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Abstract 
      Corrosion of metallic materials is a natural process, and our study shows that even in an 
alkaline environment severe corrosion may occur on a carbon steel surface. While corrosion 
cannot be stopped it can be retarded. Many of the traditional anti-corrosion approaches such as 
the chromate process are effective but hazardous to the environment and human health. 

      Mefp-1, a protein derived from blue mussel byssus, is well known for its extraordinary 
adhesion and film forming properties. Moreover, it has been reported that Mefp-1 confers a 
certain corrosion protection for stainless steel. All these facts indicate that this protein may be 
developed into corrosion inhibitors with ‘green’, ‘effective’ and ‘smart’ properties. 

      In this study, a range of surface-sensitive techniques have been used to investigate adsorption 
kinetics, film forming and film compaction mechanisms of Mefp-1. In situ atomic force 
microscopy (AFM) enables the protein adsorption on substrates to be visualized, whereas the ex 
situ AFM facilitates the characterization of micro- and nano-structures of the protein films. In situ 
Peak Force AFM can be used to determine nano-mechanical properties of the surface layers. The 
quartz crystal microbalance with dissipation monitoring (QCM-D) was used to reveal the build-
up of the Mefp-1 film on substrates and measure the viscoelastic properties of the adsorbed film. 
Analytical techniques and theoretical calculations were applied to gain insights into the formation 
and compaction processes such as oxidation and complexation of pre-formed Mefp-1 films. The 
electron probe micro analyzer (EPMA) and X-ray photoelectron spectroscopy (XPS) were 
utilized to obtain the chemical composition of the surface layer. Electrochemical impedance 
spectroscopy (EIS) measurements were performed to evaluate the corrosion inhibition efficiency 
of different forms of Mefp-1 on carbon steel substrates. 

      The results demonstrate that Mefp-1 adsorbs on carbon steel surfaces across a broad pH 
interval, and it forms a continuous film covering the substrate providing a certain extent of 
corrosion protection. At a higher pH, the adsorption is faster and the formed film is more 
compact. At neutral pH, results on the iron substrate suggest an initially fast adsorption, with the 
molecules oriented preferentially parallel to the surface, followed by a structural change within 
the film leading to molecules extending towards solution. Both oxidation and complexation of 
the Mefp-1 can lead to the compaction of the protein films. Addition of Fe3+ induces a transition 
from an extended and soft protein layer to a denser and stiffer one by enhancing the formation 
of tri-Fe3+/catechol complexes in the surface film, leading to water removal and film compaction. 
Exposure to a NaIO4 solution results in the cross-linking of Mefp-1, which also results in a 
significant compaction of the pre-formed protein film. Mefp-1 is an effective corrosion inhibitor 
for carbon steel when added to an acidic solution, and the inhibition efficiency increases with 
time. As a film-forming corrosion inhibitor, the pre-formed Mefp-1 film provides a certain level of 
corrosion protection for short term applications, and the protection efficiency can be significantly 
enhanced by the film compaction processes.  

      For the long term applications, a thin film composed of Mefp-1 and ceria nanoparticles was 
developed. The deposited Mefp-1/ceria composite film contains micro-sized aggregates of Mefp-
1/Fe3+ complexes and CeO2 particles. The Mefp-1/ceria film may promote the further oxidation 
of  ferrous oxides, and the corrosion resistance increases with time. Moreover, phosphate ions 
react with Fe ions released from the surface and form deposits preferentially at the surface defect 
sites. The deposits incorporate into the Mefp-1/ceria composite film and heal the surface defects, 
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which result in a significantly improved corrosion inhibition effect for the Mefp-1/ceria composite 
film in both initial and prolonged exposure situations.  
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Chapter 1 
Introduction 
1.1 Corrosion of carbon steel 

      Corrosion of metals is a serious material degradation problem from both an economic and 
structural integrity standpoint, but it can be largely controlled by suitable strategies. Carbon steel 
is the most widely used engineering alloy. However, corrosion of carbon steel occurs in almost all 
practical environments.  

1.1.1 An example of carbon steel corrosion  

      Reinforcement steel (also known as rebar, a type of carbon steel) is used in the majority of 
reinforced concreted infrastructures such as buildings and bridges. However, corrosion of 
reinforcement steels is found to be one of the main causes for deterioration [1, 2] of concrete 
structures. Prior to the corrosion protection study, investigations were performed to clarify the 
corrosion behaviour of the reinforcement steel in a simulated concrete pore solution (SPS). The 
experimental details are described in chapters 2 and 3. 

      This type of carbon steel consists of two dominant phases (ferrite and pearlite) and some 
MnS type inclusions, as shown in the SEM image (Fig. 1.1). SKPFM mapping suggests that 
ferrite grain boundaries, pearlite grains, and MnS inclusions have a lower Volta potential 
indicating a higher corrosion tendency than the matrix, as shown in Fig. 1.2.  

      In situ optical observations were made on the carbon steel surface in the SPS solutions with 
1M NaCl at pH 10.5. The initial surface of the carbon steel is shown in Fig. 1.3a, and for 
prolonged exposure, deduction images are shown to highlight changes to the surface. 
Morphology changes start to be visible from 50 minutes (Fig. 1.3b), and become pronounce after 
4 hours of exposure (Fig. 1.3c). The results reveal a preferential dissolution along the ferrite grain 
boundaries (Fig. 1.3b), and the pearlite grains are selectively corroded after long exposure to the 
solution (Fig. 1.3c).  

 

Figure 1.1. SEM micrograph of an etched carbon steel surface 
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Figure 1.2. AFM topography image (a), and the corresponding SKPFM Volta potential map (b) 
of a polished carbon steel surface. 

 

   

  

      However, due to the limitation in lateral resolution, pitting corrosion was not clearly observed 
by optical microscopy. Thus, in situ AFM measurements with a much higher resolution were 
needed. Fig. 1.4 shows the in situ AFM images of the carbon steel in the SPS solution with 1M 
NaCl at pH 10.5. The result demonstrates that pitting corrosion initiates at some local site in the 
carbon steel surface (e.g. MnS inclusion) as shown in Fig. 1.4a. The corrosion products can form 
around the corroding pit (Fig. 1.4b) and gradually develop into a crust over the pit (Fig. 1.4c). 
With the covering of the crust, dissolution and hydrolysis processes inside the pit will lead to a 
more aggressive local environment, which triggers accelerated development of the pitting 
corrosion (Fig. 1.4d). 

