect, the charging process of the Ni/methanolic solution
interface is not of purely electrostatic character, but it is also
contributed by a faradaic process such as reaction (2).
As long as in neutral solutions hydrogen evolution re-
action (HER) sets on at potentials neighboring and neg-
ative to −0.9 V vs. Ag|AgCl, it is presumed that reac-
tion (2) precedes HER.

Returning to the capacitance curves, TBPO, TOPO, and
TPP seem to have a more or less similar effect on the

Fig. 2 Differential capacitance curves of polycrystalline Ni in contact to
methanolic solutions of 0.1 M LiClO4 containing the following
tri(n)octylphosphine oxide concentrations in molar: 0 (black square),
0.0025 (white circle), 0.005 (black up-pointing triangle), 0.01 (white
down-pointing triangle), 0.02 (black circle), 0.04 (white square), and
0.05 (black star)

Fig. 3 Differential capacitance curves of polycrystalline Ni in contact to
methanolic solutions of 0.1 M LiClO4 containing the following
triphenylphosphine concentrations in molar: 0 (black square), 0.005
(white circle), 0.01 (black up-pointing triangle), 0.02 (white down-
pointing triangle), and 0.04 (black circle)

Fig. 4 Linear sweep voltammetric curves of polycrystalline Ni in contact
to methanolic solutions of 0.1 M LiClO4 containing a tributylphosphine
oxide and b tri(n)octylphosphine oxide concentrations in molar (bottom
to top): 0, 0.005, 0.01, 0.02, and 0.04. Potential scan rate=0.25 V s−1
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capacitance of Ni/methanol interface. In the presence of
TBPO and TOPO capacitance, curves are regularly depressed
within the potential range from 0.3 to −0.3 V vs. Ag|AgCl
followed, when adsorbate concentration exceeds 0.005 M,
by a fluctuation observed at negative potentials close to
−0.4 V vs. Ag|AgCl. This fluctuation has the form of a hump,
and it is stronger in the case of TOPO tending to form a broad
peak, the height of which is increasing with adsorbate
concentration.

Negative to the hump, a strong increase of capacitance
values is observed, and capacitance curves shift to more neg-
ative potentials by increasing adsorbate concentration.
Coincidence of capacitance curves in the presence of adsor-
bate with that of the base electrolyte is far from being
observed.

According to the theory of Frumkin [23, 24], capacitance
fluctuations in the form of humps and peaks are interpreted in
terms of interfacial structural changes leading to the recession
of dielectric saturation in the adsorbed layer, resulting either
from adsorption–desorption processes of adsorbed particles or
from superficial rearrangements including reorientation.

It may be assumed that at negative potentials, such as
−0.4 V vs. Ag|AgCl, the reorientation of adsorbed phosphine
oxides does not seem to be a reasonable possibility, and de-
sorption of TBPO and TOPO is more possible. Therefore, the
increase of capacitance values at these potentials, in
adsorbate-containing solutions, may be justified similarly to
the base solution.

In the presence of TPP, the regularity of capacitance curves
of Figs. 1 and 2 negative to −0.4 V vs. Ag|AgCl is distorted.
Humps are replaced with a shoulder-like variation of capaci-
tance, and above 0.01 M capacitance, curves merge with that
of base solution at potentials negative to −0.5 V vs. Ag|AgCl,
which apparently seems to be the result of TPP desorption.
However, the occurrence of a faradaic reaction involving TPP
at potentials negative to −0.4 V vs. Ag|AgCl may be an alter-
native interpretation.

LSV curves of Fig. 4 show the strong depression of fara-
daic current over all the potential range of TBPO and TOPO
adsorption. This is an indication in support of the inhibitory
influence of adsorbed phosphinoxides on electrode reactions
occurring at negative potentials.

At potentials negative to −0.4 V vs. Ag|AgCl, it is
seen that the faradaic current in TBPO- and TOPO-
containing solutions is increasing. This means that reac-
tion (1) is no longer retarded due to the assumed de-
sorption of TBPO and TOPO.

In the presence of TPP (Fig. 5), depression of the
faradaic current is apparently limited at concentrations
below 0.02 M. With the increase of TPP content above
0.005 M, cathodic current is seen to re-increase and the
potential profile of LSV curves is markedly changing.
This is possibly the result of a charge transfer reaction

involving TPP, which may be assumed to be reduced at
a first step according to the scheme [25]:

C6H5ð Þ3Pþ e−→ C6H5ð Þ3P− ð3Þ

In any case, the discussion about the interfacial processes
whichmanifest themselves on theC–E and LSV curvesmakes
necessary the determination of interfacial parameters which
can be accessed either directly from the experimental adsorp-
tion isotherms or subsequently by the application of isotherm
analysis.

