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Hybrid molecular materials [Fe(C5 H 5 ) 2 ]3 [PW12 O 40 ]  (H 2 O) 4 and [Fe(C5 H 5 ) 2 ]3 [PMo12 O 40 ]  (H 2 O) 6 , denoted
respectively as FcPW and FcPMo, are synthesized by co-precipitation method under acidic conditions (pH ~2-3). The
molecular properties of these compounds are investigated by various analytical methods. UV-Vis diffuse reflectance and
photoluminescence studies confirm that these compounds are charge transfer salts. Stainless steel plates (SS, 316 grade) coated
with these hybrid compounds and dipped in 0.5 M H2SO4 and Ringer’s solutions show significant corrosion inhibition. The
corrosion inhibition property of these materials is studied by weight loss method, electrochemical impedance spectroscopy
and potentiodynamic polarization studies. The reproducibility of the corrosion inhibition results is ensured by repeated
measurements, and relative error values are reported. The surfaces of the corroded steel plates are examined by scanning
electron and atomic force microscopy techniques. It is found that the corrosion is of uniform type. The Tafel extrapolation
method shows that the inhibition efficiency is 74% for SS@FcPMo and 65% for SS@FcPW. The corrosion inhibition
mechanism is explained based on the redox nature of the hybrid materials. The experimental results are corroborated by
computational studies carried out using first principles with optimized geometry and frontier molecular orbitals of the hybrid
molecular materials.
Keywords: Ferrocenium, Keggin, Corrosion inhibition, Stainless Steel, First principles

over the years. It is imperative, therefore, to produce novel and more

Introduction
Corrosion is a global problem for any metallic structure or material,
which has become one of the most prevailing issues that need to be
addressed in the present times. During the course of corrosion, there
is considerable deterioration of materials used in equipment, and the
costs incurred thereof in replacing the corroded parts have escalated

corrosion-resistant coatings that are cheaper, more effective and easier
to use. Corrosion can be of several types, namely, uniform, crevice,
pitting, stress, etc. [1]. Among these, stainless steel is more prone to
crevice, uniform and pitting corrosion. Crevice corrosion occurs
through a differential O2 cell, whereas uniform and pitting corrosion
takes place by the breakdown of oxide film. Stainless steel differs
from mild steel in the amount of chromium content. The chromium
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staggered conformations of ferrocene in Fig. S1. Steady state open circuit potential
vs. time for 6 min after stabilization for bare SS, SS@FcPW and SS@FcPMo is
shown in Fig. S2. 31P MAS spectra of FcPW and FcPMo hybrid materials is given in
Fig. S3. Nyquist and Tafel plots of SS, SS@FcPW, SS@FcPMo with Ringer’s
solution as electrolyte are provided in Fig. S5, with parameters for calculating
corrosion rate and inhibition efficiency in Tables S3 and S4. Nyquist, Tafel plots and
calculations based on triplicate experiments of corrosion studies in 0.5 M H2SO4 and
Ringer’s solution are provided in Figs. S4, S6 and Table S2, S5. Textural parameters
of FcPW and FcPMo are given in Table S1. Structural parameters (bond lengths,
bond angles and torsional angles between atoms) of optimized structures in FcPW
and FcPMo hybrid materials are provided in Tables S6-S11.]. See
DOI: 10.1039/x0xx00000x

present in the steel allows passivation by forming an inert chromium
oxide layer [2, 3]. Different grades of stainless steel have different
composition, out of which 316 and 317 grade steels are resistant to
attack by low concentrations of sulphuric acid, whereas grade 304 is
not resistant to sulphuric acid [3, 4]. It is well known that 316 stainless
steel provides excellent resistance to most of the chemical and nonchemical environments. However, it still does not offer effective
resistance especially in the food industry for low pH products. Hence,
there is always demand to develop better and more effective
corrosion-resistant materials for certain specific processing operations
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in the food industry [5, 6]. For this purpose, several hybrid materials

molybdenum, tungsten, and in few cases, vanadium,
niobium or
View Article Online

containing inorganic and/or organic moieties have been developed

DOI: 10.1039/C9CP06284J
tantalum in their highest oxidation states [18,
19]. Heteropolyacids,

and tested for corrosion inhibition over the years [7-9].

containing transition metal-oxygen anions, have been well studied for

Inorganic-organic hybrid materials containing ferrocene

several decades in catalysis [20-22], corrosion [8], sensing [23],

and/or polyoxometalates have been explored for several decades, but

energy conversion [24], energy storage [25, 26], cytotoxicity studies

the development of novel hybrid materials continues to engage

and water remediation [28]. They are efficient corrosion inhibitors

scientists to explore their emerging properties and useful applications.

owing to their low toxic properties, compared to the more popular

Ferrocene [Fe(C5 H 5 ) 2 ] is an iron containing metallocene existing

chromates [29]. There have been reports in the literature for the

Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

in both eclipsed

 D5h 

and staggered

 D5d 

conformations, but

synthesis of various charge transfer salts of polyoxometalates with
ferrocene [30-34]. The formation of charge-transfer salt occurs as a

present predominantly in the staggered form (Fig. S1 of supporting
information). The eclipsed conformation of ferrocene has five planes
of symmetry perpendicular to the cyclopentadienyl rings  5 v  ,
with additional plane of symmetry sandwiched between the two rings


result of redox behaviour of both the polyoxometalates as well as
ferrocene. The saturated valence metals in polyoxometalates form
intensely blue mixed-valence species called heteropoly blues. These
heteropoly blues, in turn, can act as reducing agents and can change

and passing through Fe atom  h  . Since only null vector 0 is

back

to

their

polyoxometalate

form

[20,

35,

36].

The

transformed onto itself by all these planes of symmetry, the eclipsed

assembly process form organic-inorganic hybrid materials [37, 38].

polyoxometalates in the presence of organic donors undergo self-

conformation of ferrocene has zero dipole moment. In case of

In the present study, we have synthesized hybrid materials,

staggered conformation, apart from five planes of symmetry

(1) ferrocene salt with phosphomolybdic acid (FcPMo) and (2)

 5 v  , there is also a centre of

ferrocene salt with phosphotungstic acid (FcPW), having unique

symmetry in the Fe atom (i) as well as improper rotation  S10  . The

redox and catalytic properties. The as-synthesized hybrid molecular

perpendicular to the ring planes

materials are essentially charge transfer salts comprising ferrocenium



inversion centre alone determines that the null vector 0 transforms

ion and polyoxometalate anion. Ferrocene, which oxidizes to form

upon itself. Therefore, the staggered form of ferrocene also has no

ferrocenium ion in the presence of H2SO4, which acts as an oxidizing

dipole moment [10]. Ferrocene has an electron donor-acceptor

agent, interacts with the Keggin moiety of the polyoxometalate to

conjugated structure and is an efficient redox couple of Fe2+/Fe3+.

form charge transfer salts. Acidic medium in the synthesis of hybrids

Further, it is non-toxic, lipophilic and insoluble in water. In the

is imperative considering the stability of the polyoxometalates,

presence of the oxidizing agent, such as H2SO4, oxidation of

especially of the Keggin type [PW12 O 40 ]3 , [PMo12 O 40 ]3 in low

[Fe(C5 H 5 ) 2 ] to [Fe(C5 H 5 ) 2 ] (ferrocenium cation) occurs which

pH range of 2 to 3 [20]. Other metallocenes such as cobaltocene were

is characterized by deep red coloration [11, 12]. The well-known

not explored as they are less stable in air and moisture, and very

applications of ferrocene include sensing [13], corrosion [7, 14],

reactive at temperatures slightly above the ambient. The ferrocenium

catalysis and energy conversion [16, 17].