Figure 1.3. In situ optical images of the 
carbon steel surface at start (a), and 
deduction images of the surface after 50 
(b), and 240 min (c) of exposure in the 
SPS with 1M NaCl at pH 10.5. Deduction 
was performed with the image (a) 
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1.1.2 Why carbon steel 

      Theoretically, a protective oxide layer should form on the reinforcement steel embedded in 
concrete due to the alkaline nature of concrete pore solution. However, our study shows that 
corrosion of reinforcement steel occurs in reinforced concreted structures. From this point of 
view, study of corrosion protection is of significant theoretical and practical importance, 
especially for steels with a relative low corrosion resistance. Thus, in this thesis corrosion 
inhibitor investigations are performed with carbon steel as the main substrate. 

1.2 Mussel-inspired corrosion protection 

      The use of corrosion inhibitors and protective surface films is a common approach to retard 
corrosion of metallic materials. However, due to legislation and increased awareness of ecological 
and environmental issues, a number of traditional anti-corrosion approaches have become 
obsolete. Thus, new types of corrosion inhibitors preferably with ‘universal applicability’, ‘green’ 
and ‘smart’ properties are urgently needed for practical applications. This thesis is aimed at 
gaining fundamental knowledge that can be utilized for developing an organic-based corrosion 
inhibitor with a protein derived from the marine Mytilus edulis. 

1.2.1 Mytilus edulis            

      Mussels are capable of anchoring themselves to a wide range of hydrophilic surfaces in the 
sea via a complex array of adhesive plaque-tipped byssus threads. From the adhesion theory point 
of view, polar interactions and the hydrogen bonding capabilities of the last few water layers on a 
hydrophilic surface are very strong and extremely difficult to be displaced. This causes the failure 
of most synthetic adhesives. However, the adhesion of mussels is rapid, versatile, and permanent. 
The adhesive bond is maintained even in the presence of salts, buffeting of waves, and with 
periodic wetting and drying in the intertidal zone [3]. 

      To create a reliable underwater adhesion requires the mussel to address the following abilities 
[4]:  

        (i) removing weak boundary layers (primarily water);  

        (ii) spreading adhesives over the surface;  

        (iii) developing strong interfacial contacts;  

        (iv) curing or cross-linking adhesives to form stable bonds.  

      Adhesive organisms normally lead to severe problems such as higher fuel consumption for 
marine vessels and damage to offshore structures [5, 6]. However, due to their unusual ability to 
form stiff surface layers, mussel extracted proteins exhibit great potential to be used as corrosion 
inhibitors for steel [5, 7]. Thus, a detailed knowledge of adhesion, film forming, and film 
compaction properties is in great demand. 

      Blue mussel (Mytilus edulis) is the best characterized marine bio-adhesive organism [8]. 
Therefore a protein extracted from the blue mussel was chosen for the work in this thesis.   
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1.2.2 Mytilus edulis byssus structure 

      Byssus is the holdfast which provides Mytilus edulis the means to attach to all kinds of hard 
substrates. In Mytilus the byssus consists of two primary parts: a single main stem and multiple 
threads [9]. As shown in Fig. 1.5, three regions can be further separated in an individual byssal 
thread: the extensible proximal portion, the stiff distal portion, and the attachment plaque. The 
attachment plaque provides the only adhesive interface between the Mytilus byssus and the solid 
foreign surface [10]. It has been confirmed that byssal plaque has a fine and hierarchical structure 
which is composed of three sections. First, there is a porous bulk core consisting of collagen 
fibers. A cuticle covers the plaque and protects the protein against enzymatic or chemical 
degradation. Between the plaque and substrate there is a pre-coating adhesive layer which 
ensured strong adhesive contacts [3].  

 

Figure 1.5. Schematic view of the byssal thread attaches on a substrate. 

 

1.2.3 Mytilus edulis foot protein biochemistry 

      Mytilus byssus is composed of roughly 25 – 30 various collagenous proteins which are 
produced in the mussel’s foot [11]. The adhesive glue is also known as polyphenolic protein 
which is produced and stored in the exocrine phenol gland to be deposited onto the foreign 
surface by plaques [9, 12]. The chemical characterization of polyphenolic protein started in the 
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early eighties [13]. Six proteins in the plaques have been identified, known as Mytilus Edulis foot 
proteins (Mefp, plus a number indicating the chronological order of identification). The 
distribution of the Mefps is depicted in Fig. 1.5. Post-translational amino acid L-DOPA (L-3, 4-
dihydroxyphenylalanine) is a common constituent of all these Mefps [13, 14]. DOPA is the 
primary residue of the adhesive proteins responsible for both adhesion and cohesion via chemical 
interactions including hydrogen bonding [15, 16], covalent bonding [17], metal-liganding [18-21], 
and cross-linking [22, 23]. The DOPA content and properties of the six Mefps are summarized in 
Table 1.1. Mefp-4 and Mefp-6 are mentioned in some papers, but no detailed information is 
available in the literature [11, 24, 25].  

Table 1.1. Mytilus edulis foot proteins 
Protein Mass (kDa) pI DOPA (mol%) Repeat number Ref. 
Mefp-1 108 10.5 15 75 – 80 [26, 27] 
Mefp-2 45 ~ 9 2 – 3 11 [28, 29] 
Mefp-3 6 > 10 20 1 [29, 30] 
Mefp-4 70 – 80  5  [31] 
Mefp-5 9 9 28 8 [32] 
Mcfp-6a 12 9.5 3 1 [24] 

a Mcfp-6 is extracted from Mytilus californianus. 

1.2.4 Why Mefp-1  

      Mefp-1, the first polyphenolic protein to be characterized from the Mytilus Edulis foot [13, 27], 
is the only protein associated with the protective outer cuticle of byssal 
threads including plaques [33]. Mefp-1 is a large and basic hydrophilic 
protein, having a molecular weight of about 108kDa and a high 
isoelectric point (pI), about 10 [34, 35]. Mefp-1 consists of a large 
number (75 – 80) of repetitive decapeptide units and contains a high 
level 10 ~ 15mol% of di-hydroxyphenylalanine (DOPA) [25]. The 
structure is found to be open and extended in the solution with 
minimized secondary structure [36]. 