Isotherm analysis is based on capacitance measurements in
terms of the known equation resulting from the theory of
Frumkin and Damaskin [26]:

Ci ¼ Co 1−θð Þ þ Csatθþ qsat−qoð Þ d

dE
ð4Þ

In Eq. (4), θ is the degree of electrode coverage, Co

and qo are the capacitance and surface charge density in
the absence of adsorbate, Ci is the capacitance in the
presence of an intermediate adsorbate concentration, and
Csat and qsat are the capacitance and surface charge
density corresponding to the condition θ=1. Csat is cal-
culated by extrapolation of 1/Ci vs. 1/cA plots at infinite
bulk adsorbate concentration cA.

Strictly speaking, the degree of electrode coverage can
be calculated by Eq. (4) within the potential range where the
condition dθ/dE=0 is satisfied. However in practice, the
calculation of electrode coverage is carried out within the
potential range where the condition dCi/dE≈0 is satisfied.
In Figs. 1, 2, and 3, this is approximately true at either sides
of the anodic minimum of the C–E curves, viz. within the
potential range from 0.3 to −0.3 V vs. Ag|AgCl for TBPO
and TOPO and 0.3 to −0.2 V vs. Ag|AgCl for TPP. Thus,
the degree of electrode coverage is of apparent nature, and
henceforth it is denoted by θapp.

Fig. 5 Linear sweep voltammetric curves of polycrystalline Ni in contact
to methanolic solutions of 0.1 M LiClO4 containing the following
triphenylphosphine concentrations in molar: 0, 0.005, 0.01, 0.02, and
0.04, as noted on the plot. Potential scan rate=0.25 V s−1
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Isotherm analysis confirms that all systems studied
are in very satisfactory agreement with the theoretical
Langmuir isotherm:

BcA ¼ θapp
1−θapp

ð5Þ

at electrode potentials ranging from 0.3 to −0.1 V vs.
Ag|AgCl. At potentials more negative than −0.1 V vs.
Ag|AgCl, the linearity of the isotherm test 1/θapp vs.
1/cA plots markedly deteriorates (R2<0.95), and the
Langmuir isotherm is no longer valid. This is also true
for the Frumkin isotherm over all the potential range
studied.

In Eq. (5), B is the adsorption equilibrium constant, related
to the electrode potential E by means of equation [26]:

B ¼ 1

cS
expð−

1

2
C0‐Csatð ÞE2 þ CsatEΝE

RTΓmax
Þ ð6Þ

In Eq. (6), cS is the bulk solvent concentration, EN is the
displacement of the zero charge potential due to the adsorption
of ionic and polar non-ionic species, and Γmax is the limiting
surface adsorbate concentration corresponding to the potential
of maximum adsorption, Emax.

At a first approximation, Emax is the potential correspond-
ing to the maximum value of the apparent electrode coverage.
The potential dependence of θapp obtained for the studied ad-
sorbates by the application of Eq. (4) at various potentials and
preferentially at higher bulk adsorbate concentrations is
shown in Fig. 6.

It must be pointed that condition dθ/dE=0 is satisfactorily
valid only at the direct vicinity (viz. ±50 mV) of the potential
of maximum adsorption, Emax, where the adsorption parame-
ters of Table 1 are calculated. At a more extended potential
range, the potential profile of electrode coverage shown in
Fig. 6 is of apparent and indicative character. In Fig. 6, we
may point out that, in the presence of TPP, electrode coverage

markedly decreases at negative potentials. However, it is ob-
served that θapp of TPP is reduced but not zeroed, which
means that adsorbed TPP is not completely desorbed but pos-
sibly undergoes a structural reorganization. At such negative
potentials, phosphorous atom may be brought closer or even
in contact to the electrode surface. Equation (6) can be sim-
plified by setting EN≈0, which is a reasonable approximation
for polycrystalline electrodes [24, 27]. Then, by taking loga-
rithms of both sides, we obtain:

lnB ¼ ln
1

cs

� �
−

C0−Csatð Þ
2RTΓmaxE2 ð7Þ

The limiting surface concentration Γmax is calculated in
terms of Eq. (7), by applying linear regression to the lnB vs.
E2 plots, shown in Fig. 7.

This method is applicable only within a monotonic range of
potentials. In the case of TBPO, TOPO, and TPP, this is the
range of potentials from 0.0 to 0.3 V vs. Ag|AgCl.

The calculated values of Γmax together with the corre-
sponding values of Csat, Emax, and ΔGmax

o are provided in
Table 1. The tabulated values of Γmax and ΔGmax

o correspond
to the potential of maximum adsorption, Emax.

