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A B S T R A C T   

The formation and structure of passive films on steel in a borate buffer environment pH= 7.4 containing Chloride 
ions have been thoroughly investigated. The effect of the inhibitor Na4[ZnNTP]⋅13H2O with a certain molecular 
structure have been studied, including the mechanism of its action. The lowest anodic dissolution current is 
reached at the ZnNTP concentration of about 0.6 g/L. At the initial stage of its formation, the passive film is 
composed of iron oxides, which may further approach the structure of magnetite. Under conditions of counter- 
diffusion of ZnNTP and Fe2+ ions, the heteropolynuclear complex Zn1/2Fe1/2(H2O)3µ-H4NTP]n is formed. As for 
the character of the formed chemical bonds, steel passivation in the presence of ZnNTP differs significantly from 
both oxide and salt passivation, and thus should be considered as a specific case, called by “coordination 
passivation”.   

1. Introduction 

The phenomenon of the passivity of metals was first discovered by M. 
Lomonosow [1], who associated it with the transfer of "air" (or oxygen in 
more current sense) from the acid into the pores of the metal surface. 
Later, the passivity was described by Keir [2]. M. Faraday, studying the 
dissolution of metals and, in particular, their passivity, came to the 
following conclusion: “My strong impression is that the surface of the 
iron is oxidized, or that the superficial particles of metal are in such 
relation to the oxygen of the electrolyte as to be equivalent to oxidation, 
and that having thus their affinity for oxygen satisfied, and not being 
dissolved by the acid under the circumstances.”[3]. 

Based on current positions, the passivity is explained by the forma-
tion of a chemically resistant layer on a metal surface [4,5]. The concept 
of the adsorption describes the formation of a chemically resistant layer 
as a mono- or multilayer adsorption of corrosive medium components on 
metal surfaces [6–12]. The concept of passive film, which is 

predominant, considers passive layers as relatively thin films possessing 
a homogeneous structure of a particular phase [13–23]. Interaction of 
the metal surface with the environment components, especially, corro-
sion inhibitors, may facilitate the formation of films composed of oxides, 
hydroxides, salts and others. To reliably describe the passivation, a 
synthetic approach seems to be the most reasonable, which considers the 
adsorption of corrosive medium components as the initial stage of the 
passive film formation [24,25]. 

Many attempts have been made to investigate the genesis and 
structure of passive films in various systems [13–21]. The X-ray 
diffraction analysis of passive films is difficult because of their low 
thickness of 10–10–10–6 m, which makes various spectroscopies, 
including Auger, XPS, FTIR, Raman, and others, more applicable for 
their analysis [15,16,18,19,21] providing direct data on the composition 
and indirect one on their structure. Nevertheless, many authors try to 
describe passive films as comprised of several phase layers, most often 
Fe3O4 or γ-Fe2O3, which are separated by interfaces [13–18], based on 
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the electrochemical data [13,14,17,18] and spectroscopic analysis of the 
composition. 

The passivity is not a static state [24–27], with the corrosion rate 
being not zero in the passive state. Metal ions unceasingly diffuse 
through the passive film into the corrosive medium as evidenced by the 
anodic metal dissolution. To provide the diffusion, a concentration 
gradient for metal ions through the passive film is required [28,29], 
which disagrees with the commonly accepted consideration of a phase 
as a homogeneous part of a system [30]. 

For the reasons mentioned above, we have to stick to the view 
considering a passive film as not a thermodynamic phase [24–27]. The 
phase structure earlier ascribed to surface films in [13–18] should be 
considered only as a formal description of their elemental composition. 

In our opinion, at the initial stage of the formation, a passive film has 
a structure with a high concentration of defects such as metal vacancies 
and embedded oxygen atoms, OH– ions, and hydrated water molecules. 
With further aging the passive film, fragments of various phases are 
possibly formed, including those detected by X-ray diffraction methods. 
But the film remains inhomogeneous as a whole, with its structure being 
most likely filled with islands of individual phases. 

Shortly after the development of industrial technology for the syn-
thesis of organo-polyphosphonic acids [31,32], these compounds 
showed their anticorrosive activity, in particular nitrilo-tris 
(methylenephosphonic) acid N(CH2PO3)3H6, hereinafter called NTP 
[33,34]. The anticorrosive activity of NTP complexes with metal ions 
was found to be higher than of free NTP [35]. Among those, the NTP 
complexes with zinc and cadmium ions were shown to be more effective 
[35,36]. The structure of NTP complexes with metal ions has been 
repeatedly investigated and reliably defined, in particular, by single 
crystal X-ray diffraction analysis [36,37]. It has been shown that Zn- and 
Cd-NTP complexes which differ in their molecular structure, have also 
different anticorrosive activity, otherwise all things being equal [36]. 
Among the Zn- and Cd-NTP complexes, the complex Na4[ZnNTP]•
13H2O (hereinafter called ZnNTP) demonstrated the highest inhibition 
efficiency of steel corrosion [36]. The mechanism of the anticorrosive 
effect of phosphonates has also been repeatedly studied [18–21,38,39]. 

The first stage in the formation of a passive film in an inhibited 
medium is surely mono- or multilayer adsorption of inhibitors on the 
metal surface, possibly with the formation of surface complexes of in-
hibitor molecules bound with the metal atoms through the donor- 
acceptor mechanism [9,19–21]. 

In the presence of inhibitors, further development of the passive film 
structure is still debatable. Various studies, including XPS, Auger and 
FTIR analysis as well as electrochemical impedance spectroscopy studies 
on passive films formed in the presence of inhibitors, showed inhibitor 
molecules and their complexes with metal ions in the films [9,18,19,21]. 
The interaction of metal complexes of organo-phosphonic acids with the 
iron surface is assumed to initiate the substitution of the central metal 
atom/ion of the complexes by iron with further evolving as hydroxides 
[38,39]. Heterometallic complexes of organo-phosphonic acids are also 
assumed to present in the passive films composition [21,38,39]. 

The use of Zn-NTP as a corrosion inhibitor was shown to provide the 
reaction.  

1/2nFe2+ + n[ZnNTP]4– + 7nH2O = [Fe1/2Zn1/2(H2O)3μ-H4NTP]n +
1/2nZn 

(OH)2 + 3nOH–                                                                              (1) 

giving the heterometallic complex [Fe1/2Zn1/2(H2O)3μ-H4NTP]n 
hereinafter called Fe1/2Zn1/2NTP, and zinc hydroxide. The Fe1/2Zn1/ 

2NTP complex was isolated in crystalline form, and its composition and 
structure being studied in detail [36]. Nevertheless, the localization of 
the reaction (1) and its products in the passive films on the steel surface 
have been unclear so far. 

