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In a recent publication [1], the anodic dissolution of Ni was
investigated using electrochemical impedance spectrosco-
py (EIS), electrochemical quartz crystal microbalance
technique (EQCM), and voltammetric methods, and a
dissolution mechanism (based on the mechanism originally
proposed in [2, 3]) was considered for the interpretation of
the experimental data.

According to this complex reaction model, the dissolu-
tion occurs through adsorbed intermediates. It is claimed
that the mechanism proposed for the interpretation of the
anodic behavior of Ni is of general importance, i.e., similar
mechanistic descriptions could be given for the anodic
dissolution of other metals (M), e.g., Zn [4, 5].

In Gregori et al. [1], the following scheme was used for
the interpretation of the data (“scheme A”):

M θ0ð Þ!k1 M Ið Þ θ1ð Þ þ e� (1)

M Ið Þ θ1ð Þ !k2 M IIð Þ θ2ð Þ þ e� (2)

M IIð Þ θ2ð Þ !k3 M2þ (3)

where θ0, θ1, and θ2 are the surface concentrations ofM(0),
M(I), and M(II) species, respectively, while M2+ is the
metal ion (e.g., Ni2+ or Zn2+) in the solution. M(I)(θ1) and
M(II)(θ2) are adsorbed intermediates.

According to the assumptions made in [1], the first and
the second steps are two consecutive, irreversible single-
electron transfers, and the third one is a physical process
that consists of the solubilization of the Me(II) species and
transport ofM2+ throughout the aqueous media. It was also
assumed in [1] that the kinetic constants for the electro-
chemical steps follow a Butler–Volmer relationship and the
elementary steps obey first-order kinetics. Then, the rates
for each elemental step can be expressed as:

r1 ¼ k01θ0e
b1E (4)

r2 ¼ k02θ1e
b2E (5)

r3 ¼ k03θ2 (6)

The mass balance and the charge balance at the electrode
surface were described by the following equations:

iF
F
¼ r1 þ r2 (7)

dθ0
dt
¼ r3 � r1 (8)

dθ1
dt
¼ r1 � r2 ¼ k1θ0 � k2θ1 (9)

dθ2
dt
¼ r2 � r3 ¼ k2θ1 � k3θ2 (10)
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where ri and ki are the rates and their respective rate
constants of the postulated steps. E is the applied potential,
iF is the faradaic current intensity, and F is the Faraday
constant.

From Eqs. 7, 9, and 10, the theoretical faradaic
impedance function corresponding to the above reaction
mechanism could be deduced. (A method for the analysis
and evaluation of impedance spectra deduced for a similar
mechanism is also discussed in [5].)

However, in the electrochemical literature, other mech-
anisms suggested for nickel dissolution can be also found
[6]. In earlier papers, some authors interpreted the observed
kinetics in terms of a consecutive charge transfer mecha-
nism (“scheme B”) with the reaction

Ni H2Oð Þads ! Ni OHð Þads þ Hþ þ e� (11)

followed by the reaction

Ni OHð Þads ! NiOHþ þ e� (12)

Fig. 1 Schematic picture repre-
senting the movement of ions
and electrons at the surface, in
the adjacent bulk phases, and in
the “outer circuit” during a
charge transfer step. 1 Ammeter,
2 potentiostat, 3 electrochemical
cell, I current in the outer circuit
and in the cell. a Initial state
with adsorbed ions (open circuit
or equilibrium case). No net
current is flowing through the
electrode and no current is
flowing in the outer circuit
(I=0). b The oxidation of the
metal (e.g., Ni) atoms in the
surface layer to adsorbed metal
ions (Niþads) is connected with
the simultaneous displacement
(and adsorption) of the anions in
the solution phase. c The for-
mation of adsorbed metal ions
(Niþads) is followed by the de-
sorption of positively charged
ions from the surface. The
resulting electrons are moving
through the bulk metal phase,
and the positive ions are moving
from the interphase into the bulk
solution phase
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as the rate-determining step, and subsequent establishment
of the homogeneous equilibrium

NiOHþ þ Hþ ! Ni2þsol þ H2O;
(13)

where subscript “ads” denotes that the species is adsorbed,
while the subscript “sol” refers to components in the
solution phase.