ion [Fe(C5 H 5 ) 2 ] , generated in H2SO4, co-precipitates with

Polyoxometalates (POMs) are polyatomic compounds in which
transition metal (like Mo, W) containing anions are linked together in
a 3D framework through shared and terminal oxygen atoms. Although
it is known that metal oxides and polyoxoion salts are water-insoluble,
the polyoxometalates comprising early transition elements are readily





phosphotungstic acid (PWA) and phosphomolybdic acid (PMoA) to
form FcPW and FcPMo hybrid materials, respectively. The molecular
formulae of the resulting hybrid materials are predicted as

[Fe(C5 H 5 ) 2 ]3 [PW12 O 40 ]  (H 2 O) 4

and

soluble in water. There are two types of polyoxometalates –

[Fe(C5 H 5 ) 2 ]3 [PMo12 O 40 ]  (H 2 O) 6 based on spectroscopic

isopolyanions

studies which will be discussed later. These hybrid molecular

having

general

formula

 M m O y 

p–

and

heteropolyanions having formula  X M O  q – (for x  m) , where X
 x m y

materials are studied for their corrosion resistance property of
stainless steel (316 grade; SS316). The types of corrosion which can

is heteroatom or oxyanion (P, Si, etc.) and M is the metal ion. M is

affect SS316 include uniform corrosion, when H2SO4 is used as an

referred to as the addenda atom having favorable ionic radius and

electrolyte, and pitting corrosion when HCl is used as electrolyte. We

charge, with the ability to form d   p M–O bonds. It is usually

used 0.5 M H2SO4 electrolyte for corrosion studies. For uniform

2 | J. Name., 2012, 00, 1-3
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corrosion, the reactions involved at the anode and cathode are as

Optima 5300 DV. Vibrating sample magnetometer
(VSM) of
View Article Online

follows:

DOI: 10.1039/C9CP06284J
Lakeshore, USA, Model 7407 with maximum
magnetic field: 2.5 T

Anodic reaction: Fe(s)  Fe 2 (aq)  2e 

and dynamic moment range of 1  106 emu to 103 emu was used to

Cathodic reaction: 2H + (aq)  2e   H 2 (g)

record the variation of magnetization of material as a function of
varying magnetic field at room temperature. Atomic force microscopy

A passive film formed on the surface of stainless steel protects it
against corrosion, and is composed of Fe2O3, Fe(OH)3 and Cr2O3 [14,
39, 40]. There exists, however, a distinct possibility for oxygen

Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

reduction reaction (ORR) to interfere with the cathodic reaction
involving hydrogen evolution. In acidic medium, ORR proceeds via
two reaction pathways: (1) 4 e transfer from O2 to H2O or (2) 2 e
transfer from O2 to H2O2 [41-43].

(AFM) in non-contact mode using Model XE-100 (Park Systems) for
analyzing the extent of corrosion in the corroded samples.
For understanding the effect of molecular geometry and
frontier molecular orbitals of FcPW and FcPMo materials on
corrosion inhibition of steel, Plane-wave self-consistent field
calculations

were

performed

using

a

generalized

gradient

approximation (GGA). In the wave function, Perdew–Burke–

O 2 (g)  4H   4e   2H 2O(l) E 0  1.23 Vs. NHE

Ernzerhof (PBE) with ultrasoft pseudopotential (USPP) was used to

O 2 (g)  2H   2e   H 2O 2 (l) E 0  0.67 Vs. NHE

describe the exchange-correlation energy. Kinetic cut off energy of 70

The ORR interference is minimized by purging the electrolyte

Ry with the convergence criteria of 1106 eV/Å and a 223 mesh

solution with N2 or Ar gas to remove most of the dissolved oxygen.

grid k-points were applied in geometry optimisation. All the

Materials and Methods

calculations were carried out using Quantum ESPRESSO 6.2 [45].

Ferrocene

(Spectrochem

(H 3 PW12 O 40  xH 2 O)

(Sisco

India),

phosphotungstic

Research

Laboratories)

acid

The structural parameters of the optimized structures were analysed

and

using Mercury 3.10.1.

phosphomolybdic acid (H PMo O  24H O) (Thermo Fisher
3
12
40
2

Synthesis of hybrid molecular materials

Scientific) were used for the synthesis of the hybrid materials. For

The charge transfer complexes of ferrocene with

acidic medium, H2SO4 (Merck India) was used in the synthesis and

heteropolyacids were synthesized using a method reported in

for corrosion inhibition studies. All the purchased materials were used

literature [11]. Briefly, 0.5 g of ferrocene was dissolved in 10 mL of

without further purification unless otherwise stated.

98% H2SO4 to generate ferrocenium ion (with FeIII) in a red solution

The FTIR spectra are recorded using JASCO FT/IR 4100

with blue fluorescence. This solution was stirred for 1 h, following

spectrometer in the range 400-4000 cm–1. UV-Visible diffuse

which it was diluted with water to 150 mL and a 0.043 M solution of

reflectance spectra for the solid samples were recorded using JASCO

PWA or PMoA was added. The stirring was continued for 3 h at room

V-660 UV-visible spectrometer. The samples were analyzed by

temperature, maintaining pH between 2 and 3. After 3 h, a precipitate

powder x-ray diffraction using BRUKER AXS D8 advanced

of greenish-blue and greyish blue were obtained, respectively, for

diffractometer at room temperature with Cu K𝛼 radiation ( = 1.54

Å). The

31P

ferrocene salt with phosphomolybdic acid (FcPMo) and ferrocene salt

MAS NMR spectra of phosphotungstic acid,

with phosphotungstic acid (FcPW). This precipitate differs from the

phosphomolybdic acid and their hybrid salts with ferrocene were

heteropoly blue solutions which are formed when polyoxometalates

recorded using Bruker Avance 400 spectrometer with resonance

undergo reduction as a result of their oxidizing properties. The

nuclei. The chemical shifts (ppm, δ)

precipitates formed are solid-state hybrid molecular materials that are

are recorded relative to 85 wt% H3PO4 [44]. The SEM images were

stable in the pH range of the parent POM. The scheme for synthesis

taken by depositing finely powdered samples on carbon tape and

is shown in Fig. 1.

frequency 161.97 MHz for

31P

examining them under FEI Quanta 450 microscope operating at 30 kV
in low vacuum. CHN analysis of the samples was done using the 2400
Series II analyser. PL spectra were recorded using Horiba Jobin Yvon
Fluoromax-4 fluorescence spectrophotometer. Negative ion MALDITOF-MS() was recorded using Bruker Flex series using DHB (2,5dihydroxybenzoic acid) as matrix. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) was recorded using Perkin Elmer

This journal is © The Royal Society of Chemistry 20xx
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FcPW in 0.5 M H2SO4 for 24 h. After immersion, theView
steel
samples
Article Online
DOI: 10.1039/C9CP06284J
were taken out, washed with distilled water, dried
and weighed again

electrode used was stainless steel (316 grade) plate coated with
FcPMo/FcPW, counter electrode as Pt strip and reference electrode as
Ag/AgCl in saturated KCl. These electrodes were dipped in a 3electrode cell with electrolyte as 0.5 M H2SO4. The electrodes were
immersed in 0.5 M H2SO4, and potentiometric measurements were
Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

done for 20 min for achieving steady state open circuit potential
(OCP), and this OCP was checked for next 6 min (Fig. S2). For the
Figure 1 Synthesis of hybrid molecular materials containing

bare steel plate, steel plate coated with the hybrid materials FcPW and

ferrocene and heteropolyacids (PWA and PMoA).