      DOPA (Fig. 1.6) has been recognized as being of importance for 
adhesion, film forming, and cross-linking properties of the protein. 
Mefp-1 can adsorb onto a wide variety of surfaces [4, 37] by forming 
strong covalent bonds between the catechol (a side chain of DOPA) 
and the surface. DOPA also enables Mefp-1 molecules to cross-link to each other by oxidative 
conversion to DOPA-quinone [38, 39]. The DOPA quinone reverse dismutates to aryloxy free 
radicals which then couple and reoxidize to form coupled diphenols [40]. It has been concluded 
that the DOPA side-chain serves two important roles in Mefp-1 adhesion, which are interfacial 
complexes and the formation of cross-links [25, 41]. Mefp-1 molecules can undergo auto-
oxidation in bulk solution above a certain pH, resulting in aggregation. The rate of aggregation 
increases with the increasing pH and Mefp-1 concentration of the bulk solution. The aggregation 
of the protein molecules facilitates multilayer adsorption [42, 43].  

      Moreover, Mefp-1 is also able to form strong complexes with metal ions [19, 44, 45] and metal 
oxides [46, 47], which can enhance the protein adhesion even further. The coherent accumulation 
of Mefp-1 and Fe3+ has been confirmed in the cuticle of Mytilus byssus, and Fe3+ is an integral part 
of the cuticle that provides exceptional stability due to formation of Fe3+/DOPA complexes [19, 
20, 48]. DOPA is a bi-dentate, each Fe3+ ion can bind one, two, or three DOPA ligands, 

Figure 1.6. DOPA 
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depending mainly on the pH and the Fe3+/DOPA ratio [18, 49]. It has been reported that the 
Fe3+ ions at 10μM provide significant and fully reversible intermolecular bridging of Mefp-1 layers 
on mica surfaces, forming multivalent tri-Fe3+/DOPA complexes at pH 5.5 [18].  

      Furthermore, chemically induced cross-linking of Mefp-1 adsorbed on a solid surface results 
in changes in the pre-formed protein layer structure [50]. It has been reported that a low DOPA 
oxidation level provides better adhesion at the expense of cohesion, whereas high DOPA 
oxidation levels may lead to interfacial failure but high cohesive strength [25]. NaIO4 is suggested 
as a suitable oxidant to induce chemical cross-linking of Mefp-1 [38, 40, 51].  

      Given to the above mentioned properties, Mefp-1 is an interesting protein to study for the 
corrosion protection purposes. 

1.3 Ceria nanoparticle for corrosion protection 

      Cerium salts have been investigated as environmentally friendly corrosion inhibitors and have 
shown an inhibition effect, especially for aluminum [52]. The effect of adding ceria (CeO2) in a 
thin film and a fluoride coating has been studied on magnesium alloys, and the corrosion 
resistance was improved by two orders of magnitude compared to the bare substrate [53]. 
Recently, there have been rapid developments in synthesis and application of ceria nanoparticles. 
This is promoted by special properties of ceria nanoparticles, such as oxygen storage and 
oxidation power due to the redox reaction [54]. The impact of nanoparticles on human health is 
an issue of concern. In this regard, it was reported that ceria nanoparticles are not cytotoxic but 
instead protect cells from oxidative insult [55]. Application of ceria nanoparticeles with the sol-gel 
technique on aluminum alloys for corrosion protection has been studied, and it was concluded 
that ceria cannot offer good corrosion protection if applied without surface modification [56]. 
The effect of adding ceria nanoparticles to a silane coating was studied on galvanized steels. It 
was observed that ceria nanoparticles and cerium ions provide a synergistic corrosion protection 
effect, and cerium ions can change the silane group chemistry to promote formation of more 
condensed layers on the surface [57].  

1.4 Phosphate for corrosion protection 

      Phosphate species strongly interact with surface dissolved iron ions and form iron-phosphate 
with low solubility which precipitates at the interface [58-60]. This iron-phosphate deposit layer 
on its own does not provide efficient corrosion protection due to its porous structure. Thus, 
phosphate coatings mostly serve as surface preparation for further sealing treatment to achieve 
enhanced corrosion protection, however the phosphating acid baths and further chromate 
treatment may cause severe environmental problems [61]. The accumulation of waste products 
from phosphating acid treatments is also an issue of concern for a certain industry because of the 
disposal problem.  

      However, inorganic phosphate species are generally considered to be environmental friendly 
and effective corrosion inhibitors for iron and carbon steels in near neutral pH solutions [58, 62, 
63]. The vivianite [Fe3(PO)4∙8H2O] layer formed under bacterial activity was shown to provide 
significant corrosion inhibition for mild steel [64]. Phosphates are also widely used in paints to 
enhance the corrosion resistance of iron-based metals [65]. All those facts indicate phosphate 
species have potential to act synergistically with Mefp-1 as corrosion inhibitors, when used in an 
appropriate way.  
   7 

 



Chapter 2 
Materials  
2.1 Substrates  

2.1.1 Carbon steel  

      The reinforcement steel (rebar) and the cold rolled carbon steel are both typical carbon steel 
products. The composition of the reinforcement steel used in this study is Fe, 0.14-0.22 wt.%C, 
0.12-0.30 wt.%Si, 0.30-0.65 wt.%Mn, 0.045 wt.%P, and 0.050 wt.%S. Whereas the nominal 
composition of the cold rolled carbon steel (DC 01, 1.0330, supplied by IVF, Sweden) is Fe, 0.12 
wt.%C, 0.60 wt.%Mn, 0.045 wt.%P, and 0.045 wt.%S. 

2.1.2 Pure iron  

      The nominal composition of the pure iron plate used for CRM measurements is 99.87 
wt.%Fe, 0.06 wt.%C, 0.06 wt.%N, and 0.014 wt.%S.  

      Quartz crystals coated with a 100nm thick iron layer (Q-Sense, Gothenburg, Sweden) were 
used in QCM-D and in situ AFM measurements. These sensors have a fundamental resonance 
frequency of 4.95MHz.  