The agreement of TBPO, TOPO, and TPP adsorption data
with the theoretical Langmuir isotherm is indicatively demon-
strated at Emax by the 1/θapp vs. 1/cA plots of Fig. 8.

The identification of processes occurring at the Ni/solution
interface is further assisted by EIS measurements. Within the
potential range from 0.3 to −0.2 V vs. Ag|AgCl, spectra

Fig. 6 Potential dependence of apparent electrode coverage in the
presence of 0.06 M TBPO (black square), 0.05 M TOPO (black circle),
and 0.04 M TPP (black up-pointing triangle)

Table 1 Interfacial parameters of TBPO, TOPO, and TPP

Adsorbate Csat

μF cm−2
Emax

V vs. Ag|AgCl
Γmax

mol cm−2
ΔGmax

o

kJ mol−1

TBPO 11.2 0.15 8.8×10−11 18.3

TOPO 11.1 0.05 5.0×10−11 20.6

TPP 12.1 0.15 6.3×10−11 17.5

Fig. 7 Dependence of the logarithm of adsorption equilibrium constant
on the square of electrode potential in the presence of 0.06 M TBPO
(black square), 0.05 M TOPO (black circle), and 0.04 M TPP (black
up-pointing triangle)
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shown in Fig. 9 markedly deviate from the vertical line
representing an ideal capacitor with no parallel resistance.
Moreover, these plots are slightly curved but do not present
an unambiguous form of semicircle.

In the absence of TBPO, TOPO, and TPP, the complex
plane impedance plots of Figs. 9 and 10 show an increase of
curvature at potentials negative to −0.2 V vs. Ag|AgCl.
Particularly, at potentials more negative than −0.4 V vs.
Ag|AgCl, plots of –Z″ vs. Ζ′ tend to the formation of semicir-
cles. This finding suggests for a joint effect of the dou-
ble layer capacitance and the increasing contribution of
a charge transfer resistance with increasing negative po-
tentials as the result of process (2) in agreement to the
LSV plots of Figs. 4 and 5.

Within the potential range from 0.3 to −0.2 V vs. Ag|AgCl,
the deviation of the −Z″ vs. Ζ′ plots from the vertical line is
increasing with the introduction of TBPO and TOPO but not
in the presence of TPP except of the −Z″ vs. Ζ′ plot of Fig. 9c
at E=−0.2 V vs. Ag|AgCl.

At even more negative potentials, the form of impedance
spectra is changed. As shown in Fig. 11 in the presence of
TOPO and TBPO, the deviation from the vertical line is no
longer greater than that of the base solution. Possibly due to
the change of the structure of the adsorption layer associated
with the observed capacitance hump at −0.4 to −0.5 V vs.
Ag|AgCl, impedance spectra in the presence of TBPO and
TOPO tend to overtop that of the base electrolyte. In the pres-
ence of TPP, a single incomplete semicircle is obtained,
denoting the occurrence of a charge transfer process, which
is already identified with reaction (3).

This is an indication that a single reaction is clearly detect-
ed only in the presence of TPP and not in the presence of
TBPO and TOPO, possibly because the presumed shift of
phosphorus atom closer to the negatively charged Ni surface
favors the electron uptake by the TPP molecule.

In the preceding discussion, it was assumed that the
overall charging process of the interface includes an

electrostatic as well as a faradaic contribution, the latter
associated with reaction (2).

In connection to this assumption, impedance data, within
the potential range 0.3 to −0.2 V vs. Ag|AgCl, are treated by
means of the equivalent circuit shown in Fig. 12a, which re-
sults from the modification of the standard adsorption model
[28]. This circuit comprises the solution resistance, RS, in
series with the parallel combination of two CPEs. One of
them, denoted CPE-1, stands for the contribution of the dou-
ble layer capacitance. The second one, denoted CPE-2, stands

Fig. 8 Test of the Langmuir adsorption isotherm at the potential of
maximum adsorption of TBPO (black square), TOPO (black circle),
and TPP (black up-pointing triangle)

Fig. 9 Experimental complex plane impedance plots of polycrystalline
Ni in contact to methanolic solutions of 0.1 M LiClO4 in the absence
(white down-pointing triangle) and in the presence of 0.04 M TBPO
(black square), TOPO (black up-pointing triangle), and TPP (white
circle) at the following electrode potentials: a 0.3, b 0.0, c −0.2 V vs.
Ag|AgCl. Solid lines represent impedance spectra calculated from the
model of Fig. 12a in the case of base solution, TBPO, TOPO, and for
TPP only at potentials 0.3 and 0.0 V vs. Ag|AgCl. At −0.2 V vs. Ag|AgCl
in the presence of TPP calculated spectra refer to the model of Fig. 12b
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for the non-capacitive response of the interface due to faradaic
processes involving adsorbed species. In this respect, CPE-2
is connected in series with the charge transfer resistance, Rct,
corresponding to reaction (2).