FcPMo, EIS were recorded in the frequency range 100 kHz to 0.01 Hz
at OCP by setting 5 mV for the ac sine wave amplitude. For the Tafel

Ferrocenium cation interacts with the anionic cluster of

plots, the potentiodynamic polarization curves were obtained in the

POM by replacing H+ ions via ion exchange to form charge transfer

potential range of 200 to +200 mV with respect to OCP at a scan rate

hybrid salt. The Keggin structure self-assembles in acidic aqueous
solution to interact with ferrocenium ion. Self-assembly refers to
transition from a disordered state to an ordered state with an overall
reduction in entropy [37, 38, 46]. Thus, the resulting hybrid complexes
are formed as a result of charge transfer between the phosphotungstate
or phosphomolybdate anion and ferrocene with the molecular
formulae

[Fe(C5 H 5 ) 2 ]3 [PW12 O 40 ]  xH 2 O

of 2 mV/s. For all electrochemical measurements, the electrolyte was
purged with N2 gas for 30 min to remove the dissolved oxygen, which
may affect the cathodic reaction through oxygen reduction mechanism
(ORR). The dissolved oxygen content was measured using Hach
Company HQ40D Multipurpose Meter and maintained at a minimum
level of 6.5 to 7 ppm.

and

[Fe(C5 H 5 ) 2 ]3 [PMo12 O 40 ]  yH 2 O . Due to the selfassembly of POM in acidic solution, there are significant changes in
their charge-transfer properties, which are facilitated through anion-π
interactions between terminal oxygen atoms in the Keggin structure

3. Results and Discussion
Characterization of hybrid materials
The hybrid molecular hybrids are characterized using FTIR,

and the cyclopentadienyl ligands [11].

UV-Vis DRS, powder XRD,

31P

MAS spectra, PL spectra, TGA,

magnetization, SEM, MALDI-TOF-MS and ICP-OES studies. The

Corrosion inhibition studies of the hybrid materials
For corrosion inhibition studies, weight losses, cyclic

FTIR spectra of ferrocene, phosphotungstic acid, phosphomolybdic
acid, FcPW and FcPMo are shown in Fig. 2.

voltammetry (CV), electrochemical impedance spectroscopy (EIS)
and Tafel plots were recorded with stainless steel (316 grade) plates.
The rectangular specimens of 316 grade SS with area 5  1 cm2 and
exposed area 1 cm2 were mechanically abraded with sandpaper of grit
size 3000, and Emery paper of 5/0 grade. The composition of 316
grade steel is Fe(1%), C (<0.08%), Cr (16-18%), Ni (10-14%), Mo (23%), Mn (<2%), Si (<1%), P (<0.045%), S (<0.03%); molecular
weight = 20.376 g/mol; density = 7.87 g/cm3 [5, 47 (ASTM F138)].
The area of an electrode immersed in 0.5 M H2SO4 is 1 cm2. The
weight loss method was used to obtained preliminary results with
respect to corrosion inhibition of stainless steel. The weight loss was
measured by immersing (a) bare stainless steel plate, (b) stainless steel
plate coated with FcPMo and (c) stainless steel plate coated with

4 | J. Name., 2012, 00, 1-3
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 as (C  C) ) implies the existence of ferrocenium cation
View Article
Online
DOI: 10.1039/C9CP06284J

The Keggin signature peaks of PMoA are observed at 790 cm−1

 as (Mo  O)

870

cm−1

 as (P  O)

and

961

cm−1

[44]. The absorption bands at 1616 and 1063 cm−1

(significantly weakened  as (C  C) ) imply the existence of
ferrocenium cation in FcPMo. Thus, Keggin signature peaks, as well
as ferrocene characteristic peaks, can be seen in the hybrids, indicating
Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

that the cationic and anionic moieties are intact.
The UV–Vis DRS of ferrocene, phosphotungstic acid,
phosphomolybdic acid, FcPW and FcPMo are shown in Fig. 3.

Figure 2 FTIR spectra for (a) ferrocene, FcPW and PWA;
(b) ferrocene, FcPMo and PMoA.

The characteristic absorption bands of ferrocene are 3095
cm−1

 as (C  H) ;

 as  β(C  H)   ;

1405, 1103 cm−1  as (C  C)  ; 1000 cm−1
818

 as (Fe 6 ), as ( 6 6 )

cm−1

 as (C  H)

and

475

cm−1

[11]. The band at 475 cm1 indicates that

ferrocene used as precursor and the one in the hybrid are both mixtures
of eclipsed (D5d) and staggered (D5h) forms [10]. The Keggin

Figure 3 UV-Vis spectra for (a) ferrocene, FcPW and PWA; (b)
ferrocene, FcPMo and PMoA.
Ferrocene has absorption bands around 330 and 470 nm due

signature of PWA shows vibrations at 810 cm−1  as (W  Oc  W) ;

to ligand field bands arising from splitting of the d levels of Fe2+ [11].

895 cm−1  as (P  O)  and 981 cm−1  as (W  O)  [11, 19]. The

The hybrid materials FcPW and FcPMo each display an absorption

absorption bands at 1078 cm−1 and 1630 cm−1 (significantly weakened

band at ca. 220–450 nm due to charge transfer from O 2 to

This journal is © The Royal Society of Chemistry 20xx
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at

W  O (or Mo  O)

and

WOW

(or Mo  O  Mo) bonds [11]. Further, there is a characteristic
broad absorption band at ca. 620 nm, which is due to charge transfer
from ferrocene to polyoxometalate ion. Also, this peak is closer to the

max of [Fe(C5 H 5 ) 2 ] [11, 31, 33]. This charge transfer is further
confirmed from PL spectra for ferrocene, phosphotungstic acid,
phosphomolybdic acid, and the hybrid materials FcPMo and FcPW as

around 440 nm of FcPW exhibited strong fluorescenceView
signal,
while
Article Online
DOI: 10.1039/C9CP06284J
that of FcPMo was found to be quenched. This
could be attributed to

strong interaction between ferrocene and POM species due to their
close proximity. Hence, we say that the binding of

[Fe(C5 H5 ) 2 ]

with anionic polyoxometalate is held due to Columbic forces. The
fluorescence signals in these charge-transfer salts are distinct, that is,
they are either strengthened, weakened, or quenched [30].
The Tauc plots shown in Fig. 5 are obtained using the equation:

shown in Fig. 4.
Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

( h )1/ n  K (h  E )

where K is the constant relative to

material, n is 1/2 for direct band gap, and 2 for indirect band gap [48].
Direct band gaps for ferrocene, FcPW and FcPMo were found to be
2.07, 2.98, 1.86 eV, respectively. This indicates that the FcPW hybrid
material is active in UV region, while FcPMo is active in the visible
light region. Using this information, these hybrid materials can be
explored for photocatalytic applications [11].

Figure 4 Photoluminescence spectra for (a) ferrocene, FcPW and
PWA; (b) ferrocene, FcPMo and PMoA.