This work studies the development and structure of passive films 
formed under anodic polarisation of steel at various potentials in a 
borate buffer acid medium with pH= 7.4 in the presence of chloride ions 

as depassivating agent, the effect of the corrosion inhibitor ZnNTP and 
proposes the mechanism of its anticorrosive activity. 

2. Material and methods 

2.1. Steel samples 

Corrosion tests were conducted on steel samples of grade E235 
specified by the standard ISO 630–4:2021. The elemental composition of 
steel is given in Table 1. 

The samples were prepared as plates of 15 × 17 × 0.5 and 8 × 10 ×
0.5 mm for the corrosion tests followed by XPS measurements combined 
with in situ heating and depth-profiling with Ar+ ion etching, respec-
tively. The sample surface was ground to Ra= 0.6–1 µm, then degreased 
with alcohol, etched with a 15% HCl of analytical grade to remove the 
abrasion deformed layer, and then washed with distilled water. 

2.2. Corrosive environments 

The choice of the corrosion test medium was restricted by the ne-
cessity to keep balance between the required pH range, the desired 
minimal effect of the buffer solution on the corrosion process, and 
providing the possibility of reasonable interpretation of spectroscopic 
data to analyze outermost layers with taking into account the available 
published data for comparison. The phosphate buffer solution was not 
chosen because of strong adsorption of phosphate ions on the iron sur-
face and their influence on the corrosion kinetics [40] which makes it 
difficult to reliably interpret the measured spectra. 

Borate buffer solutions are commonly used as a corrosive medium 
[13–16,40,41]. Despite the possible adsorption of borate ions on the iron 
surface [42], the borate buffer solution choice was reasonably chosen as 
a corrosion test medium to reach compromise between all the mentioned 
factors and make it possible to most appropriately interpret the data 
obtained. 

Holmes borate buffer solution with pH= 7.4 was prepared as 
described in [43]. Sodium tetraborate decahydrate of reagent grade and 
boric acid of reagent grade were used without any additional cleaning. 

Chloride ions were added into the prepared solution as sodium 
chloride of reagent grade without additional cleaning. The following 
concentration scale of chloride additives (mg/L) was used: 0.0, 1.0, 5.0, 
10.0, 20.0, 50.0, 100.0, 200.0. The selected concentration series of 
chloride ions in the corrosion test media is well-founded and relevant, as 
the used concentrations match their typical values in most industrial, 
domestic and household waters. The analyzed concentration range of Cl– 

ions allowed us to reveal the main features of their effect on corrosion 
processes on the steel surface and its passivation. 

2.3. Synthesis of Na4[ZnNTP]•13H2O 

The ZnNTP sample was prepared using the earlier described pro-
cedure [36]. In brief, the solution of 0.01 mol twice recrystallized NTP in 
50 ml of distilled water were added dropwise into 0.01 mol zinc oxide of 
analytical grade mixed with 0.04 mol sodium hydroxide of analytical 
grade under vigorous stirring at 60–90 ◦C. The resulting clear solution 
was supplemented with DMSO of reagent grade in amount of 4:1 by vol. 
and left to crystallize at room temperature. The as-formed large trans-
parent triclinic crystals of the product were isolated, washed with first 
dry DMSO and then diethyl ether, and air-dried. 

Elemental analysis: Calcd for [ZnN(CH2PO3)3]Na4.13H2O: P 13.57; 
Zn 9.55. Found: P 13.65 ± 0.5; Zn 9.7 ± 0.2. 

Table 1 
Elemental composition of the steel used for corrosion studies.  

Element С Cr V Ti Ni Mn Si 

% mass.  0.2  0.099  0.016  0.012  0  0.22  0  
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The structure of the synthesized compound has been analysed in 
detail by single crystal X-ray diffraction analysis [36,37] and deposited 
at the Cambridge Structural Database, CCDC no. 919565. The crystal-
lographic data are given in Appendix S1 in detail, and a fragment of the 
molecular structure being shown in Fig. 1a. The structure of ZnNTP is a 
chelate complex with the zinc atom at the centre of the trigonal bipyr-
amid, with the corners of its base occupied by oxygen atoms of three 
different PO3 groups of the NTP molecule and the vertices are occupied 
by the nitrogen atom of this NTP molecule and oxygen atom of the PO3 
group of the neighbour NTP molecule. In the crystal packing, the mol-
ecules of the complex are surrounded by a sodium hydrate matrix which 
includes Na+ ions and molecules of water of crystallization. 

The inhibitor was added into the corrosive environment in the 
following concentrations (g/L): 0.025, 0.05, 0.10, 0.20, 0.50, 1.00, 2.00, 
3.00, 5.00, 7.00, 10.00, 20.00, 50.00. 

2.4. Corrosion behaviour 

To study the corrosion behaviour, polarisation techniques were 
applied with use of an automated potentiostat in a three-electrode 
conventional electrochemical cell described in detail in Supplementary 
Materials S2. 

Prior to measuring the polarisation curves, the samples were kept at 
a potential of − 0.8 V with respect to the silver-silver chloride electrode 
(SSCE) (sat.) for 10 min. The polarisation curves were measured in the 
potential range φ from − 0.8 V/SSCE to + 1.5 V/SSCE with a potential 
sweep rate of 2•10–3 V/s under natural aeration of the electrolyte. 

2.5. XPS studies 

X-ray photoelectron spectra (XPS) were measured from the surface of 
samples polarised at various anodic potentials in corrosive environ-
ments containing and not containing Chloride ions as well as without 
and with ZnNTP inhibitor. 

Passive layers on the samples were formed under anodic polarisation 
at the chosen anodic potentials in the electrochemical cell for 10 min, 
since this duration had been previously shown [13] to be enough to form 
the main part of the passive layer on the steel surface. Then the sample 
was transferred from the cell to a diethyl ether environment. After that, 
the ether-wetted sample was quickly put into the working chamber of 
the spectrometer with its further immediate evacuation down to 
10–5–10–6 Pa to prevent the sample surface from the contact with air. 

X-ray photoelectron spectra (XPS) with in situ heating the samples 
were measured with an EMS-3 X-ray photoelectron spectrometer [44] 
(UdmFRC UB RAS) equipped with a magnetic energy analyser and a 
monochromatic Al-Kα radiation source (hν = 1486.6 eV). The samples 
were in situ annealed when measuring XPS spectra at 150, 227, and 
300 ºС, with the most characteristic changes being observed at 227 ºС. 
We suppose the processes taking place at this temperature were.  