The impedances ZCPE-1 of CPE-1 and ZCPE-2 of CPE-2 are
expressed by the relations:

ZCPE−1 ¼ 1

Yo1 jωð Þn1 and ZCPE−2 ¼ 1

Yo2 jωð Þn2 ð8Þ

where Yo1, Yo2, and n1, n2 are, respectively, the corresponding
pre-exponential factors and CPE exponents.

In this respect, experimental impedance data were fitted to
the circuit of Fig. 12a by means of a complex nonlinear least
squares (CNLS) routine incorporated in the NOVA 1.11 con-
trol software of the Autolab system. The mean fitting quality
of the experimental spectra, expressed by the factor χ2, is of
the order of 10−3, which is reasonable for a polycrystalline
electrode.

The results of the CNLS fitting are provided in Table 2. As
expected, in all cases, the pre-exponential factor Yo1 is always
much less than Yo2. Table 2 also shows that CPE-1 exponent
n1 is always equal to or greater than 0.89 in agreement to its
almost capacitive behavior. On the other hand, values of n2,
ranging between 0.3 and 0.54, at a first approximation may be
typically identified with a Warburg element representing
semi-infinite planar diffusion.

However, on account of the absence of a capacitive element
(due to a reversible adsorption process) in the faradaic branch
[29] of the equivalent circuit of Fig. 12a, such n2 values can be
reasonably described in terms of a non-ideally reversible ad-
sorption process such as the formation of (NiOCH3)ads.

Moreover, Table 2 shows that, in agreement to capacitance
and LSV data in the absence of surfactants, Rct is reduced.
This means that reaction (2), as expected, is favored by the
increase of negative potential.

In TBPO- and TOPO-containing solutions, LSV data sug-
gest that no faradaic reaction due to these surfactants is detect-
ed. In this case, Rct is increasing with respect to base solution,
being always greater than the Rct of the surfactant-uncovered
electrode surface.

In the presence of TPP according to Table 2, within the
potential range 0.3 to −0.2 V vs. Ag|AgCl,Rct values are lower
than those of TBPO and TOPO. This may be explained by
assuming that the lower electrode coverage attained by
TPP results to more adsorption sites available for the
adsorption of methanol molecules on the electrode sur-
face. On the other hand, the difference between the Rct

in the base solution with that in presence of TPP is

Fig. 10 Experimental complex plane impedance plots of polycrystalline
Ni in contact to the base solution at the following electrode potentials:
−0.4 (black square), −0.5 (black circle), −0.6 (black up-pointing
triangle), and −0.7 (black down-pointing triangle) V vs. Ag|AgCl.
Solid lines represent impedance spectra calculated from the model of
Fig. 12a

Fig. 11 Experimental complex plane impedance plots of polycrystalline
Ni in contact to methanolic solutions of 0.1 M LiClO4 in the absence
(white down-pointing triangle) and in the presence of adsorbates: TBPO
(black square), TOPO (white circle), and TPP (black up-pointing
triangle). Adsorbate concentration 0.04 M. Electrode potential −0.4 V
vs. Ag|AgCl. Solid lines represent impedance spectra calculated from
the model of Fig. 12a for base electrolyte, TBPO, and TOPO and from
model 12b for TPP

Fig. 12 Equivalent circuits based on variants of the standard adsorption
model: a used for fitting experimental EIS data in the absence and in the
presence of TBPO and TOPO within the potential range from 0.3 to
−0.4 V vs. Ag|AgCl and in the presence of TPP at potentials 0.3 and
0.0 V vs. Ag|AgCl and b in the presence of TPP at potentials −0.2 and
−0.4 V vs. Ag|AgCl
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difficult to be explained unless an interaction between
reaction (2) and (3) is adopted.

At potentials more negative than −0.2 V vs. Ag|AgCl, im-
pedance data are fitted to the equivalent circuit shown in
Fig. 12b. In this case, the parallel resistance Rp has a charge
transfer character and is related to the reduction of the
adsorbed TPP molecules according to reaction (3), while all
the other circuit elements maintain the same character as in
circuit 12a.