On exciting light of wavelength 230 nm, and the emission
spectra from 230 to 600 nm were recorded. There is a weak emission
band corresponding to

   * transition for [Fe(C5 H5 )2 ] in the

hybrids FcPMo and FcPW. Also, there are broad emission bands
around 395 nm due to O2p to W5d charge transfer. The emission band

Figure 5 Tauc plot for (a) ferrocene, FcPW and PWA; (b) ferrocene,
FcPMo and PMoA.

6 | J. Name., 2012, 00, 1-3
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The powder XRD spectra are recorded as shown in Fig. 6. The
layered structure. For FcPW, the 2 values obtained are 7.8, 8.7 and
9.3 correspond to

(110), (011) and (101)

of

[H 3 PW12 O 40 ]

(JCPDS 50-0656) peaks at lower angle measurements, and 2 values
at 17.6 and 18.9 correspond to

(001) and (111)

of ferrocene

Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

(JCPDS 29-1711), respectively. Hence, the phosphotungstate anions
in the precursor

[H 3 PW12 O 40 ] (JCPDS 75-2125) are of different

crystal structure from those found in the hybrid. This could be
attributed to interaction between ferrocene and POM anions resulting
in poorly crystalline hybrid FcPW. For FcPMo, the 2 values obtained
are 8.5, 8.9 and 9.7 correspond to

(111), (011) and (101)

of

Figure 6 PXRD plot for (a) ferrocene, FcPW and PWA; (b) ferrocene,

[H 3 PMo12 O 40 ]

(JCPDS 75-1588), and 2 values at 15.3 and

FcPMo and PMoA.

17.6 correspond to

(110) and (001)

The SEM analyses at show uniform surface morphology with small

of ferrocene (JCPDS 29-

1711).

aggregates clustered together for both the hybrid salts, FcPW and
FcPMo (Fig. 7).

Figure 7 SEM images of hybrid salt of (a) ferrocene and
phosphotungstic

acid;

and

(b)

ferrocene

and

phosphomolybdic acid.

This journal is © The Royal Society of Chemistry 20xx
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31P

MAS NMR spectra in Fig. S3 shows that

collapse of the polyanion [11, 44]. These weight losses
confirm the
View Article Online

phosphotungstic acid has 31P peak at 14.6 ppm and phosphomolybic

DOI: 10.1039/C9CP06284J
presence of ferrocenium cation and polyoxometalate
anion in the

acid has 31P peak at 4.3 ppm. These concur with those reported in

hybrid materials. From TGA plots, the molecular formulae for the

the literature [28, 44]. There is slight shift in the peaks to 14.9 ppm

hybrids FcPMo and FcPW can be predicted, respectively, as

4.8 ppm in FcPW and FcPMo, respectively, caused due to interaction

[Fe(C5 H 5 ) 2 ]3 [PMo12 O 40 ]  (H 2 O)6

of ferrocenium ion with PW12 and PMo12 units. Apart from these

[Fe(C5 H 5 ) 2 ]3 [PW12 O 40 ]  (H 2 O) 4 .

peaks, additional peaks at 20.7 ppm in FcPW and 29.9 ppm in

and

FcPMo are observed. These are due to attributed to interaction
between  Fe(C5 H 5 ) 2  and  PMo12 O 40 

Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.



3

ionic species in addition

to water loss, resulting in new P-O-P linkages [49]. The positive shift
in FcPW could be attributed to phosphorous oxide resulting from
decomposition of phosphotungstic acid [49]. MALDI-TOF-MS()
shows peaks at m/z values for [PW O ]3 (obs. 956.5, calc. 955.6)
12
40
and

[PMo12 O 40 ]3

(obs. 606.7, calc. 607.5). CHN analysis of the

hybrid FcPMo shows obs. (wt.%): C (15.15%), H (0.76%), N (0.02%)
against calc. (wt%): C (15.13%), H (1.27%), N(0%). For FcPW, CHN
analysis shows obs. (wt.%): C (10.72%), H (0.40%), N (0.1%) against
calc. (wt.%): C (10.5%), H (0.88%), N(0%). This indicates that the

Figure 8 TGA profiles of ferrocene, FcPMo and FcPW.

(C5H5)2 moiety is intact in the hybrids. Further, ICP-OES analysis
revealed mole ratio of Fe:Mo as 1:4 [wt.% values for Fe (obs. 7.40%,
calc. 7.04%); Mo (obs. 50.6%, calc. 48.4%)] and that of Fe:W as 1:3.7
[wt.% values for Fe (obs. 5.07%, calc. 4.88%); W (obs. 62.6%, calc.
64.2%)]. The BET isotherm reveals textural features of the hybrid
materials, tabulated in Table S1 of supporting information. The pore
size and pore volume were found to be quite low for the hybrids. This
is expected as polyoxometalates have low surface area < 10 m2/g [50].
Hence, the hybrid materials can be used as underlay materials before
coating by paints so as to prevent permeation of moisture through the
paint coating to the metal. In this manner, these can also replace the
chromate conversion coatings [5, 9].
The thermogravimetric analyses are obtained as shown in
Fig. 8. There are three weight losses in the case of hybrids FcPW and

Figure 9 Vibrating sample magnetometer (VSM) curve of ferrocene,
FcPMo and FcPW at room temperature.

FcPMo, whereas in case of precursor, ferrocene, there is only one
major weight loss. The 1.8% and 10.2% weight losses observed for

Magnetization hysteresis curves were also recorded for ferrocene,

FcPW and FcPMo hybrid materials, respectively, up to 250C and

FcPW and FcPMo as shown in Fig. 9. The measurements were done

380C are due to loss of water molecules of crystallization and those

in an applied magnetic field at room temperature, with the field

present in the lattice. The second weight loss (8.9% at 250–470C in

sweeping from 15,000 to +15,000 gauss. It can clearly be seen that

FcPMo and 5.2% at 380–600C in FcPW) is due to the decomposition

the hysteresis loop for all the samples is reversible. Ferrocene is

of

 Fe(C5 H5 )2 



[11]. Ferrocene undergoes sublimation around

diamagnetic in nature as reported in literature [32, 51]. In the hybrid
molecular material FcPW, however, the diamagnetic nature of

100C, and decomposes into Fe, H2 and other hydrocarbons around
400C. The third and final weight loss about 21.1% beyond 490C in

ferrocene becomes predominantly paramagnetic. In the case of
FcPMo, the diamagnetic nature of ferrocene is significantly

FcPMo and about 4.6% beyond 600C in FcPW is due to structural

8 | J. Name., 2012, 00, 1-3
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hysteresis loop reached saturation at the maximum applied magnetic
field, with magnetic saturation values of 1 memu, 0.12 memu and
0.93 memu at room temperature for ferrocene, FcPW and FcPMo,
respectively. In ferrocene, Fe(C5 H 5 ) 2 , Fe is in +2 oxidation state,

systems. The ratio of

whileOnline
it is
ip,c / ip,a comes close to 1 for FcPW,
View Article
DOI: 10.1039/C9CP06284J

around 0.5 for FcPMo, which indicates that the redox process is
reversible for FcPW. The linear relationship in both cathodic and
anodic peak currents of FcPW and FcPMo with scan rate indicates
that the redox process involves surface adsorbed electron transfer.

and the six electrons in 3d orbital of Fe2+ pair up, thus making the
complex diamagnetic in nature. However, an additional electron in

 Fe(C5 H5 )2 
Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.



remains unpaired and causes the structure to be

paramagnetic in nature [51]. For FcPW, there is predominant
paramagnetic nature observed as W (+6) is reduced to W(+5), where
an unpaired electron is present in 5d orbital [16]. In the case of
FcPMo, although the diamagnetic behaviour of ferrocene is
significantly diminished, but the material is weakly paramagnetic.
This could be attributed paramagnetic effect of Fe3+ being offset by
weak paramagnetic effect of reduced species Mo(+5) having unpaired
electron in a 4d orbital, which is comparatively more tightly held by
the nucleus. Another reason for weaker paramagnetism in Mo(+5)
species could be due to equilibrium between paramagnetic and
diamagnetic species as a result of formation of oxobridges [52].