4Fe(OH)2 → Fe3O4 + Fe + 4H2O                                                            

previously described in [45] or.  

Fe(OH)2 → FeO + H2O,                                                                         

which agrees well with the observed changes in the XPS spectra 
measured from the outermost surface layer. 

X-ray photoelectron spectra (XPS) with depth-profiling of the sample 
surface were measured with an ES-2401 X-ray photoelectron spec-
trometer (Experimental Plant of Scientific Instrumentation of RAS) 
equipped with an electrostatic energy analyser and a monochromatic 
MgKα radiation source (hν = 1253.6 eV). The depth-profiling was per-
formed by layer-by-layer etching with 1000 eV Ar+ ions. 

The electron binding energy (EB) scale was calibrated using the C1s 
line (EB = 284.5 eV). The correction of the background and inelastic 
scattering was carried out using the Shirley method [46], and the sta-
tistical data processing being performed with the Fityk 0.9.8 [47] 
software. 

3. Results 

The applied potentials and current densities of anodic dissolution are 
given in Supplementary Materials S3 for characteristic points of the 
measured polarisation curves. 

A typical polarisation curve measured for the polarisation of E235 
steel samples in a borate buffer solution (pH = 7.4) is shown in Fig. 2. 

The following potentials are characteristic for the E235 steel in a 
pure borate buffer solution (pH = 7.4): an open-circuit potential of 
− 0.68 V/SSCE, a primary passivation potential of − 0.21 V/SSCE, and a 
transpassive potential of 1.17 V/SSCE. The critical anodic current den-
sity related to the beginning of the active-to-passive transition is 1.43 A/ 
m2. The addition of Chloride ions in amount of 1 mg/L does not 
significantly change the polarisation curve parameters, but only in-
creases the current of the metal dissolution in the passive region. 
Starting with 5 mg/L concentration of Cl– ions, the transpassive poten-
tial decreases significantly and the passive state range completely dis-
appears at the Cl– ion concentration as higher as 50 mg/L. 

In the potential range of 0.0–0.3 V/SSCE in the measured polariza-
tion curves, which matches the initial stage of passivation, the increased 
values of the current density are observed due to apparently the 
oxidation reaction of Fe2+ ions proceeding as follows:  

Fe2+ + 2OH– → Fe(OH)2
+ + е–                                                               

Based on the published data [48] the standard electrode potential of 
this reaction is about 0.1 V/SSCE at pH 7.4. 

Fig. 1. A fragment of the molecular structure of the Na4[ZnNTP]•13H2O 
complex used in this work as a corrosion inhibitor, which was refined from the 
single-crystal X-ray diffraction analysis. Hydrogen atoms, sodium ions and 
crystal water molecules are not shown for clarity. 

Fig. 2. Anodic polarisation curves measured for the polarisation of the E235 
steel samples in a borate buffer solution (pH = 7.4) without and with added Cl– 

ions. The dependence of the current density of the anodic dissolution of metal, i, 
on the anodic potential applied to the sample, E. The curves are marked with 
numbers related to the concentration of Cl– ions in mg/L. Circled A–H on the 
curves show characteristic points for measuring XPS spectra. 
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Fig. 3 shows typical core-level XPS spectra measured at room tem-
perature from the samples before annealing and the samples annealed in 
situ in the EMS-3 spectrometer sample chamber, and Table S4 providing 
binding energies and assignments for main peaks of the measured 
spectra. The samples were polarised in a pure borate buffer at various 
anodic potentials applied, and literal designations for the spectra in 
Fig. 3 being the same as circled letters (A–D) corresponding to charac-
teristic points for measuring XPS spectra in Fig. 2. 

The XPS spectra analysis shows that passive films contain OH– ions 
and iron oxides revealed as peaks at 532.0–533.0 eV and ~530.0 eV, 
respectively. The contributions observed at binding energies of 
709.0–711.0 eV and 711.0–713.0 eV are assigned to Fe2+ and Fe3+ ions, 
respectively, and the presence of unoxidized iron is confirmed by the 
peak at 707.0–707.6 eV. Depending on their formation conditions, the 
passive films contain also elements present in the corrosive environ-
ment, in particular, boron (a feature at 191.5–193.0 eV attributed to 
H4BO4

– or B4O7
2– ions), sodium, and chlorine (a contribution at 

199.0–202.0 eV corresponding to Cl– ions), as well as elements con-
tained as constituents in the inhibitor composition, in particular, phos-
phorus, zinc, and nitrogen. 

Point A in Fig. 2 and spectrum A in Fig. 3 correspond to active 
dissolution of the sample surface, and this region being composed of iron 
oxides and OH– ions as well as Fe2+ ions on the surface of the non- 
annealed sample (curve Aa). But heating the sample up to 227ºC 
(curve Ab) results in changes in the Fe2p spectrum observed as an 

appeared strong contribution attributed to unoxidized iron. Borate and 
Chloride ions are found in insignificant amount, being apparently 
adsorbed from impurities contained in the corrosive environment. The 
respective fragments of the enlarged spectrum are shown in Fig. 3. 

At the beginning of the active-to-passive transition which is related 
to point B in Fig. 2 and spectrum B in Fig. 3, iron oxides and OH– ions are 
observed. The surface of the sample measured without heating is 
composed of oxidized forms of iron attributed to Fe2+ and Fe3+ ions. The 
concentration of borate ions increases significantly, while the amount of 
Cl– ions remains low. 

At the complete passivation potential (point C in Fig. 2 and spectrum 
Ca in Fig. 3), the surface layer is composed of iron oxides and OH– ions. 
Iron is present not only as Fe2+ and Fe3+, but also in its unoxidized form. 
In situ annealing at 227 ◦C (curve Cb) leads to a significant change in the 
Fe2p spectrum, making it resembling that of magnetite Fe3O4 [49]. 
Borate ions and small amount of Cl– ions are still observed. 

In the region of transpassive state (D in Fig. 2 and spectrum D in 
Fig. 3), oxygen atoms (iron oxides and OH– ions) are still present in the 
outermost layer. For the non-annealed sample, the surface layer is 
composed of both Fe2+ ions and unoxidized iron in significant amount as 
well as borate ions and a small amount of Cl– ions. 