Generally, it would be expected that by increasing negative
potential, Rct is gradually reduced. However, this is not con-
firmed by the analysis of impedance data according to circuit
12b. It is found that Rct, at −0.2 V vs. Ag|AgCl, remains
necessarily unchanged relatively to the corresponding TPP
results at more positive potentials. This may be attributed to
the parallel and possibly competitive character of reactions (2)
and (3).

The onset of reaction (3) may be detected at potentials
negative to 0.0 V vs. Ag|AgCl as presumed from the Rp values
of 19.5 and 2.7 kΩ cm2 obtained at −0.2 and −0.4 V vs.
Ag|AgCl, respectively.

The above Rp values are much higher than the value of
Rct=0.6 kΩ cm2 corresponding to reaction (2) at the same
potentials. This may be a reflection of the assumed interaction
between reactions (2) and (3).

The discrimination between the electrostatic charging and
the non-capacitive response of the interface, enabled by fitting
impedance data to the equivalent circuit of Fig. 12a, allows for
the comparison of capacitance values measured by the lock-in
system with Yo1 values calculated from impedance data. In
Table 3, such data are provided for the Ni/solution interface
in the absence of adsorbates. However, the difference between
C and Yo1 appears to be in fair analogy to the difference be-
tween unity and the corresponding values of CPE-1 exponent
expressing the deviation of the Ni/solution interface from the
ideally polarized condition.

Conclusions

Due to methanol self-dissociation, adsorbed NiOCH3 is
formed on the surface of anodically polarized polycrystalline
Ni electrode in neutral anhydrous methanolic solutions, and it
is reduced at negative potentials. The charging process of Ni
electrode/methanolic solution interface is suggested to involve
a double layer capacitive component and a non-capacitive

Table 2 CNLS results derived
from equivalent circuit 12a in the
absence (base solution) and in the
presence of TBPO and TOPO and
only for potentials 0.3 and 0.0 V
vs. Ag|AgCl for TPP and from
equivalent circuit 12b for TPP at
potentials −0.2 and −0.4 V vs
Ag|AgCl. Adsorbate
concentration of 0.04 M

E

V vs. Ag/AgCl

Adsorbate Rs

Ω cm2

n1 Yo,1
106 Ω−1 sn1 cm−2

n2 Yo,2
106 Ω−1 sn1 cm−2

Rct
kΩ cm2

0.3 b.s. 13.9 0.93 18.4 0.42 81.7 1.2

TBPO 13.4 0.90 22.4 0.54 94.6 2.8

TOPO 14.1 0.91 20.5 0.39 129.5 1.8

TPP 13.5 0.93 19.4 0.33 96.9 0.5

0.0 b.s. 13.8 0.93 18.4 0.47 66.2 1.4

TBPO 13.4 0.90 22.2 0.48 85.4 2.2

TOPO 14.0 0.91 20.2 0.40 91.3 1.7

TPP 13.4 0.93 19.7 0.37 86.5 0.7

−0.2 b.s. 13.8 0.92 19.5 0.40 79.1 0.9

TBPO 13.3 0.90 22.8 0.45 94.0 1.6

TOPO 14.0 0.91 19.7 0.38 91.0 1.0

TPP 13.4 0.93 20.7 0.36 113.4 0.6

−0.4 b.s. 13.8 0.91 23.8 0.24 150.0 0.1

TBPO 13.4 0.92 17.6 0.42 125.8 2.0

TOPO 14.0 0.92 18.8 0.28 129.8 0.3

TPP 13.4 0.93 20.5 0.40 201.0 0.6

b.s. base solution

Table 3 Experimental differential capacitance and CPE-1 parameters
of the Ni/0.1 M LiClO4 methanolic solution interface in the absence of
adsorbates

E
V vs. Ag/AgCl

C
μF cm−2

Yo,1
106 Ω−1 sn1 cm−2

n1

0.3 13.1 18.4 0.93

0.0 12.7 18.4 0.93

−0.2 13.1 19.5 0.92

−0.4 14.3 23.8 0.91
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contribution due to the reduction of NiOCH3 formed by irre-
versible adsorption of CH3O

− species on the electrode surface.
Adsorbed tributylphosphine oxide, tri(n)octylphosphine

oxide, and triphenylphosphine obey Langmuir isotherm, and
the former two effectively inhibit (NiOCH3)ads reduction
within the potential range from 0.3 to −0.6 V vs. Ag|AgCl.
Triphenylphosphine shows an apparent inhibitory effect on
(NiOCH3)ads reduction at low concentrations, but above
0.005 M, linear sweep voltammetry and electrochemical im-
pedance analysis suggest for a faradaic process, identified
with the one electron reduction of triphenylphosphine, which
overlaps with (NiOCH3)ads reduction.
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