      For in situ ATR-FTIR measurements, an iron (99.99% purity) layer ca. 30nm thick was 
deposited on a ZnSe internal reflection element (IRE) by high-vacuum evaporation using a 
Univex 300 vacuum evaporator (Leybold Vacuum). The evaporator was equipped with a quartz 
crystal microbalance thickness monitor to control the thickness of the deposited layer.  

2.1.3 Stainless steel  

      Quartz crystals coated with a thin stainless steel-like layer (Q-Sense, Gothenburg, Sweden) 
were used in the QCM studies of the Mefp-1/ceria composite film formation process. The 
analysis of the surface layer by X-ray photoelectron spectroscopy revealed the composition to be 
36.5 wt.%Fe, 8.0 wt.%Cr, 1.8 wt.%Mn, and 53.7 wt.%O, indicating an oxidized metal surface. The 
fundamental resonance frequency of these sensors is 4.95MHz.  

2.2 Substrate preparation 

      The carbon steel and iron plates were wet ground with SiC grinding paper successively down 
to 1200 grit, and then cleaned ultrasonically with ethanol. For local probing measurements, the 
sample surfaces were first ground using SiC grinding paper in several steps down to 2400 grit, 
and then a final polishing was performed using a suspension of 0.02μm alumina particles. The 
samples were then cleaned ultrasonically with ethanol and dried with a gentle stream of nitrogen 
gas.  

      For pure iron substrates, to obtain a relatively stable surface, all specimens were pre-
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conditioned in a 10 wt.%NaOH solution overnight to form a thin oxidized surface layer, followed 
by rinsing with ethanol and drying with a gentle stream of nitrogen gas prior to use. This 
treatment leads to a relatively stable substrate of iron covered by a Fe2O3 layer that enables in situ 
measurements in aqueous solution. 

2.3 Solutions and Mefp-1 films 

2.3.1 SPS solution  

      The solution that contained 0.6mol/L KOH, 0.2mol/L NaOH and saturated Ca(OH)2, was 
prepared as simulated concrete pore solutions (SPS) [66, 67]. NaCl and NaHCO3 were used for 
adding Cl- to and adjusting the pH of the SPS solution, respectively.  

2.3.2 Ceria nanoparticle solution  

      The ceria nanoparticles (NANOBYK-3810) were supplied by BYK Additives and 
Instruments (Wesel, Germany). The diameter of the ceria particles was 10nm with a narrow size 
distribution according to the supplier, and this was confirmed by dynamic light scattering 
measurements. The nanoparticles were delivered as dispersion in water and stored at room 
temperature. The solution was sonicated for 10 minutes before the experiment to ensure good 
dispersion. 

2.3.3 Mefp-1 solutions and film formation 

      The mussel adhesive protein, Mefp-1, with a purity of 92 wt.% (impurities were mainly 
aggregation/degradation products of Mefp-1) was kindly supplied by Biopolymer Products AB 
(Gothenburg, Sweden). It was stored in different forms: 18.7mg/ml in aqueous solution 
containing 0.2M H3PO4 and 2mg/ml – 50mg/ml in aqueous solutions containing 1 wt.% citric 
acid. All the Mefp-1 solutions were stored in dark at 4◦C.  

a. Mefp-1 added in acidic pH solution as inhibitor 

      It has been reported that Mefp-1 provides maximum corrosion inhibition effect on stainless 
steel at a concentration of 1mg/ml [5]. For this reason, the Mefp-1 was prepared at a 
concentration of 1mg/ml in 0.2M H3PO4 solution. The pH was adjusted to 4.6 using a NaOH 
solution.  

b. Mefp-1 film formation at neutral pH and film complexation  

      A Mefp-1 solution was prepared at a concentration of 0.1mg/ml in 1 wt.% citric acid at pH 7-
8, by using a NaOH solution just 3 minute prior to measurement. For studies of Fe3+ enhanced 
complexation of the pre-adsorbed protein film, a 10μM FeCl3 solution was prepared by 
dissolving a small amount of FeCl3∙6H2O in pure water without pH adjustment. 

c. Mefp-1 film formation at alkaline pH and film oxidation  

      The Mefp-1 was prepared at a concentration of 1mg/ml in 1 wt.% citric acid. The pH of the 
protein solution was adjusted to 9, by using a NaOH solution prior to the film deposition. A 
10mM sodium periodate (NaIO4) solution was used without pH adjustment for chemical 
oxidation of the pre-formed protein film. Protein films were formed on the carbon steel surface 

   9 

 



by immersing the sample in the Mefp-1 solution for 1 hour. The oxidation of selected samples was 
carried out by first rinsing the pre-adsorbed protein film with pure water, and subsequent 
immersion in the NaIO4 solution for 1 hour. Finally, the surfaces were rinsed under flowing water 
and dried by a nitrogen jet. 

d. Mefp-1/ceria composite film formation  

      As shown in Fig. 2.1, the Mefp-1/ceria composite films were prepared by sequential 
adsorption (alternating immersion). The first adsorbed layer was obtained by Mefp-1 adsorption 
using aqueous solutions containing 100 ppm Mefp-1, 1 wt. % citric acid and 50mM NaCl at near 
neutral pH. The next layer was formed by adsorption in an aqueous solution containing 500 ppm 
of ceria nanoparticles. Subsequent adsorption steps were carried out from solutions with the 
same composition, alternating between the Mefp-1 and the ceria nanoparticle containing solutions. 
The substrate was first immersed for 40 minute in each solution to ensure sufficient adsorption. 
This procedure was repeated 4 times for each solution type to form the composite film on the 
sample surface. The immersions were carried out at room temperature and the solutions were 
renewed between each step. After completing the deposition process the sample was gently 
rinsed in pure water, and then kept in air at room temperature overnight before being used for 
further studies.  
 

 
Figure 2.1. Schematic diagram of deposition procedure of Mefp-1/ceria composite film. 