The most characteristic fragments of the core-level XPS spectra 
measured from the samples polarised in a borate buffer with added 
50 mg/L Cl– ions are given in Fig. 4. The literal designations for the 
spectra in Fig. 4 correspond to characteristic points marked with circled 

Fig. 3. Typical core-level XPS spectra measured at room temperature (a) and under in situ annealing of the samples (b) from the surface of the samples polarised in a 
pure borate buffer at different anodic potentials, with the literal designations for the spectra corresponding to the characteristic points marked with circled letters 
(A–D) in Fig. 2. 
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Fig. 4. Typical core-level XPS spectra measured at room temperature (a) and under in situ annealing of the samples (b) from the surface of the samples polarised in a 
borate buffer with added 50 mg/L Cl– ions at different anodic potentials, with the literal designations for the spectra corresponding to characteristic points marked 
with circled letters (F–H) in Fig. 2. 

Fig. 5. Depth profiles of the elemental composition of the surface layers for the samples polarised at the Flade potential (complete passivation) in a pure borate buffer 
(a) and with added 50 mg/L Cl– ions (b). Concentration of the main elements as depended on Ar+ ion etching depth, δ. 
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letters (F–H) in Fig. 2. 
At the beginning of the active-to-passive transition revealed (point F 

and spectrum F in Figs. 2 and 4, respectively), iron oxides and much 
higher amount of OH– ions are observed. The Fe2p spectrum contains 
pronounced contributions from unoxidized iron as well as Fe2+ and Fe3+

ions. In addition, borate ions are observed in a low amount, while the 
concentration of Cl– ions is much higher. 

For the potentials which are intermediate between active-to-passive 
transition and transpassive state (point G and spectrum G in Figs. 2 and 
4, respectively), the surface layer is composed of iron oxides and hy-
droxide ions. The Fe2p spectrum (Fig. 4, spectrum Ga) contains contri-
butions from unoxidized iron, as well as Fe2+ and Fe3+ ions. Annealing 
at 227 ◦C (Fig. 4, spectrum Gb) do not also give magnetite Fe3O4, and the 
contribution from unoxidized iron remaining significant. The amount of 
borate ions decreases, while the amount of Cl– ions remains significant. 

In the transpassive state (point H and spectrum H in Figs. 2 and 4, 
respectively), the amount of hydroxide ions OH– reduces. Analysis of the 
respective Fe2p spectra measured at room temperature indicates the 
presence of both unoxidized iron and Fe2+ and Fe3+ ions. The concen-
tration of Cl– ions is lower as compared to borate ions. 

The main peaks of the XPS spectra measured with depth-profiling as 
well as the elemental composition of the analysed surface layers are 
given in Supplementary Materials (Tables S5 and S6, respectively).  
Fig. 5 demonstrates depth profiles of the elemental composition of the 
surface layers for the samples polarised at the Flade potential (complete 
passivation) in a pure borate buffer solution (a) and at a potential cor-
responding to an intermediate state between active-to-passive transition 
and transpassive state in a borate buffer with added 50 mg/L of Cl– ions 
(b). 

The outermost layer of the passive film formed on the sample 
polarised in a pure borate buffer (Fig. 5a) contains about 20 at% iron 
which increases up to 60 at% in a depth of 10–15 nm. The oxygen 
concentration decreases, respectively, from about 60 at% in the outer-
most layer down to 35 at% in a depth of 10–15 nm. 

The passive film formed on the sample polarised in a borate buffer 
solution containing 50 mg/L Cl– ions (Fig. 5b) shows lower iron amount 
varying from 10 at% in the surface layer to 50 at% in a depth of 10 nm, 
whereas oxygen concentration is higher and changes from about 70 at% 
in the surface layer down to 43 at% in a 10-nm depth. The distribution of 
boron and sodium in the passive film is close to that for passivation in a 
pure borate buffer, and the concentration of Chloride ions is as low as 
0.4–0.6 at%. 

Fig. 6 shows the Fe2p core-level spectra measured with depth- 
profiling by etching with Ar+ ions of the samples polarised at the 
Flade potential (complete passivation) in a pure borate buffer (Fig. 6a 
corresponding to point C in Fig. 2) and at a potential lying between 
active-to-passive transition and transpassive state (Fig. 6b correspond-
ing to point G in Fig. 2) in a solution containing 50 mg/L of Cl– ions. 

The Fe2p core-level XPS analysis shows that the passive film formed 
on the sample polarised in a pure borate buffer medium (Fig. 6a, curve 
0) does not contain unoxidized iron, with the presence of mainly Fe3+

ions being observed. At a depth of 1 nm (curve 1 in Fig. 6a), the Fe2+

ions predominate. It should be noted that the data on the composition 
are not considered to be very reliable for 0 and 1 nm of depth, since the 
average depth of analysis for an XPS measurement is approximately 
4–6 nm. At a depth of 5 nm (curve 5 in Fig. 6a), a peak assigned to 
unoxidized iron is observed as well as a broad shoulder attributed to the 
Fe2+ and Fe3+ oxidation states. At a depth of 15 nm (curve 15 in Fig. 6a), 
the Fe3+ oxidation state is practically absent. 

A similar composition was found to be observed in the passive film 
formed on the sample polarised in a borate buffer medium containing 
50 mg/L of Cl– ions (Fig. 6b). 

Fig. 7 gives the O1s core-level XPS spectra with depth-profiling 
measured from the samples polarised at the Flade potential (complete 
passivation) in a pure borate buffer solution (Fig. 7a matching to point C 
in Fig. 2) and at an intermediate potential between the active-to-passive 

transition and the transpassive state (Fig. 7b corresponding to point G in 
Fig. 2) in a borate buffer containing 50 mg/L Cl– ions. 

Based on the O1s XPS spectra analysis, the composition of the passive 
films includes OH– ions and iron oxides, with OH– ions prevailing over 
iron oxides in amount. 

Fig. 8 shows typical polarisation curves for the E 235 steel samples in 
a borate buffer solution (pH = 7.4) containing various concentrations of 
Cl– ions and ZnNTP inhibitor. 

Fig. 8a shows that adding the ZnNTP inhibitor in even low amount of 
0.05–0.5 g/L into a pure borate buffer solution (pH=7.4) leads to a 
sharp decrease in the critical corrosion current from 1.43 A/m2 down to 
0.34 A/m2 for the solution containing 0.5 g/L inhibitor. The current 
density of the anodic dissolution of the metal also decreases in the 
passive region. In the absence of Cl– ions, the addition of ZnNTP has no 
noticeable effect on both primary passivation potential and transpassive 
potential. 