Cyclic voltammograms (CVs) of the samples ferrocene, FcPW, PWA,
FcPMo and PMoA were recorded as shown in Fig. 10(a and c) with
working electrode as glassy carbon (GC) coated with 20 L
FcPMo/FcPW ink (10 mg of material in 200 L of 5% Nafion as
binder + 300 L ethanol + 1000 L demineralized water) by dropcasting; counter electrode as Pt strip connected to Cu wire; reference
electrode as Ag/AgCl in sat. KCl; and electrolyte as 0.5 M H2SO4.
The CVs of FcPW and FcPMo were recorded at different scan rates
as shown in Fig. 10(b and d). We can observe distinct reversible redox
steps for FcPW and PWA ( W 6 

ƒ W 5 and Fe 2 ƒ Fe3 ) as

shown in Fig. 10(a, b) which are characteristic of the precursors PWA
and ferrocene. Similarly, for FcPMo and PMoA ( Mo 6 
and

ƒ Mo5

Fe 2 ƒ Fe3 ) as shown in Fig. 10(c, d), distinct redox peaks

are observed [19]. Further, as shown in the insets of Fig. 10(a, b), the
redox peaks of both FcPW and FcPMo are shifting towards higher
positive potential values when compared with peaks of PWA and
PMoA, respectively. This indicates faster rate of reaction in forward
sweep than in the reverse sweep. However, overall increased peak
current densities in both FcPW and FcPMo indicate faster
electrokinetics both in forward and reverse reactions in the
electrocatalytic process. Also, the plot of current density vs. scan rate
is plotted in the inset of Figs. 10(b, d) for FcPW and FcPMo redox

This journal is © The Royal Society of Chemistry 20xx
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resistance (RCT). However, during corrosion, three
processes,
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diffusion, adsorption and charge transfer controlled
processes can

phases. This interface slows down the corrosion process. Now, Rp =
RCT + RF for process involving adsorbed intermediate, where RF is the
resistance due to ionic pathways. Also, Rp = RCT + RD and (RCT + W)
>>RS for diffusion controlled process, where RD is the diffusional
impedance and is equal to Warburg impedance (W) at sufficiently low
Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

frequency values [54]. In potentiodynamic polarization method, the
effects of capacitance associated with adsorbed intermediate (Cf),
electrical double layer capacitance due to constant phase element
(Qdl), solution resistance (RS), charge transfer resistance (RCT),
resistance due to ionic pathways (Rf) on corrosion rate are not taken
into account. The influence of these factors on corrosion rate can be
addressed by using electrochemical impedance spectroscopy (EIS). In
this method, an equivalent electrical circuit is used to represent the
electrochemical surface of the electrode during corrosion process
using circuit parameters (Cf, RS, RCT, Qdl, Rf). Hence, instantaneous
corrosion rate can be determined from potentiodynamic polarization
curves using Tafel extrapolation method, and the result can be
validated by instantaneous corrosion rate from EIS and total corrosion
rate from weight loss method.
From the weight-loss method, the corrosion rate of the steel
plates coated with FcPW and FcPMo hybrid materials is calculated as

R

weight loss  8.75 104
d  A t

where Wt. loss is weight loss in g, d is the density of stainless steel in
Figure 10 CV plots for (a) ferrocene, FcPW and PWA; (b) FcPW at

g/cm3, A is exposed area of the electrode in cm2, and t is the exposure

different scan rates; (c) ferrocene, FcPMo and PMoA; (d) FcPMo at

time in hours. The inhibition efficiency

(h%)and the degree of

different scan rates.
surface coverage

Corrosion inhibition study on stainless steel (316 grade)

(q) are calculated from the following equations [7,

14, 55]:

Among the different methods adopted for corrosion studies,

% 

the most commonly used methods are weight loss method, EIS and

o
Rcorr
 Rcorr
 100
o
Rcorr

potentiodynamic polarization studies. The corrosion rate obtained



from weight loss studies is an integrated value of corrosion rate
obtained over a period of time, and gives the total corrosion rate.
However, the corrosion rate from impedance and potentiodynamic
polarization studies give instantaneous values of corrosion rate at a
specific time [53]. By using the Tafel extrapolation method on the
polarization curves obtained in potentiodynamic studies, Ecorr, icorr
values are obtained. And by applying Stern-Geary equation, the
polarization resistance (Rp) is estimated. In absence of mass transport
process, the polarization resistance (Rp) is same as the charge transfer

where

o
Rcorr

and

Rcorr

o
Rcorr
 Rcorr
o
Rcorr

are the corrosion rates of bare steel and steel

coated with hybrid material, respectively. After immersing in 0.5 M
H2SO4 for 24 h, the weight loss measurements were obtained as shown
in Table 1.
Table 1 Corrosion rate and inhibition efficiency by weight loss
method

10 | J. Name., 2012, 00, 1-3
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R



(mmy)

(%)

15.15

-



Bare and coated steel

having series connection of m number of resistors and
capacitors
View Article Online

plates immersed in 0.5

DOI: 10.1039/C9CP06284J
connected in parallel, and m is the no. of complex
plane data points in

M H2SO4 for 24 h

the spectrum [58, 59]. Using ZSimpWin software, KK analysis is
applied and the Nyquist plot is extrapolated for bare steel, SS@FcPW

-

and SS@FcPMo to obtain 2 values as shown in Fig. 11(a).

(SS)
(316

Comparing the Nyquist plots as shown in Fig. 11(a) and

grade)
SS@

parameters obtained after fitting as shown in Table 2, we can calculate
0.14

99.1

0.991

the corrosion inhibition efficiency as per the following equation [7,

Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

FcPW

14, 55].

% 

o
RCT  RCT
100
RCT

It is found that SS@FcPW shows 65% and SS@FcPMo shows 74%
SS@

0.092

99.4

0.994

corrosion inhibition efficiency.