On the other hand, similar to iron dissolution, a so-called
catalytic mechanism is also proposed in several publica-
tions, since a number of experimental facts disagree with
the expectations based on a consecutive mechanism [6, p.
69].

Using the consecutive mechanism for iron dissolution as
a reference, Itagaki et al. [7] proposed the following
mechanism for nickel dissolution, which is very similar to
the “traditional” scheme (scheme B):

Ni H2Oð Þads! 
k1;Ni

k�1;Ni
Ni OHð Þads þ Hþ þ e� (14)

NiOHads !k2 NiOHþ þ e� (15)

NiOHþ ! Ni2þ þ OH� (16)

By comparing schemes A and B, it is easy to demonstrate
that the two mechanisms are hardly reconcilable.

At least two main differences are obvious. The first one
is quite evident: in scheme B only one adsorbed interme-
diate is considered, while in scheme A two are considered.
The second difference is connected with the formulation of
the charge transfer processes. In the case of scheme B in the
reaction equations (Eqs. 11, 12, 14, and 15), both adsorbed
and dissolved species are involved. In contrast to this, Eqs.
1 and 2 in scheme A are formulated as charge transfer
processes between adsorbed species.

In light of the above facts, it is rather surprising that
Gregori et al. [1] introduce their mechanism without any
critical remarks concerning the traditional scheme B. Even
the reader of [1] can easily get the impression that scheme
A is an equivalent, “improved” version of scheme B.
However, contrary to the statement made in [1], the
existence of two adsorbed intermediates does not unam-
biguously follow from the results and conclusions of the
cited literature, especially not from Itagaki et al. [7], who
fundamentally treated their data in terms of scheme B with
only one adsorbed intermediate.

It is true that the existence of two adsorbed intermediates
is a possible assumption; however, if we consider the
physical meaning of the notion of “charge transfer,” the
validity of the formulation of a charge transfer process
between two adsorbed species without participation of any
dissolved component is rather problematic.

The problem of charge and mass balance

Neither the steps 1 and 2 in scheme A can be considered as
a real charge transfer step, since a charged particle does not
move from the adsorbed layer into the solution and/or vice
versa. (see IUPAC definition in [8]). On the other hand,
Eqs. 11, 12, 14, and 15) correspond to the IUPAC
definition of a charge transfer step.

To show that the proposed reaction equations and the
concept of a “pure surface reaction” cannot be correct,
reaction Eq. 1 can be used as an illustrative example.

The main problem with the use of this equation together
with Eq. 7 is that the current flow in the system is ascribed
to a charge transfer process considered as a surface
reaction. Faraday law states that simultaneous charge and
material transfer takes place between the phases and the
origin of this charge during a current flow, and material
transfer should be ascribed to one or more components
present in the bulk liquid phase.

If a current I can be measured in the system with an
ammeter, electrons are flowing from one electrode to the
other through wires (and other electrical elements) in the
“outer circuit.” The current can be measured outside of a
galvanic cell only in the outer circuit, where the leads
connected to the electrodes are purely electronic con-
ductors. The electrochemical cell and the outer circuit
elements form a series circuit (see Fig. 1d). The current in
all parts of a series circuit has the same magnitude. In
electrolyte solutions, the electrical current is carried by
ions. It means that the circuit can be closed, and current can
be measured only if ions are moving in the cell from one
electrode to the other, i.e., in the bulk phase of the solution
in the cell.

Taking into account the charge balances, a very sche-
matic picture of the possible processes at the working
electrode is given in Fig. 1.

Figure 1a shows the open-circuit case or the case at a
certain electrode potential: no net current is flowing trough
the electrode, and no current is flowing in the outer circuit
and in the electrolyte solution.

Two possibilities for the formation of a net current are
shown in Fig. 1b,c, e.g., after the application of an
appropriate electrode potential.

As shown in Fig 1b, the oxidation of the metal atoms in
the surface layer to adsorbed metal ions is connected with
the simultaneous displacement (and adsorption) of the
anions in the solution phase. This step is evidently a real
charge transfer step, since the resulting electrons are
moving through the bulk metal phase and the outer circuit
to the other electrode. Of course, a simultaneous charge
transfer reaction at the other (counter)electrode is also
necessary.