Being introduced in a moderate concentration (about 10 mg/L), 
chloride ions provide a two-stage process of the anodic dissolution of 
iron depending on the ZnNTP inhibitor amount (Fig. 8b). Small amount 
of the inhibitor leads to decreasing the critical corrosion current from 
1.32 A/m2 (without inhibitor) to 0.49 A/m2 in the presence of 0.2 g/L 

Fig. 6. The Fe2p3/2 core-level XPS spectra measured under depth-profiling with 
Ar+ ion etching of the samples polarised at the Flade potential (complete 
passivation) in a pure borate buffer (a) and with added 50 mg/L of Chloride 
ions (b). The spectra are marked with numbers corresponding to the etching 
depth in nanometres. 
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ZnNTP and to lower current density of the anodic dissolution of the 
metal in the passive region. The transpassive potential practically does 
not change in this range of the inhibitor concentration remaining the 
value of 0.45–0.38 V/SSCE. A larger amount of ZnNTP (0.5–2.0 g/L) 
does not significantly decrease the current density of the anodic disso-
lution of the metal, but leads to increasing the transpassive potential 
from 0.62 V/SSCE at 0.5 g/L ZnNTP to 1.17 V/SSCE at 2.0 g/L ZnNTP. 

With increasing the concentration of chloride ions up to 100 mg/L, 
the anodic dissolution behaves similarly. But even at the chloride ions 
concentration of 50 mg/L (Fig. 8c), addition of moderate amount of 
ZnNTP (just a few g/L) results in increasing the transpassive potential 
accompanied by jumps in the current density of the anodic dissolution of 

Fig. 7. The O1s core-level XPS spectra with depth-profiling measured from the 
samples polarised at the Flade potential (complete passivation) in a pure borate 
buffer solution (a) and at an intermediate potential between the active-to- 
passive transition and the transpassive state (b) in a borate buffer solution 
containing 50 mg/L Chloride ions. The spectra are marked with numbers cor-
responding to the etching depth in nanometres. 

Fig. 8. Typical anodic polarisation curves for the E235 steel samples in a borate 
buffer solution (pH=7.4) containing various concentrations of Cl– ions (a-d) and 
ZnNTP inhibitor showing the density of anodic dissolution current, i, as 
depended on the anodic potential, E, at the sample. The numbers on the curves 
show the concentration of the ZnNTP inhibitor in g/L. The circled letters (J–M) 
correspond to points for measuring XPS spectra. 
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the metal at potentials between 0.7 V/SSCE and 1.1 V/SSCE. Further 
increase in the inhibitor concentration up to 10 g/L and higher sup-
presses this process in this potential range. 

At the concentration of chloride ions of 200 mg/L (Fig. 8d) and 
higher, the current density of the anodic dissolution of the metal keeps 
up decreasing. Nevertheless, higher inhibitor concentrations do not 
result in growing transpassive potential. With the inhibitor concentra-
tion of 20 g/L and higher, the onset potential for passivation decreases 
significantly, and the current density of the anodic dissolution of the 
metal increases in the regions of active dissolution and active-to-passive 
transition. 

The most characteristic fragments of the core-level XPS spectra 
measured from the samples polarised in a borate buffer environment 
with added 50 mg/L chloride ions and 5 g/L ZnNTP inhibitor at various 
anodic potentials are given in Fig. 9. The literal designations near the 
spectra in Fig. 9 correspond to the points for measurements indicated by 
the circled letters in Fig. 8c. 

At the beginning of the active-to-passive transition visible as point J 
in Fig. 8c and spectrum J in Fig. 9, adsorbed [ZnNTP]4– inhibitor ions are 
observed on the sample surface. The presence of [ZnNTP]4– ions is 
confirmed by singlets in the P2p, Zn3s, and N1s spectra, which indicate 
an equivalent nearest-neighbouring for all atoms in the inhibitor mole-
cules. All the PO3 groups of the NTP molecules are equally bound with 
zinc atoms, as evidenced by the only P2p spectrum maximum at a 
binding energy of ~133 eV. Zinc atoms are surrounded by deprotonated 
oxygen atoms, as observed by the peak at ~139.0–140.0 eV. Nitrogen 
atoms are deprotonated, as evidenced by the peak at 397.0–400.0 eV. 
All the mentioned observations indicate that the passivation of the 
sample surface starts with the adsorption of the inhibitor as [ZnNTP]4– 

ions having the structure shown in Fig. 1a and spectroscopic data 
matching those of the inhibitor initially added into the solution [36]. 
The O1s and Fe2p core-level XPS spectra are similar to those observed in 
the absence of the inhibitor, with prevailing OH– ions and iron oxides in 
the O1s spectra as well as unoxidized areas and various oxides/hydr-
oxides observed in the Fe2p spectra. The borate and chloride ions are 
also observed at the surface. 

At the potential of complete passivation (point K and spectrum K in 
Figs. 8c and 9, respectively), the spectra measured from the outermost 
layer of the passive film significantly change for all the elements in the 
inhibitor composition. The P2p spectrum shifts to higher binding energy 
with its maximum at 134.2 eV, which indicates the breakdown of some 
of the bonds between the PO3 groups of the inhibitor and the metal 
atom, as well as their protonation. The Zn3s spectrum contains two 

contributions with their maxima at 139.6 and 141.0 eV, which may be 
assigned to Zn atoms in their complexes with NTP and to zinc atoms in 
Zn(OH)2, respectively. The N1s spectrum also contains two contribu-
tions with maxima at 398.2 and 402.3 eV, which are attributed to 
deprotonated nitrogen atoms in the initial [ZnNTP]4– complex and 
protonated nitrogen atoms in the product of reaction (1), respectively. A 
contribution corresponding to the Fe3+ ions appears in the Fe2p spec-
trum. The borate ions are also observed, whereas the chloride ions 
decrease markedly in their amount. 

Fig. 10 shows the of the elemental composition depth-profiles 
extracted from the XPS spectra measured with Ar+ ion etching of the 
surface layers of the samples polarised at the Flade potential corre-
sponding to the complete passivation in a borate buffer solution with 
added 5 g/L ZnNTP (Fig. 10a corresponding to point M in Fig. 8a) and in 
a borate buffer solution with added 50 mg/L chloride ions and 5 g/L 
ZnNTP (Fig. 10b corresponding to point K in Fig. 8c). 

The sample polarised in a borate buffer solution with added 5 g/L 
ZnNTP and in the absence of depassivating ions (Fig. 10a) demonstrates 
the increase in the iron concentration from ~15 at% in the outermost 
layer of the passive film to ~40 at% at a depth of 20 nm with simulta-
neous reducing the oxygen concentration from about 60–40 at%. The 
elements adsorbed from the buffer solution, including boron and so-
dium, and from the inhibitor, including phosphorous, zinc and nitrogen, 
are approximately evenly distributed through the passive film thickness. 