FcPMo

The AC perturbation was applied before the potentiodynamic test
during EIS recording where known amplitude (5 mV for SS@FcPW
and SS@FcPMo and bare steel) was applied in the frequency range
100 kHz to 0.01 Hz. This is because during potentiodynamic
polarization measurement, corrosion process will take place. Thus, the
error due to impedance measurement on corroded sample can be
avoided. EIS of the bare steel plate and that of steel plate coated with
FcPW and FcPMo were recorded with 85% iR correction, and Nyquist
plots were plotted. In the Nyquist plot shown in Fig. 11(a) for the
coated electrodes (SS@FcPW and SS@FcPMo), the first part of
semicircle at higher characteristic frequency () is due to the coated
surface. The second incomplete part of the semicircle at lower
characteristic frequency is due to formation of oxide layer/solution
interface during corrosion [56]. Hence, in bare steel the max value is
higher as compared to SS@FcPW and SS@FcPMo, indicating
corrosion inhibition by the hybrid materials. The equivalent electrical
circuit is shown in Fig. 11(a) inset fits the EIS data of SS, SS@FcPW
and SS@FcPMo. Here, Rs is the solution resistance, Rf is the
resistance due to the ionic pathways passing through the passive layer,
Cf is the capacitance of the passive film formed on the surface of
electrode, Q (replaces C dispersion effect caused by roughness of the
electrode interface [57]) is the constant phase angle element
representing electric double-layer capacitance, RCT is the charge
transfer resistance and W is the Warburg impedance. The validity of
the steady state EIS data is confirmed using Kramers-Kronig (KK)
transformation. This is done by fitting model

  R   RC m  

This journal is © The Royal Society of Chemistry 20xx
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However, in highly conducting electrolytes, the shifts observed
in the
View Article Online
polarization plots can be very small. Also inDOI:
the10.1039/C9CP06284J
presence of highly

obtain limiting anodic or cathodic current response, as low scan rates
can give noise. The experiments were conducted at different scan rates
(1, 2, 3, 4, 5, 10 mV/s). The scan rate 2 mV/s gave the best result
among these, so the Tafel plots corresponding to 2 mV/s are shown in
Fig. 11(b). For ideal inhibitors, the Ecorr values shift to more negative
Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

side as they block the cathodic sites. However, in SS@FcPW and
SS@FcPMo the Ecorr values are moving towards more positive side,
indicating mixed type of corrosion inhibition. These inhibitors can
Figure 11 (a) Nyquist plots of bare steel, FcPMo, FcPW with KK

block both cathodic and anodic sites, thus reducing the corrosion rate.

transformation and characteristic frequencies (max). (b) Tafel plots of

Inhibition efficiency is calculated as [7, 14, 55]:

bare steel, FcPMo, FcPW. (c) Reproducibility tests with error bars.

% 

Table 2 Parameters obtained from EIS
Electrode

Bare

Steel

RS
(ohm
cm2)
1.8

Cf
(F/cm2)
47.3

Rf
(ohm
cm2)
4.4

o
 icorr
icorr
100
o
icorr

Calculations from Tafel plots using Tafel extrapolation
Qdl
(F/cm2)
164.8

RCT
(ohm
cm2)
1040.0

technique are done to obtain the percentage corrosion inhibition and
corrosion rate (measured in millimeter per year) [63]. The results are
given in Table 3. The corrosion inhibition efficiency for SS@FcPW

(SS)

is 64% and that of SS@FcPMo is 75%. Polarization resistance (Rp)

(316 grade)

can also be calculated from the Tafel plots by Stern Geary equation

SS@FcPW

2.3

85.8

25.3

259.8

3285.0

SS@FcPMo

3.5

82.8

39.4

128.8

8375.0

Tafel plots of the bare steel plate and that of steel plate
coated with FcPW and FcPMo are plotted from potentiodynamic

[64]:

icorr 

a c
B
where B 
Rp
2.3(  a   c )

log Rp  log B  log icorr

studies done with 85% iR correction (Fig.11b). The potentiodynamic

The Tafel slope values (a and c) are obtained by Tafel extrapolation

polarization studies are generally conducted at low scan rate [60, 61].

technique. In this method, the linear portion of the anodic and cathodic

This is because of the charging current density varies linearly with the

curves in the Tafel plot are fit linearly using Origin 7.0. The Rp and

product of scan rate and double layer capacitance (Qdl). Now, due to

corrosion rate values are estimated using the slope values obtained

the interdependence of Qdl on the electrode potential, it is difficult to

from the linear fit and compared with the values obtained by curve

isolate the charging current density from the external current density.

fitting using the CH Instrument software (Table 3). We have then

This causes the potentiodynamic polarization curve to be distorted in

considered the values obtained from the Tafel extrapolation

the region close to Ecorr when faradaic current density is low. In a wide

technique. Accordingly, the values of Rp are 8995 ohm cm2 for bare

potential range, this distortion leads to erroneous values for Tafel

steel, 26722 ohm cm2 for SS@FcPW, 37194 ohm cm2 for

slopes and icorr. The extent of this distortion depends upon the scan

SS@FcPMo. This confirms significant corrosion inhibition of the

rate chosen for the potentiodynamic measurement. Using higher scan

steel plates coated with the hybrid materials.

rates causes reduction in diffusion layer, as a result of which higher

The corrosion test experiments are repeated using three similar

charging current density corresponding to an applied potential is

working electrodes each for bare steel, SS@FcPW and SS@FcPM.

observed [62]. In contrast, choosing low scan rates will reduce the

The Nyquist and Tafel plots of the repeated experiments are given in

disturbance caused by charging current density. Thus, the distortion

Fig. S4. Figure 11(c) and Table S2 show the results obtained from the

in the potentiodynamic polarization curve is almost negligible.

replicate experiments with corresponding relative error values.

12 | J. Name., 2012, 00, 1-3
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Table 3 Calculations from Tafel plots using Tafel extrapolation technique

Bare

Method

#Instr.

Ecorr

icorr

(V)

(µA/cm2)

-0.210

Corrosion inhibition (h) and corrosion rate
i
 M 21.0  107  20.376

Corrosion rate  corr
n F d
2  96500  7.87

2.10

Steel (SS)

 2.82  10

11

a

c

Rp

(V)

(V)

(ohm/cm2)

0.125

-0.068

8804

0.119

-0.053

8995

0.102

-0.059

26222

0.108

-0.059

26722

0.084

-0.088

33344

0.112

-0.101

37194

cm/s  0.0088 mmy

(316

Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

grade)

*Calc.

-0.210

1.77

Instr.

0.0100

0.62

SS@

Corrosion rate = 2.37  1011 cm/s  0.0075 mmy



icorr,steel



(17.7  6.2)  107  102
17.7  107

 64.9%

Corrosion rate = 8.32  1012 cm/s  0.0026 mmy

FcPW
Calc.

0.0100

0.62

Instr.

0.0155

0.56

Calc.

0.0155

0.46

SS@
FcPMo

#Instr.

icorr,steel  icorr,FcPW

  64.9%
Corrosion rate = 8.32  1012 cm/s  0.0026 mmy

  68.3%
Corrosion rate = 7.51  1012 cm/s  0.0024 mmy

  74.0%
Corrosion rate = 6.17  1012 cm/s  0.0019 mmy

From CH Instrument software

*Calc. From Tafel extrapolation method

Inspection of corroded stainless steel plates after immersion in 0.5 M

Figure 12 SEM images of corroded (a) bare SS plate, (b) SS coated

H2SO4 for 3 h using SEM (Fig. 12) confirms that the formation of

with FcPMo (c) SS coated with FcPW.

corrosion cracks is reduced when the stainless steel plates were coated
with FcPMo and FcPW. The corroded steel plates were analyzed by
AFM after immersion in 0.5 M H2SO4 for 24 h. Figure 13 shows the
AFM images and the depth analyses for each of the substrates coated
on stainless steel plate. As expected, both the surface roughness and
depth of the crack are large for SS, smaller for SS@FcPW and least
for SS@FcPMo.

Figure 13 AFM images of uniform corrosion observed in SS plate:
(a) bare steel; (b) SS@FcPMo and (c) SS@FcPW.