 

      All chemicals used in this study were of analytical purity and aqueous solutions were made 
using pure water with a resistivity of 18MΩ∙cm as prepared by a Milli-Q system.  
 

repeat 4 times 
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Table 2.1. Summary of materials used in this study. 
Substrate Mefp-1 form Mefp-1 solution Corrosive solution Paper 

carbon steel (rebar)   

a. SPS+0.1M NaCl at pH 
10.5 

I 

b. SPS+1M NaCl at pH 
10.5 
c. SPS+0.1M NaCl at pH 
12.5 
d. SPS+1M NaCl at pH 
12.5 

cold rolled carbon 
steel 
 

Mefp-1 in solution 1mg/ml Mefp-1 at pH 4.6 0.1M NaCl+0.2M H3PO4 at 
pH 4.6 

II 

a. Mefp-1 film a. 1mg/ml Mefp-1 at pH 9 a. 0.1M NaCl at pH 9 

III  
b. 0.1M NaCl at pH 6.5 b. oxidized Mefp-1 

film b. 10mM NaIO4 

Mefp-1/ceria 
composite film 
 

a. 100 ppm Mefp-1+50mM 
NaCl at pH 6 0.1M NaCl+0.2M H3PO4 at 

pH 4.6 V 
b. 500 ppm ceria 
nanoparticle+50mM NaCl 

a. 100 ppm Mefp-1+50mM 
NaCl at pH 8-9 

a. 0.1M NaCl at pH 6.5 

VI b. 0.1M NaCl+0.2M 
Na2HPO4 at pH 6.5 b. 500 ppm ceria nano-

particle 

a. iron plate 
b. iron QCM crystal 
c. iron coated IRE 

a. Mefp-1 film 
a. 100 ppm Mefp-1 at pH 7 

 IV b. complexed Mefp-1 
film b. 10μM FeCl3 
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Chapter 3  
Methods 
3.1 Microscopy 

3.1.1 In situ optical microscopy observation 

      In situ optical microscopy observation was carried out at a magnification of 500×. Corrosion 
occurring on the carbon steel surface in the SPS was recorded with a digital camera. The camera 
was set to take one picture every 10 minutes automatically. Photoshop software was used for 
image deduction treatment to show the morphological changes occurring on the exposed surface 
during the corrosion process. 

3.1.2 SEM/EDS analysis 

      Scanning electron microscope (SEM) is a type of electron microscope that produces images 
of the scanned sample with a focused electron beam [68]. The incident beam interacts with the 
sample, and various signals are produced including secondary electrons (SE), backscattered 
electrons (BSE), and characteristic X-rays as shown in Fig. 3.1. The SE generated from the 
interactions of the electron beam with atoms at or near the surface of the sample and can be 
detected with a secondary electron detector. The SE mode imaging normally has quite high 
resolution. BSE are the electrons reflected by the surface layer due to elastic scattering from the 
specimen surface. The backscattered coefficient varies with atomic number, therefore BSE are 
often used in analytical techniques which can provide the elemental composition contrast. When 
an inner shell electron from an atom is removed by the incident electron beam, an electron from 
an outer and higher-energy shell will fill the hole, and energy may be released in the form of X-
rays. An energy-dispersive X-ray spectroscopy (EDS) detector can be used to collect these 
characteristic X-rays, to measure the abundance of elements in the sample surface layer. An SEM 
has a higher magnification and larger depth of field than an optical microscope, and has proved 
to be a powerful method for investigating the surface structure and elemental composition.  

                                                                                  

Figure 3.1. The interaction volume of the SEM, and 
the regions from which secondary electrons, 
backscattered electrons and X-rays may be detected. 
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      A JEOL JSM-840 SEM and a HITACHI TM-1000 SEM were used for microstructure 
characterization and elemental analysis for the carbon steel. For this purpose, the polished carbon 
steel surface was slightly etched using a 2% Nital solution following a standard procedure for 
sample preparation. SEM micrographs were taken in SE contrast mode using an accelerating 
voltage of 20kV. The elemental composition of the inclusions was analyzed by using EDS. 

3.1.3 EMPA mapping 

      An electron probe micro analyzer (EPMA), JEOL JXA-8600, was used for elemental 
mapping of the Mefp-1/ceria composite film deposited on the carbon steel surface. EPMA is very 
similar to an SEM for morphological images, but usually better for analytical purposes. In this 
analysis, element mapping was performed in combination with SEM images. To get good quality 
of the element distribution images, the Ce image was acquired with wavelength dispersive 
spectrometry (WDS), and the C and O images with EDS. Hence, the technique used could be 
called EPMA with combined WDS/EDS. The acceleration voltage used was 10kV. The lateral 
resolution for the elemental analysis was ca. 1μm and the information depth was ca. 2 – 3μm. 
The instrument always operates in high vacuum (ca. 10-5Pa), so the morphology of the composite 
film may have changed somewhat compared to the optical images obtained in air. 

3.1.4 AFM imaging 

      Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) that allows 
high resolution imaging of surfaces in a variety of environments [69]. The AFM scans the sample 
surface using a cantilever with a sharp tip in the order of nanometers. During the scanning, the 
cantilever will be bended or deflected by the forces between the tip and the scanned surface. The 
deflection of a scanning cantilever is recorded by a detector, and is used to generate the 
topographic image of the scanned surface. The AFM cantilever deflection is mostly caused by 
Van der Waals interaction between the tip and sample surface. Depending on the tip-sample 
distance the Van der Waals interaction can be a repulsive force or an attractive force, based on 
which the AFM can be operated in contact mode or non-contact (tapping) mode. 

      In the contact mode, the cantilever is held a few angstroms from the sample surface, and the 
force between the tip and the surface is kept constant during scanning by maintaining a constant 
deflection. Whereas, in the tapping mode, the cantilever is held in the order of tens to hundreds 
of angstroms from the sample surface, and the cantilever is excited to oscillate at or close to its 
resonance frequency. The changes on the oscillation amplitude, phase, and frequency during the 
scanning are used to extract rheological information about the surface. Moreover, AFM imaging 
by tapping mode yields both a topographic image and a phase image. The phase image is 
influenced by variations in surface composition, adhesion, friction, viscoelasticity, etc. Phase 
images obtained simultaneously with topographic images give additional information about 
microstructure [70, 71]. 

      In this study, both in situ and ex situ AFM measurements were performed. For the in situ 
measurements an AFM instrument, Resolver from Quesant (Ambious Technology, USA), was 
used in contact mode with a standard SiN cantilever having a spring constant of 0.2N/m 
mounted on a plastic optical adaptor for measurements in solution. Data were collected and 
analyzed with the Quesant SPM software. The starting surfaces were measured in air with the 
same setup for comparison.  