For the sample polarised in a borate buffer solution containing both 
50 mg/L chloride ions and 5 g/L ZnNTP (Fig. 10b), the iron concentra-
tion increases sharper, changing from 10 at% at the surface up to 50 at% 
at a depth of 5–10 nm, with respective drastic drop of the oxygen frac-
tion from 75 at% on the surface to about 40 at% at a depth of 5–20 nm. 
The concentration of elements adsorbed on the surface from the buffer 
solution and inhibitor is somewhat lower than in the absence of 
depassivating agent. The fraction of the chloride ions is not higher than 
0.2 at%. 

Fig. 11 shows the Fe2p core-level XPS spectra measured with depth- 
profiling from the samples polarised at the Flade potential (complete 
passivation) in a borate buffer solution with added 5 g/L ZnNTP 
(Fig. 11a corresponding to point M in Fig. 8a) and in a borate buffer 
solution with 50 mg/L chloride ions and 5 g/L ZnNTP (Fig. 11b corre-
sponding to point K in Fig. 8c). 

The outermost layer of the passive film formed under polarisation in 
a pure borate buffer solution (Fig. 11a, curve 0) contains mainly Fe2+

and Fe3+ ions with insignificant amount of unoxidized iron. At a depth of 
1 nm (Fig. 11a, curve 1), the Fe2p spectrum is characteristic of Fe2+ ions. 

Fig. 9. The most characteristic fragments of the core-level XPS spectra measured from the samples polarised in a borate buffer environment with added 50 mg/L 
chloride ions and 5 g/L ZnNTP as an inhibitor at various anodic potentials. The spectra are designated by letters (J–L) corresponding to the points of measurements 
indicated by the circled letters in Fig. 8c. 
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For 5-nm- and 15-nm-depths (Fig. 11a, curves 5 and 15), the maximum 
of the Fe2p spectrum is attributed to unoxidized iron, with the charac-
teristic shoulder corresponding to iron oxides. The passive film formed 
on the sample polarised in a borate buffer solution with 50 mg/L chlo-
ride ions and 5 g/L ZnNTP has a similar composition and structure 
(Fig. 11b). 

Fig. 12 shows the P2p core-level XPS spectra measured with depth- 
profiling from the outermost layer of the samples polarised for 10 min 
at the Flade potential in a borate buffer solution with 5 g/L ZnNTP 
which corresponds to point M in Fig. 8a. 

The P2p core-level XPS spectrum measured from the outermost layer 
of the passive film (Fig. 12, curve 0) contains the only contribution at 
132.5–133.5 eV which is identical to the measured from a pure crys-
talline ZnNTP having the structure shown in Fig. 1a. The P2p spectrum 
measured from 1-nm-depth (Fig. 12, curve 1) is broader due to inter-
mediate states of phosphorus in reaction (1). For a depth of 5 nm 
(Fig. 12, curve 5), the spectrum demonstrating two pronounced con-
tributions is shifted towards higher binding energies as compared to that 
measured from the outermost layer of the passive film. The spectrum 
measured from a depth of 15 nm (Fig. 12, curve 15) contains two con-
tributions at 133.6 and 135.2 eV, which is identical to that measured 
from individual heterometallic complex Zn1/2Fe1/2NTP. 

4. Discussion 

Fig. 5a demonstrates that the passive film formed on a steel surface in 
a pure borate buffer at the complete passivation potential (point C in 
Fig. 2, spectrum C in Fig. 3) contains oxygen and iron, and the O/Fe 
molar ratio decreases gradually from ~3 (which is close to that in Fe 
(OH)3) in its outermost layer) to 0.53 in a depth of 10–15 nm. An 
oxygen-free layer was failed to be observed even for long-term ion 
etching of the sample surface. The passive layer composition does not 
reveal any abrupt changes which have been previously calculated for a 
multilayer multiphase passive film [13]. The layer underlying the pas-
sive film, which is characterized by the O/Fe ratio less than 1, may 
apparently be described as iron suboxide FeO1–x, and the passive film 
being a mixture of iron oxides and hydroxides of various compositions 
and structures, with the O/Fe ratio being as higher as 1. The O/Fe ratio 
equal to 1.0, characteristic of the lower iron oxide FeO, is reached at a 

depth of 5 nm which may be considered as a thickness of the oxide layer 
of the passive film (Figs. 5 and 13a). 

The analysis of the core-level XPS spectra measured with depth- 
profiling (Fig. 7a) from the passive film formed in a pure borate buffer 
solution shows that at a depth of down to 5 nm, the fraction of oxygen 
involved in ionic bonds prevails over its fraction in iron oxides. Ac-
cording to the Fe2p core-level XPS spectrum containing several spectral 
contributions (spectrum Ca in Fig. 3), any specific phase containing iron 
cannot be distinguished in the passive film composition. In situ anneal-
ing at 227 ◦C which resembles the process of natural aging results in 
changes in the Fe2p spectrum making it characteristic of magnetite 
Fe3O4 (spectrum Cb in Fig. 3). Thus, the passive film at the initial stage 
of its formation is not a phase but a disordered mixture of Fe2+ and Fe3+

oxides and hydroxides. The magnetite phase is apparently formed under 
further aging of the passive film. 

Fig. 5a presents the distribution of the elements (Fig. 5a) adsorbed 
from buffer solution, in particular, B and Na in the oxide layer of the 
passive film with O/Fe ratio less than 1.0 observed at a depth of 5 nm 
and in the underlying iron suboxide layer with O/Fe ratio as higher as 
1.0. The observed difference in the elemental distribution is most likely 
explained by differences in the process of adsorbing impurities from 
buffer solution into the surface layer. For the oxide layer of the film, 
impurities are adsorbed from buffer solution simultaneously with the 
formation of a passive layer under counter-diffusion of oxygen ions O2– 

and hydroxide OH–, on the one hand, and Fe2+ ions, on the other hand 
(Fig. 13a). As for the underlying suboxide layer, the adsorption of im-
purities occurs owing to their diffusion from outer layers of the film into 
the substrate depth. 

The addition of chloride depassivating ions into a corrosive envi-
ronment changes significantly the parameters of the passive film, 
including its thickness, composition and structure. 