A different case is shown in Fig. 1c: the formation of
adsorbed metal ions is followed by the desorption of
positively charged ions from the surface. The resulting
electrons are moving through the bulk metal phase, and the
positive ions are moving from the interphase into the bulk
solution phase. It means that this step can be also
considered as a real charge transfer step.
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Anyway, it is common in such type of processes that ions
move from the interphase into the solution, or conversely,
charged species enter the interphase. Nevertheless, a
reaction between adsorbed species without participation
of charged components from the solution phase could not
be a charge transfer process corresponding to a current flow
in the external circuit [9].

According to the above considerations, the complete
form of Eq. 1 should be:

Niads θ0ð Þ þ A�sol ! Niþads θ1ð Þ þ e� metalð Þ þ A�ads (17)

or

Niads θ0ð Þ þ Cþads ! Niþads θ1ð Þ þ e� metalð Þ þ Cþsol (18)

or

Niads θ0ð Þ þ Cþads þ A�ads þ B�sol
! Niþads θ1ð Þ þ e� metalð Þ þ Cþsol þ A�sol þ B�ads (19)

etc. (C+ is some kind of positively charged species, A− and
B− are negatively charged ions.) A similar statement holds
for step 2 (Eq. 2) in scheme A, as well. On the other hand, it
can be clearly seen that the reaction equations in scheme B
are in agreement with the requirements discussed above.

It should be noted that in the electrochemical literature,
authors very often neglect the effect of movement of anions
and use “simplified” equations in reaction schemes like
Eqs. 1, 2, and 3. The usual answer to the criticism on such a
formulation is that it does not cause any problem in the
interpretation of the experimental data providing that the
concentration of a “supporting electrolyte” is enough high.
However, such a simplification is very questionable and
may be misleading if one is studying the mass and charge
balance at the electrode surface, because the ions
originating from the supporting electrolyte are also charged
species with a finite mass.

Thus, the evaluation of the results of EQCM studies in
conjunction with other electrochemical measurements
requires a very cautious approach. In addition, there are
ample evidences reported in the literature [10–26] that the
specific adsorption of anions on metal surfaces becomes
very pronounced in the course of dissolution in wide
potential range. This possibility should be taken into
account in the case of the analysis of EQCM results
obtained from transient studies (e.g., cyclic voltammetry).
It is very surprising that in [1], the possible adsorption of
the solution components is completely left out of
consideration (see the explanations to the superficial
mass vs potential curve). Without a detailed analysis of
the sorption phenomena occurring in the system, no
realistic picture on the metal dissolution can be created.

Remarks to the impedance results

There are some additional remarks specific to the deriva-
tion of the impedance function and analysis of the results:

(1) For the derivation of the impedance function, it is not
necessary to formulate Eqs. A8, A9, and A10 (in [1];
Eqs. 4, 5, and 6 in this article) corresponding to the
assumption that the individual steps obey first-order
kinetics. The impedance expression could be obtained
by using a general formulation of the rate equations
like ri ¼ ri E; θi; . . .ð Þ , etc. [27], indicating that each
step in the reaction scheme may follow a complex
mechanism. In this case, there is no direct contradiction
between the formulation of the reaction steps and the
notion of “charge transfer process.”

(2) Unfortunately, no statistical analysis of the estimated
parameters are given in [1]. This makes the estimation
of the reliability of the derived values (calculated from
the fitting results) very difficult.

Nevertheless, according to the results reported in [1], the
rate coefficient k3 depends strongly on the potential,
although according to the reaction scheme, it should be
potential-independent.

The explanation of the authors ( “… as seen in Table 2,
the k3 value is smaller than k1 and k2 in all the potential
range studied. The dependence of k3 on the potential could
be explained if the transport of Ni2+ to the solution is a
migration; however, this point requires further studies since
neither the solubilization and transport of Ni2+ from the
surface to the solution nor the other paths of the assumed
mechanism (Eqs. (1), (2) and (3)) are really elementary
steps.” [1, p. 87]) is clearly in contradiction with the
assumptions made with respect to scheme A (“… r1, r2 and
r3 are the reaction rates for each elementary step … If each
elementary step obeys kinetics of first order, it can be
expressed as:

r1 ¼ k1θ0 (A8)

r2 ¼ k2θ1 (A9)

r3 ¼ k3θ2 (A10)

[1, p.88], or “If it is considered that the kinetic constants for
the electrochemical steps follow a Butler–Volmer relation-
ship and the elementary steps obey first-order kinetics, then
the rates for each elemental step can be expressed as:

r1 ¼ k01θ0e
b1E (4)
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r2 ¼ k02θ1e
b2E (5)

r3 ¼ k03θ2 (6)

[1, p.83].), indicating the internal inconsistency of the
model.