      Ex situ AFM measurements with a higher resolution were performed using a Nanoscope 
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Multimode AFM in tapping mode. The probe was a phosphorus doped n-type silicon tip with a 
spring constant of 5.7N/m and resonant frequency of 160kHz.  

      All the AFM topographic images (for both in situ and ex situ) were taken with a scan rate of 
1Hz, and flattened to remove the slope due to sample tilting. The surface roughness parameters 
Rq and Ra were determined using the AFM software. Rq is the standard deviation of the surface 
height values, calculated as:    

𝑅𝑅𝑞𝑞 = �∑(𝑍𝑍𝑖𝑖)2

𝑁𝑁                                                                                                     (1)  

And Ra is the arithmetic average of the absolute values of the surface height: 

𝑅𝑅𝑎𝑎 = 1
𝑁𝑁
∑ �𝑍𝑍𝑗𝑗�𝑁𝑁
𝑗𝑗=1                                                                                               (2) 

3.1.5 SKPFM Volta potential mapping  

      Scanning Kelvin probe force microscopy (SKPFM) is an electrical measurement mode based 
on the noncontact AFM set-up. With a conductive AFM tip, SKPFM enables the determination 
of the surface work function at atomic or molecular scales by measuring the electrostatic forces 
between the tip and the sample surface. Work function is defined as the band gap between 
vacuum and the Fermi level. The principle of the technique has been described in the literature 
[72-75]. In brief, the work function difference between tip and sample (∆Ф) generates an electric 
field. To measure the ∆Ф, a DC-bias (Vdc) and an AC-bias [Vacsin(ωt)] are applied between tip 
and sample. Thus, the electric field between tip and sample is  

𝑉𝑉 = (𝑉𝑉𝑑𝑑𝑑𝑑 − ΔΦ) + 𝑉𝑉𝑎𝑎𝑑𝑑sin (𝜔𝜔𝜔𝜔)                                                                                             (3) 

To improve the sensitivity, the AC-bias frequency (ω) can be tuned to the cantilever resonant 
frequency. Similar to a capacitor, the electrostatic force between tip and sample is related to the 
tip-sample separation and can be written as: 

𝐹𝐹 =  1
2

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑉𝑉2                                                                                                              (4) 

where C is the capacitance, z is the separation, and V is the voltage, each between tip and surface. 
Applying equation (3) to equation (4) gives: 

𝐹𝐹 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�1
2

(𝑉𝑉𝑑𝑑𝑑𝑑 −  ΔΦ)2 + 1
4

 𝑉𝑉𝑎𝑎𝑑𝑑2 ������������������
𝐹𝐹𝑑𝑑𝑑𝑑

+ 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

[𝑉𝑉𝑑𝑑𝑑𝑑 − ΔΦ]𝑉𝑉𝑎𝑎𝑑𝑑 sin(𝜔𝜔𝜔𝜔)�����������������
𝐹𝐹𝜔𝜔

−  1
4

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑉𝑉𝑎𝑎𝑑𝑑2 cos (2𝜔𝜔𝜔𝜔)�����������

𝐹𝐹2𝜔𝜔

                (5) 

      Equation (5) shows the total force F between tip and sample that can be divided into three 
terms, the Fdc term, the Fω term and the F2ω term. The Fdc term contributes to the topographic 
image, the F2ω term can be used for capacitance mapping, and we use the Fω term to measure the 
∆Ф. During the measurements Vdc was controlled by a feedback loop to a value (Vdc = ∆Ф) which 
minimized the oscillation of the cantilever at ω frequency. The Vdc values were plotted versus the 
lateral position coordinate, thereby producing the Volta potential map. 

      SKPFM is a powerful technique for studying corrosion mechanisms [72, 76]. Although it is 
not possible to use in aqueous solutions, a linear relation was found between the Volta potential 
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measured in air and the corrosion potential in aqueous solution [77]. Thus, the Volta potential 
measurement made by SKPFM can be regarded as an indication of the relative nobility of 
different microstructural features, which is important for determining their role in micro-galvanic 
interactions. Despite the fact that SKPFM is a very useful technique to evaluate corrosion 
tendency, there still are limitations to measurements made in air for understanding corrosion 
phenomena taking place in solution [75], and caution is needed when interpreting the Volta 
potential data.  

      In this study, SKPFM measurements were performed using a Nanoscope IV AFM with 
facilities for Volta potential measurement. The instrument works in a two-pass mode. In the first 
pass, the topography of the surface is traced with feedback control. In the second pass, the tip is 
lifted to a certain distance (80nm in this work) to avoid the cross talk with the atomic force 
signal, and then the Volta potential data is collected. An antimony-doped Si tip, supplied by 
Veeco was used for the measurements. Potential bias was applied on the sample.  

3.1.6 In situ Peak Force AFM mapping 

      The Peak Force AFM imaging were performed using a feedback controlled force, and several 
surface mechanical properties were obtained simultaneously [78, 79]. The principle of the 
technique has been explained in the literature [80, 81]. In brief, as shown in Fig. 3.2, the Peak 
Force AFM measurement allows determination of surface deformation as the difference between 
the tip-sample separation at the peak force and at a given percentage of the peak force. The tip-
sample adhesion force is determined from the difference 
between the zero force and the minimum force experienced 
during tip retraction, and the dissipated energy during one 
approach-retraction measurement cycle is evaluated from the 
area between trace and retrace curves. Moreover, using the 
Derjaguin‒Muller‒Toporov (DMT) model [82, 83], the elastic 
modulus of the surface can be obtained from the force curve 
where the sample and the tip are in contact [80]. To obtain 
the correct DMT modulus values, the tip radius needs to be 
known. This value can be obtained by calibration against a 
surface with known elastic modulus. In our case we used a 
polystyrene surface with a Young’s modulus of 2.7GPa. 
According to the calibration result, the spring constant was 
0.7N/m, and the tip radius was 10nm. During measurements 
the topographic image and the above-mentioned nano-
mechanical property maps were obtained simultaneously from 
the force vs. separation curves, each collected in about 0.5ms.     