For the sample polarised in a borate buffer solution with 50 mg/L 
chloride ions at the potential of complete passivation (point G in Fig. 2), 
the passive film with the O/Fe ratio equal to 1.0 is not thicker than 
~3 nm. Thus, the passive oxide film is thinner than that formed in the 
absence of chloride ions. Whereas the outermost layer of the passive film 
contains oxygen as mainly involved in the formation of OH– ions, the 
layer lying as deeper as 1 nm is mainly composed of oxides (Fig. 7b), 
which can be explained by a high-rate transfer of iron ions in the form of 

Fig. 10. The depth-profiles of the elemental composition 
extracted from the XPS data with Ar+ ion etching of the 
surface layers of samples polarised at the Flade potential 
corresponding to the complete passivation in a borate 
buffer solution with added 5 g/L ZnNTP (Fig. 10a corre-
sponding to point M in Fig. 8a) and in a borate buffer so-
lution with added 50 mg/L chloride ions and 5 g/L ZnNTP 
(Fig. 10b corresponding to point K in Fig. 8c). The con-
centration of the main elements c as depended on the 
etching depth δ.   
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readily soluble complexes [Fe(OH)xCl] into the corrosive environment, 
facilitated by depassivating chloride ions (Fig. 13b). Unoxidized iron 
observed in the passive film in addition to Fe2+ and Fe3+ oxides and 
hydroxides, confirmed by the XPS spectra analysis (Fig. 4, spectrum G), 
indicates a porous structure of the passive film formed in the presence of 
chloride ions (Fig. 13b). Heat treatment of the passive film does not give 
the Fe3O4 magnetite, and the structure composed of mixed oxides and 
unoxidized iron in a significant amount is retained. The underlying 
suboxide layer contains more sodium (Fig. 5b) as compared to the 
sample polarised in a pure borate buffer solution, which may indicate its 
higher permeability and adsorption capacity due to greater porosity and 
concentration of cationic vacancies and agree well with lower iron 
fraction in this region. Compared to other constituents of the corrosive 
environment, the chloride ions concentration is quite low (0.4–0.6 at%) 
because of probably high solubility of the [Fe(OH)xCl] complexes fol-
lowed by their transfer into the corrosive medium under passive film 
dissolution (Fig. 13b). 

The film formed at the potential of complete passivation in a borate 
buffer environment containing 5 mg/L ZnNTP differs in the composition 
and structure. In addition to the Fe2+ and Fe3+ oxides and hydroxides, 
the film contains heterometallic polynuclear complexes of iron and zinc 
Fe1/2Zn1/2NTP, as well as hydroxide zinc (Fig. 9, spectrum K). The molar 
O/Fe ratio gradually decreases in the film from about 4 in the outermost 

passive layer to 1 at a depth of 20 nm. The thickness of the oxide layer of 
the passive film (Fig. 10a) reaches 20 nm. Higher values of thickness and 
density of the passive film together with its lower penetrability for the 
metal ion diffusion earlier observed in [35,36,38], are confirmed by 
lower values of the critical current density of corrosion and current 
density of anodic dissolution of the metal in the passive region (Fig. 8). 

The mechanism of the passive film formation in the presence of 
ZnNTP inhibitor could be understood from the analysis of the XPS 
spectra. The uniform distribution of the inhibitor elements, in particular, 
P, Zn, and N, in the oxide layer of the passive film (Fig. 10a) indicates 
this layer is doped with these elements as it grows. The film composition 
changes in-depth (Fig. 12) as follows. The outermost layer contains the 
inhibitor as initial ions [ZnNTP]4–. But layers lying as deeper as 15 nm 
contain the inhibitor as heterometallic complexes Fe1/2Zn1/2NTP and Zn 
(OH)2, which are the products of reaction (1). In fact, various explana-
tions may be proposed to explain this observation. The first one supposes 
primary formation of deeper layers of the film, in which reaction (1) has 
been already finished, whereas outer layers are formed later and reac-
tion (1) has not been completed in them. But this explanation does not 
take into account that preparations needed to perform XPS measure-
ments take enough time to completely finish reaction (1) even in the 
outermost layer of the passive film. More probable explanation is that 
reaction (1) proceeds in a passive film under counter-diffusion of ions of 
the initial complex [ZnNTP]4– and Fe2+ ions (Fig. 13c). Under these 
conditions, the degree of conversion of the initial complex into the re-
action products changes through the film thickness following the law of 
mass action owing to increasing concentration of the Fe2+ ions as closer 
as the metal surface. 

The thickness of the oxide layer of the passive film formed at the 
Flade potential in the presence of 50 mg/L chloride ions and 5 g/L 
ZnNTP (Fig. 10b) is estimated to be 4–5 nm. This allows us to make 
conclusion that depassivating ions added in the same amount facilitates 

Fig. 11. Core-level Fe2p XPS spectra measured with depth-profiling from the 
samples polarised at the Flade potential (complete passivation) in a borate 
buffer solution with added 5 g/L ZnNTP (Fig. 11a corresponds to point M in 
Fig. 8a) and in a borate buffer solution with 50 mg/L chloride ions and 5 g/L 
ZnNTP (Fig. 11b corresponding to point K in Fig. 8c). The spectra are marked 
with numbers corresponding to the etching depth in nanometres. 

Fig. 12. P2p core-level XPS spectra measured with depth-profiling from the 
outermost layer of the samples polarised for 10 min at the Flade potential in a 
borate buffer solution with 5 g/L ZnNTP corresponding to point M in Fig. 8a. 
The spectra are marked with numbers corresponding to the etching depth in 
nanometres. The spectra for ZnNTP and heterometallic complex Zn1/2Fe1/2NTP 
are taken from [36]. 
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worse dissolution of the oxide film formed in the presence of the ZnNTP 
inhibitor as compared to the film formed in the absence of ZnNTP. 

The iron fraction in the oxide layer of the passive film formed on the 
sample polarised in a borate buffer solution with the added 50 mg/L 
chloride ions and 5 g/L ZnNTP drops sharper as compared to that 
formed in the absence of chloride ions (Fig. 10). This indicates that 
ZnNTP inhibitor impedes the diffusion transfer of iron ions from the 
deeper layer of the passive film to its outermost layer, in which iron ions 
interact with chloride ions and transfer as soluble complexes [Fe 
(OH)xCl] into the solution. The impeded diffusion of Fe2 + ions in the 
presence of the inhibitor seems to be due to heterometallic complexes 
Fe1/2Zn1/2NTP and Zn(OH)2 formed in the passive layer. 

Chloride ions make a destructive effect on the passive film, resulting 
in its instability at a chloride concentration of 50 mg/L and moderate 
ZnNTP concentration of several g/L. This effect initiate pitting, i.e. local 
breakdowns of the passivity, observed in Fig. 8c as jumps in the anodic 
current density of metal dissolution in the potential range of 0.7–1.1 V/ 
SSCE. Nevertheless, doping the passive film with ZnNTP makes it thicker 
and denser, increasing its resistance to chloride ions and, thus, 
decreasing the rate of its dissolution. 