Conclusions

The main points discussed in this paper can be summarized
as follows:

(1) Comparing the mechanism scheme A, suggested for Ni
dissolution in [1] with those “traditional” ones mostly
accepted in the literature, it should be stated that the
former one cannot be reconciled with the latter ones. In
addition, it can be easily demonstrated that the
formulation of reaction equations, describing the
charge transfer steps and consequently the correspond-
ing kinetic equations, could lead to mechanistic
misinterpretations.

(2) For the interpretation of the EIS measurements and
EQCM data (especially those obtained under transient
conditions), the possible role of the adsorption of all
components present in the system should be taken into
account.

Acknowledgements Financial support from the Hungarian Scien-
tific Research Fund is acknowledged (Grants OTKA T037588,
T045888, T060191).

References

1. Gregori J, Garcia-Jareno JJ, Gimenez-Romero D, Vicente F
(2005) J Solid State Electrochem 9:83

2. Cachet C, Wiart R (1980) J Electroanal Chem 111:235
3. Cachet C, Wiart R (1981) J Electroanal Chem 129:103
4. Giménez-Romero D, García-Jareno JJ, Vicente F (2003)

Electrochem Commun 5:722
5. Garcia-Jareno JJ, Gimenez-Romero D, Keddam M, Vicente F

(2005) J Phys Chem B 109:4584, 4593
6. Lorenz WJ, Heusler KE (1987) Anodic dissolution of iron

group metals. In: Mansfeld F (ed) Corrosion mechanisms.
Marcel Dekker, New York, p 1

7. Itagaki M, Nakazawa H, Watanabe K, Noda K (1997) Corros
Sci 39:901

8. Parsons R (1979) Pure Appl Chem 52:233
9. Láng GG, Horányi G (2005) J Electroanal Chem 583:148
10. Horányi G, Aramata A (1997) J Electroanal Chem 437:259
11. Horányi G, Kálmán E (2002) Corros Sci 44:899
12. Schwabe K (1962) Electrochim Acta 6:223
13. Schwabe K, Schwenke W (1964) Electrochim Acta 9:1003
14. Láng GG, Horányi G (2003) J Electroanal Chem 552:197
15. Bockris JO’M, Swinkels DAJ (1964) J Electrochem Soc

111:736
16. Balashova NA, Lilin SA (1973) Elektrokhimiya 9:637
17. Balashova NA, Gorokhova NT, Lilin SA (1973) Elektrokhimiya

9:666
18. Vakhidov RS, Bakirov MN (1975) Elektrokhimiya 11:282
19. Fouilloux P, Reppelin M, Bussiere P (1972) Int J Appl Radiat

Isot 23:567
20. Horányi G, Rizmayer EM (1984) J Electroanal Chem 180:97
21. Herbelin JM, Barbouth N, Marcus P (1990) J Electrochem Soc

137:3410
22. Marcus P, Herbelin JM (1993) Corros Sci 34:1123
23. Kesten M, Feller HG (1971) Electrochim Acta 16:763
24. Hommrich J, Hümann S, Wandelt K (2002) Faraday Discuss

121:129
25. Yang LYO, Bensliman F, Shue CH, Yang YC, Zang ZH, Wang

L, Yau SL, Yoshimoto S, Itaya K (2005) J Phys Chem B
109:14917

26. Láng GG, Horányi G (2006) J Phys Chem B 110:3444
27. Armstrong RD, Bell MF, Metcalfe AA (1978) In: Thirsk HR

(ed) Specialist Periodical Reports, Electrochemistry, vol. 6
Ch.3. The Chemical Society, Burlington House, London, pp
98–127

443


	Comment on the paper “Kinetic calculations of Ni anodic dissolution from EIS” [J Solid State Electrochemistry (2005) 9:83]
	The problem of charge and mass balance
	Remarks to the impedance results
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