      In this study, Peak Force AFM measurements were performed in situ on the iron substrate 
with a pre-adsorbed Mefp-1 film, immersed in a 1% citric acid solution at neutral pH solution and 
a 10μM FeCl3 solution, respectively. The measurements provide nanometer resolution images of 
topography and nano-mechanical properties of the adsorbed protein films. The AFM instrument 
(Multimode, Nanoscope V, Bruker) is equipped with a fluid cell with inlets and outlets allowing 
solution exchange. Rectangular silicon cantilevers with a spring constant of 0.7N/m, and 
resonant frequency range of 120 – 180kHz (SCANASYST-FLUID+, BRUKER) were employed 
for the measurements. The Nanoscope Analysisi v.120 software (Bruker) was used for image 
analysis. A second order polynomial flattening algorithm was used to remove the titling slope of 
the topographic images. All other images remained as originally obtained. For the quantitative 

Figure 3.2. Peak Force AFM  
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comparison of the nano-mechanical properties of the surface layers, mean values of each 
property were calculated. The mean value for a quantity across an image is the average of the 
values obtained at each pixel and it is calculated as: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑣𝑣𝑀𝑀𝑣𝑣𝑣𝑣𝑀𝑀 = 1
𝑁𝑁
∑ 𝑍𝑍𝑗𝑗𝑁𝑁
𝑗𝑗=1                                                                             (6)                                  

where Zj is the local value (in Z scale) at pixel j and N is the number of pixels. 

3.2 Spectroscopy 

3.2.1 Vibrational spectroscopy 

      Infrared (IR) and Raman spectroscopy are the main techniques used herein to obtain 
vibrational spectra. When IR light passes through a sample, molecules absorb specific frequencies 
that match the vibrational frequency of bonds and change the dipole moment of the molecules. 
Details about the molecular structure of the sample can be revealed by analyzing the spectrum of 
absorbed frequencies. It can be used to determine functional groups in molecules. Raman 
spectroscopy relies on a laser in the visible, near infrared, or near ultraviolet range. When the 
laser light is incident on the sample, the molecules may be excited from the ground state to a 
virtual energy state. During decay of the virtual state, the molecules may return to a state different 
from the original one, and release a new photon. Compared with the excitation photon, the 
frequency of emitted photon is shifted up or down depending on the state of the molecules. A 
Raman spectrum presents the shift of the frequency between the exciting and the scattered 
photon and gives information about the vibrational modes in the system.  

      In an IR spectrum, the units for the X-axis are normally wavenumbers representing the 
absorbance frequency. However, in a Raman spectrum the units for the X-axis are also 
wavenumbers, but represent the Raman shift. The infrared absorbance peak and Raman shift 
peak are at the same position (wavenumber) in the IR and the Raman spectrum for the same 
functional group in the molecule. IR and Raman spectroscopy yield similar but generally 
complementary information due to the difference in their selection rule. IR analysis depends on 
the dipole moment [84], whereas the Raman analysis is determined by polarizability [85]. 
Therefore, IR spectroscopy may be able to analyze some compounds that are not Raman active, 
and vice versa. 

      The application of a Fourier transform spectrometer allows a rapid collection of IR spectra 
with a larger signal-noise ratio, higher resolution and higher wavelength accuracy. Confocal 
Raman micro-spectroscopy (CRM) enables control of the analysis volume of the sample in the 
XY (lateral) and Z (depth) axes. A spatial filter allows us to obtain chemical information with a 
high resolution and analyze the distribution of different phases within a sample under ambient 
conditions. 

a. IRAS analysis 

      Infrared Reflection Absorption Spectroscopy (IRAS) analysis was performed in this thesis 
work. The setup for the IRAS experiments has been described in detail in the literature [86]. The 
experiments were performed using a Digilab FTS 4.0 Pro FTIR spectrometer equipped with a 
nitrogen-cooled mercury cadmium telluride (MCT) detector [87]. The beam was p-polarized and 
directed into an external chamber through a CdTe window striking the sample at a grazing 
incidence (around 78° from the surface normal). The spectra were obtained with Digilab 
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Resolutions Pro 4.3 software at a resolution of 4cm−1 in the range of 500 – 4000cm−1 using 1024 
scans on a 1.5cm2 sample area. Results from these scans were averaged. The spectra were 
recorded in absorbance format (-log R/R0), where R is the reflectivity of the film coated sample 
surface and R0 is the background reflectivity obtained from a bare surface.  

b. ATR-FTIR analysis 

      Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 
measurements were performed using a Varian 7000 spectrometer equipped with a linearized 
MCT detector, a custom made grazing angle total reflectance accessory (GATRTM from 
Harrick), and a removable hemispherical internal reflection element (IRE) with an incident beam 
angle of 65°. The absorbance spectra were obtained as an average of 600 scans across the 
wavenumber region of 4500 – 600cm−1, with a resolution of 8cm−1. The ATR-FTIR data were 
recorded using the Varian Resolution Pro 4.3 software as single beam spectra. They are presented 
in the absorbance format (-log R/R0), where R is the reflected intensity of the sample and R0 is 
the reflected intensity of the background, which obtained by taking the ratio of a single beam 
spectrum of the analyzed layer vs. the single beam spectrum of the surface before the layer 
deposition.  

c. CRM analysis 

      Both ex situ and in situ Raman analyses were performed using a confocal Raman Micro-
spectroscopy (CRM) instrument (WITec alpha300 system, WITec GmbH, Germany), equipped 
with a 532nm laser for excitation. 

      Ex situ Raman spectra were obtained with a 100× objective having a numerical aperture (NA) 
of 0.95. This gave a spatial resolution of 500nm. The Raman spectrum was obtained at each 
image pixel with integration time of 100ms, and stack Raman spectra were obtained from the 
scanned area for spatial analysis.  