The nature of the effect which ZnNTP inhibitor additives make on the 
corrosion behaviour of steel E235 in the presence of chloride ions may 
be observed in the dependences of the critical corrosion current density 
ic, A/m2, and transpassive potential Etp, V/SSCE, on the concentration of 
ZnNTP inhibitor Cinh, g/L (Fig. 14). 

With increasing its concentration in the corrosive environment, the 
ZnNTP inhibitor works in two stages. At low concentrations, the addi-
tion of ZnNTP lowers the critical corrosion current density ic, facilitating 
the onset of the passive film formation, but does not affect the trans-
passive potential Etp and not increase the resistance of the passive film to 

the dissolution. The minimum ic value is reached at Cinh of ~0.6 g/L, and 
this value not depending on the concentration of the depassivating 
Cl–ions (Fig. 14). 

At the second stage, larger inhibitor amounts lead to increasing 
transpassive potential. The higher the concentration of chloride ions in a 
corrosive environment, the higher the concentration of the inhibitor 

Fig. 13. Schematic of the formation and structure of a passive film in a pure buffer solution (a), buffer solution containing Chloride ions (b), and buffer solution 
containing Chloride ions and ZnNTP inhibitor (c). 

Fig. 14. Dependences of the critical corrosion current density ic, A/m2, and the 
transpassive potential Etp, V/SSCE, on the concentration of ZnNTP inhibitor 
Cinh, g/L for different concentrations of depassivating Cl– ions. 
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needed to increase Etp. 
The two-stage character of the corrosion inhibition by ZnNTP is 

apparently explained by decreasing the critical corrosion current density 
ic and the passive film permeability for Fe2+ ions, respectively, imme-
diately with the first appeared particles of the Fe1/2Zn1/2NTP hetero-
metallic complexes in the oxide layer of the passive film. The Fe2+ ions 
are bound in these complexes through coordination bonds which are 
stronger than ionic ones in iron oxides. The binding of the Fe2+ ions in 
the Fe1/2Zn1/2NTP complex prevents their diffusion to the passive film 
surface, where the reaction of Fe2+ ions with depassivating Cl– ions 
proceeds. To increase the transpassive potential Etp and, thus, the 
resistance of the passive film to its dissolution with increasing the anodic 
potential, more substantial changes in the oxide film structure are 
required. Apparently, higher values of Etp are achievable provided the 
fraction of the Fe1/2Zn1/2NTP complexes reaches the known threshold 
value or in the case of their formation as continuous polymer chains 
(Fig. 13c). The structural form characteristic of the Fe1/2Zn1/2NTP het-
erometallic complex in deeper layers of the passive films on steel needs 
further comprehensive analysis. 

5. Conclusions 

The protective properties of the ZnNTP inhibitor taken in an indi-
vidually defined structural form were analysed on steel E235 samples in 
a borate buffer environment (pH = 7.4) with depassivating Cl– ions 
added in different concentration. 

For moderate concentrations of the chloride ions, the inhibitor was 
found to effectively reduce the current density of the anodic dissolution 
of the metal. The critical current density of the anodic dissolution rea-
ches its minimum at the inhibitor concentration of about 0.6 g/L, with 
this value not depending on the concentration of the chloride ions. At 
higher concentrations of the chloride ions, increasing the transpassive 
potential requires a larger amount of inhibitor than needed to reduce the 
current density of the anodic dissolution of the metal. 

The composition and structure of passive films formed on E 235 steel 
samples under their polarisation at different anodic potentials in a 
borate buffer environment without and with chloride ions as depassi-
vating agents were characterized by XPS spectroscopy with in situ heat 
treatment of the sample and depth-profiling. 

At the initial stage of the formation, a passive film is not a phase 
layer, but a disordered mixture of iron oxides/hydroxides. Magnetite is 
apparently formed only under following aging of the passive film. 

The passive film may be nominally divided into an oxide layer with 
the O/F ratio more than 1 and an underlying layer with the O/Fe ratio 
less than 1, which is iron suboxide or a solid solution of oxygen atoms in 
the α-Fe crystalline phase. The depth related to the O/Fe ratio equal to 1 
can be conventionally taken as the boundary of the oxide layer of the 
passive film. Such a division of the passive film in layers should be noted 
to be just nominal and the composition actually changes smoothly. 

The addition of ZnNTP as an inhibitor into a corrosive medium has 
been shown to change the passive film composition and structure. The 
outermost layer of the passive film contains [ZnNTP]4– ions of the in-
hibitor in the initial form, which are then converted to hetero-
polynuclear complex Fe1/2Zn1/2NTP and hydroxide Zn(OH)2 in deeper 
layers. This difference may be explained by taking into account that 
reaction (1) proceeds in the conditions of counter-diffusion of initial 
inhibitor ions and Fe2+ ions in the passive film, and the degree of con-
version of the initial complex into reaction products changes through the 
film thickness following the law of mass action. 

The Fe1/2Zn1/2NTP heteropolynuclear complexes contained in the 
passive film provide reducing penetration of iron ions through the 
passive film and its lower solubility, with a contribution being also not 
excluded from the formed zinc hydroxide to these effects. Thus, initially, 
with addition of ZnNTP inhibitor at low concentration, the current 
density of the anodic dissolution of the metal decreases, while higher 
concentration of the inhibitor facilitates increasing transpassive 

potential in the presence of chloride ions. 
The electronic configuration of the Fe–O coordination bond in the 

Fe1/2Zn1/2NTP heteropolynuclear complex differs essentially from other 
Fe–O bonds, which makes it stronger as compared to that in iron oxides 
and hydroxides and certainly in the iron ionic bond in salt films 
responsible for passivation. As a result, the steel passivation in the 
presence of the ZnNTP inhibitor differs from conventional oxide and salt 
passivation in both the nature of the formed chemical bonds and the 
degree of the corrosion protection, and these differences being signifi-
cant and interplayed. 

We believe that in full agreement with Faraday’s assumption [3], in 
these heteropolynuclear complexes, “. the superficial particles of metal 
are in such relation to the oxygen. as to be equivalent to oxidation, and 
that having thus their affinity for oxygen satisfied, and not being dis-
solved.”. This phenomenon and similar are proposed to be considered as 
a special kind of metal passivity and name it like "coordination 
passivation". 
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inhibition by 1-Hydroxyethane-1,1-diphosphonic acid: an electrochemical 
impedance spectroscopy, Study, J. Electrochem. Soc. 141 (1994) 3357–3360, 
https://doi.org/10.1149/1.2059339. 

[8] J.G. Van Alsten, Self-assembled monolayers on engineering metals: structure, 
derivatization, and utility, Langmuir 15 (1999) 7605–7614, https://doi.org/ 
10.1021/la981694g. 
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