In an extended study, the corrosion studies were performed using
simulated body fluid (pH = 7.5) using Ringer’s solution (containing
8.6 g NaCl, 0.3 g KCl, 0.33 g CaCl2 in 1000 mL deionized H2O)
maintaining the temperature at 37C [65, 66]. Weight loss
measurements were done for the bare stainless steel plate and stainless

This journal is © The Royal Society of Chemistry 20xx
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steel coated with the hybrid materials immersed in Ringer’s solution

side indicate mixed type of corrosion inhibition. TheView
anodic
site is
Article Online

for a period of 24 h. The corrosion inhibition efficiency was computed

DOI: 10.1039/C9CP06284J
blocked due to redox activity of Fe3+ present in
ferrocenium ion which

based on the weight loss of the corroded plated, and was found as

inhibits the dissolution of iron as Fe(s)  Fe 2 (aq)  2e  . The

SS@FcPW (72.1%) and SS@FcPMo (95.6%). EIS was recorded in
the frequency range 100 kHz to 0.01 Hz at OCP and 5 mV amplitude.
The parameters obtained from Nyquist plots are shown in Table S3.

Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

The inhibition efficiency shown by SS@FcPW and SS@FcPMo are

cathodic sites are blocked by stabilization of oxide film over the
electrode surface due to strong oxidizing nature of polyoxometalate.
This stable film prevents diffusion of electrolyte to the steel surface,

54.4% and 77.2%, respectively. Finally, polarization studies for Tafel

thus inhibiting the cathodic reaction  2H + (aq)  2e   H 2 (g)  .



plots were performed from 200 to +200 mV with respect to OCP at

The possible mechanism for corrosion inhibition by hybrid materials

different scan rates (1, 2, 3, 4, 5, 10 mV/s). The plots and results

is presented in Fig. 14.

considering scan rate of 2 mV/s are shown in Fig. S5 and Table S4.
The values were obtained both by experimental curve fitting from
instrument’s software and manual calculations from linear fitting in
Tafel extrapolation method. As the calculated values were considered
more accurate, these are shown in Table S4. SS@FcPW showed an
efficiency of 32.3%, while SS@FcPMo showed 71.2%. The corrosion
test experiments are repeated using three similar working electrodes
each for bare steel, SS@FcPW and SS@FcPM. The Nyquist and Tafel
plots of the repeated experiments are given in Fig. S6. Figure S6(C)
and Table S5 show the results obtained from the replicate experiments
with corresponding relative error values.
The parent polyoxometalate is stable in solution of pH 2 to 3,
however, as the pH increases, lacunary polyoxometalate anion is
formed due to loss of an addenda atom (M = W, Mo, etc.) and
vacancies are created. Monolacunary Keggin anions can result from
the parent polyoxometalate by addition of base [20, 67, 68]. Similarly,
di- and trilacunary anions are formed at higher pH values by
increasing the concentration of base. For instance, the lacunary
polyoxometalate

[PW11O39 ]7

can be stable up to pH = 7.5,

beyond which, complete decomposition of Keggin anion into
constituents P2O5 and WO3 (or MoO3) takes place [20, 68]. The
corrosion rates and corrosion inhibition efficiencies calculated from
Tafel extrapolation method are as follows: bare SS (0.013 mmy);
SS@FcPW (0.009 mmy, 32%); SS@FcPMo (0.003 mmy, 71%). The

Figure 14 Corrosion mechanism in (a) bare SS, (b) SS@FcPW and

values for Rp are as follows: bare steel = 7709 ohm cm2, SS@FcPW

(c) SS@FcPMo plates.

= 11070 ohm cm2, SS@FcPMo = 30993 ohm cm2.
For bare steel plate (SS316), just after a few minutes, the passive film

Mechanism of corrosion inhibition

composed of Fe2O3, Fe(OH)3 and Cr2O3 breaks down and corrosion

It is known that Mo is present in the stainless steel (SS316) as a

starts. Hence, a large extent of corrosion is observed within a short

corrosion inhibitor, especially of crevice corrosion [5]. However, it is

period of time. On the contrary, for both SS@FcPW and SS@FcPMo

interesting to see how the coating of hybrid materials FcPW and

plates, even after 24 h, the passive film composed of Fe2O3, Fe(OH)3

FcPMo prevents uniform corrosion by interacting with the stainless

and Cr2O3 remains intact due to protection offered by  PW12 O 40 

3

steel plate. As mentioned earlier, the shifting of Ecorr values to positive
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or  PMo12 O 40 

3
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in FcPW or FcPMo, undergoes reduction reaction

and gets converted to Fe2+, thus inhibiting the dissolution of Fe(s) in
the anode ( Fe(s)  Fe

2

(aq)  2e  ) by means of Le Chatelier’s

principle. In the case of SS@FcPW, due to the presence of POM
anions, W6+ is reduced to W5+ and gets incorporated in the film, thus
Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

inhibiting corrosion [20]. While in the case of SS@FcPMo, Mo6+ is
reduced to Mo5+ and gets incorporated in the film, thus inhibiting
corrosion further [9, 20]. As Mo is a better corrosion inhibitor than W,
thus the presence of Mo5+ in the film helps reduce the extent of
corrosion even further. This concurs with the higher corrosion
inhibition efficiency obtained for SS@FcPMo plates over SS@FcPW
plates by EIS and Tafel studies.

Optimized structure and frontier molecular orbitals of

Figure 15. Optimized structure of the inhibitor materials (a) FcPW

inhibitor materials

and (b) FcPMo.

Based on the experimental results discussed earlier, the molecular
structure of the inhibitors is modelled and the energy minimised
structure of the inhibitor materials FcPW and FcPMo are shown in
Figs. 15(a) and (b).

The bond lengths, bond angles and torsion angles from the optimized
structures of the inhibitors FcPW and FcPMo are presented in Tables
S6-S11. From Tables S6 and S7, it is seen that the lengths of C–C
bonds in cyclopentadienyl ring and Fe–C bonds are in the range of
1.42–1.44 Å and 2.03–2.12 Å, respectively. Thus, in the hybrid
materials FcPW and FcPMo, the bond distances of C–C and Fe–C are
slightly increased compared to ferrocene, where C–C and Fe–C bond
lengths are of the order of 1.41 Å and 2.0 Å. This slight elongation is
attributed to the formation of



polyoxometalate, PW12 O 40



3

 Fe(C5H5 )2 



[69]. In Keggin

, the bond lengths are 1.7 Å for W–

Oc, 1.9 Å for W–Ot, 2.43 Å for W–Ob–W and 1.5 Å for P–O [70, 71].
However, in FcPW, they are found to be 1.71–1.96 Å for W–O, 2.46–
2.49 Å for W–Ob–W and 1.55 Å for P–O (Table S6). Thus, there is
slight elongation in the W–Oc, W–Ot and W–O–W bonds due to
interaction with ferrocenium cation, causing a shift in electron
density. In  PMo12 O 40  , the bond lengths reported are 1.7 Å for
3

Mo–Oc, 1.95 Å for Mo–Ot and 2.45 Å for Mo–Ob–Mo, and 1.55 Å for
P–O [41, 71]. The corresponding bond lengths in FcPMo are found
from Table S7 as 1.68–2.00 for Mo–O, 2.38–2.51 Å for Mo–Ob–Mo
and 1.55 Å for P–O. Hence, there is slight difference in Mo–Oc, Mo–
Ot and Mo–O–Mo bonds are due to the interaction with ferrocenium
cation, causing a shift in electron density.

This journal is © The Royal Society of Chemistry 20xx
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Another aspect to be looked upon for ensuring strong

orientation of the cyclopentadienyl ring and polyoxometalate
View Article Online

adsorption on the iron surface of stainless steel plate is the planar

structure are somewhat planar with respect toDOI:
each10.1039/C9CP06284J
other. Hence, they

structure of an inhibitor molecule. For this purpose, all the bond

do not completely lie in different planes. This observation reveals that

angles and torsion angles of FcPMo and FcPMo are analyzed. The

to some extent both the moieties participate in the adsorption. This is

bond angles are given in Tables S8 and S9, and it is observed that most

further validated by the fact that polyoxometalate acts as an oxidizing

of the bond angles for the cyclopentadienyl ring in FcPW and FcPMo

agent,

lie close to 120 (highlighted in grey). This shows that C atoms of

 Fe(C5 H5 )2  /  Fe(C5 H5 )2 

cyclopentadienyl ring atoms are

sp2

hybridized, thereby indicating a

by

oxidizing

the


anodic

reaction,

while

redox couple aids in Fe(s) to Fe2+

oxidation.

Published on 10 January 2020. Downloaded by Universite Paris Descartes on 1/11/2020 12:24:29 PM.

planar orientation. Also, the [PW12O40]3 and [PMo12O40]3 are
partially planar as the bond angles range from 68 to 160, with some

Anodic reaction: Fe(s)  Fe 2  (aq)  2e 

lying close to 120 (highlighted in grey). Therefore, the inhibitor

Cathodic reaction: 2H + (aq)  2e   H 2 (g)

molecule has partly planar structure.
Now,

we

have

to

confirm

whether

both

the

cyclopentadienyl ring and polyoxometalate structure take part in
adsorption on the iron surface, or whether one participates in
adsorption while the other remains free. For this purpose, we need to
look at the torsion angles listed in Tables S10 and S11. The torsional
angles formed by the planes of atoms (highlighted in orange) in both
FcPW and FcPMo lie near to either 0 or 180. This confirms that the

The presence of heteroatom in the polyoxometalate ring further aids
in adsorption of iron as has been the case in literature where
heterocyclic rings are considered to be dominant in adsorption [55].
For further adsorption studies, the adsorption of the inhibitor onto the
steel surface depends on the energy gap between the frontier
molecular orbital energy level of the inhibitor molecule and the Fermi
level of the Fe metal atom [55, 72, 73]. Both the frontier molecular
orbitals of FcPW and FcPMo are shown in Fig. 16.

16 | J. Name., 2012, 00, 1-3
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Figure 16 Fermi level of iron and frontier molecular orbitals (HOMO and LUMO) of (a) FcPW and (b) FcPMo materials.

The Fermi level of iron and frontier orbital energies (eV) of inhibitors
are also presented in the figure. In the figures, VB represents valence
band, which is the highest occupied molecular orbital (HOMO) and

 EVB(HOMO)_Fe  ECB(LUMO)_FcPW  2.00 eV 
<<  EVB(HOMO)_FcPW  ECB(LUMO)_Fe  5.77 eV 

CB represents conduction band, which is the lowest unoccupied
molecular orbital (LUMO). Based on the first principle calculations,
the HOMO level of single Fe(100) atom is at 1.9973 eV and LUMO
level is at 3.0071 eV. From Table 4, we have

 EVB(HOMO)_Fe  ECB(LUMO)_FcPMo  1.44 eV 
<<  EVB(HOMO)_FcPMo  ECB(LUMO)_Fe  5.78 eV 
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Table 4 Quantum mechanical parameters obtained from first principle studies
Inhibitor
FcPW
FcPMo

EVB(HOMO) (eV)
2.77
2.78

ECB(LUMO) (eV)
+0.003
0.550

Eg (eV)
2.77
2.23

I (eV)
2.77
2.78

A (eV)
0.003
+0.550

 (eV)

 (eV)

1.38
1.66

1.38
1.11

n
0.22
0.15

Therefore, the energy gap between ELUMO level of FcPW (or FcPMo)

Vis diffuse reflectance spectra show charge transfer bands at ca. 620

and EFermi, Fe is comparatively smaller than that of EHOMO levels and

nm for FcPW and FcPMo, indicating the charge transfer between the

EFermi, Fe. This indicates that electron transfer from the iron surface to

phosphotungstate/phosphomolybdate anions and ferrocene. IR

the ELUMO level of inhibitor is possible. Also, out of FcPW and

analysis shows that the cationic and anionic moieties are intact in the

FcPMo, the ELUMO of FcPMo is closer to the Fermi level of iron. This

molecular hybrid materials which are thermally more stable than

concurs with the experimental observation of higher adsorption of

ferrocene. Powder XRD patterns show that the hybrids possess

FcPMo over the iron surface, thereby leading to higher corrosion

layered-type structures. The VSM studies revealed that there is a

inhibition efficiency. Further, quantum mechanical parameters for

change in magnetic behaviour from diamagnetism in ferrocene to

hybrid materials FcPW and FcPMo acting as inhibitors are derived

predominant paramagnetism in the hybrid FcPW and highly

from Koopman’s theorem and Pearson’s method [74]. As per

diminished diamagnetism in FcPMo. These hybrid molecular

Koopman’s theorem, ionization potential 
and
 I   EVB(HOMO) 

materials show corrosion inhibition properties on stainless steel (316

electron affinity  A   E
 . From these two parameters,
CB(LUMO)



absolute electronegativity



   ( I  A) / 2

and global hardness

  ( I  A) / 2 of a material can be obtained. From Pearson’s

grade) plates undergoing uniform corrosion in 0.5 M H2SO4 solution
as well as Ringer’s solution, determined by weight loss method,
impedance spectra and Tafel plots. The corrosion inhibition
efficiencies for FcPW (weight loss: 99.1%; EIS: 68.3%; polarization
studies: 64.9%) and for FcPMo (weight loss: 99.4%; EIS: 87.6%;

method, we can predict the number of electrons getting transferred

polarization studies: 74.0%) in 0.5 M H2SO4. For extended study

from the inhibitor molecule to the Fe(100) surface by using the

carried out for corrosion inhibition of stainless steel plates coated with

 n  (Fe  inhibitor ) / 2(Fe  inhibitor )

the hybrid materials in Ringer’s solution, the efficiencies are: FcPW

expression,

where the

(weight loss: 72.1%; EIS: 54.4%; polarization studies: 32.3%) and for

Fe is the work function of Fe(110) and

hFe = 0

[74, 75]. All the

FcPMo (weight loss: 95.6%; EIS: 77.2%; polarization studies:

parameters are calculated and listed in Table 4. From the table, the n

71.2%). The Ecorr values are higher for hybrid materials compared to

values for both FcPW and FcPMo are 0.22 and 0.15. These

bare steel, indicating mixed-type of corrosion inhibition. These results

negative values indicate that both the inhibitor molecules FcPW and

are supported by computational studies using frontier molecular

FcPMo act as electron acceptors from the vacant d-orbital of Fe metal

orbitals, bond lengths and bond angles of the hybrid materials.

on the surface of stainless steel plate. This electron accepting nature
of the hybrid molecules increases adsorption of the inhibitor molecule
on the metal surface, thereby inhibiting the corrosion mechanism.
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