      In situ Raman measurements were conducted with an oil immersion objective with 100× 
magnification and a NA of 1.25. The optical parameters give a resolution of 260nm. During the 
measurements, a droplet of the liquid was placed on the substrate and covered by a microscope 
glass slide, which gave an approximate thickness of the liquid layer of 10μm. The Raman 
spectrum was obtained at each image pixel with integration time of 200ms, and stack Raman 
spectra were obtained from the scanned area. The composition distributions were mapped using 
the ‘basis analysis’ and ‘image colour combination’ functions of the software (WITec Project 
2.06). The ‘basis analysis’ function algorithm fits each spectrum of the multi-graph data object 
with a linear combination of the basis spectra using the least square method to evaluate the 
weighting factors. The basis spectrum is the unique Raman spectrum of a material (𝐵𝐵𝑘𝑘����⃗ ). If a 
sample consists of N different materials, its superposition (𝑆𝑆) of Raman spectra can be expressed 
as: 

 𝑆𝑆 =  ∑ 𝑀𝑀𝑘𝑘𝐵𝐵𝑘𝑘����⃗𝑁𝑁
𝑘𝑘=1                                                                                                              (7) 

where 𝑀𝑀𝑘𝑘 is the weighting factor for the basis spectrum 𝐵𝐵𝑘𝑘����⃗ . The weighting factor is proportional 
to the scattering intensity of the material within the laser focus. The weighting factors of various 
components obtained by fitting were stored in an image. Each weighting factor image creates a 
single false color bitmap and all the bitmaps are combined into one composite bitmap by the 
‘image colour combination’ function.   
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3.2.2 XPS analysis 

      X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 
Analysis (ESCA) is a widely used technique to investigate the chemical composition of surfaces. 
XPS irradiates the sample with mono-energetic X-rays, which results in emission of 
photoelectrons from the sample surface. The binding energy of the photoelectrons and the 
number of electrons is determined with an electron energy analyzer and an electron counting 
detector, respectively. Through the binding energy detection and analysis, as well as the number 
of escaped electrons counting, the elemental identity, chemical state, and quantity of an element 
are determined [88]. It is important to note that the penetration depth of the X-rays is normally 
several microns into the material, but the sampling depth of the XPS is 3 to 10nm for polymers 
and less for metals. This is mainly due to the fact that XPS only detects the emitted electrons 
escaped from the surface to the vacuum, and all of the deeper photo-emitted electrons are either 
recaptured or trapped in various excited states within the material [89].  

      XPS was employed to identify ceria and iron oxides components in the Mefp-1/ceria 
composite film. XPS spectra were recorded using a Kratos AXIS UltraDLD X-ray photoelectron 
spectrometer (Kratos Analytical, Manchester, UK) using a Mg X-ray source. Low resolution 
broad binding energy spectra were recorded to detect all elements present in the surface layer. 
The relative surface composition was obtained from quantification of high resolution spectra 
over a narrow binding energy interval for each element. The analysis area was about 1mm2 (most 
of the signal arising from an area of 700 × 300µm).  

3.3 QCM-D  

      A Quartz Crystal microbalance with dissipation monitoring (QCM-D) instrument, which is a 
highly sensitive balance based on the measurement of changes in the resonance frequency of a 
quartz crystal oscillator. Adsorption (or desorption) of materials to the crystal surface will give 
rise to a frequency change, from which the sensed mass can be calculated according to the linear 
relationship described by the Sauerbrey equation [90].  

∆𝑚𝑚 = ∆𝑓𝑓×𝑑𝑑
𝑛𝑛

                                                                                                                (8) 

where Δf is the measured frequency change due to adsorption, C is the mass sensitivity constant 
of the quartz crystal, 0.177mg∙m-2∙Hz-1 for the 5MHz resonance frequency, and n is the overtone 
number (n = 1, 3, 5…). The Sauerbrey equation is commonly used to obtain the sensed mass (m) 
from the change in resonance frequency (Δf). It assumes that the adsorbed film is evenly 
distributed, rigid and thin, and for this situation the change in resonance frequency is only due to 
the mass of the adsorbed film, including water hydrodynamically trapped in the film. The QCM-
D also gives information about shear viscoelastic properties of the film by measuring the energy 
dissipation (D). This parameter is a measure of the amplitude decay rate of the crystal oscillation 
when the voltage is switched off, which is defined as D=Ed/(2πEs), where Ed is the energy 
dissipated during one period of oscillation and Es is the stored energy. For a soft film the decay 
time is small, and the dissipation value is high, whereas for a rigid film the dissipation value is 
smaller.  

      For a soft (viscoelastic) film, the Voigt model is more accurate and informative since it 
utilizes frequency and dissipation data from multiple harmonics (overtones) and allows 
estimations of thickness, shear elastic modulus, and shear viscosity of the adsorbed film. The 
model assumes that the bulk solution is purely viscous and Newtonian, and the adsorbed film is 
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uniform, the viscoelastic properties are frequency independent in the utilized frequency range 
(15MHz to 25MHz), and that there is no slip between the adsorbed layer and the crystal during 
shearing [91, 92]. The frequency change and the dissipation change are given as: 

𝛥𝛥𝛥𝛥 =  𝐼𝐼𝐼𝐼(𝛽𝛽)
2𝜋𝜋𝑡𝑡q𝜌𝜌q

                                                                                                                  (9) 

and  

𝛥𝛥𝛥𝛥 =  − 𝑅𝑅𝑒𝑒(𝛽𝛽)
𝜋𝜋𝑓𝑓𝑡𝑡q𝜌𝜌q

                                                                                                         (10) 

where   

𝛽𝛽 =  𝜉𝜉f
2𝜋𝜋𝑓𝑓𝜂𝜂f− 𝑖𝑖𝜇𝜇f

2𝜋𝜋𝑓𝑓
 1− 𝛼𝛼 exp (2𝜉𝜉1𝑡𝑡f)
1 + 𝛼𝛼 exp (2𝜉𝜉1𝑡𝑡f)

, 𝛼𝛼 =  
𝜉𝜉1
𝜉𝜉2
2𝜋𝜋𝜋𝜋𝜂𝜂f−𝑖𝑖𝜇𝜇f
2𝜋𝜋𝜋𝜋𝜂𝜂b

+ 1

𝜉𝜉1
𝜉𝜉2
2𝜋𝜋𝜋𝜋𝜂𝜂f−𝑖𝑖𝜇𝜇f
2𝜋𝜋𝜋𝜋𝜂𝜂b

− 1
,  𝜉𝜉1 =  �−  (2𝜋𝜋𝑓𝑓)2𝜌𝜌f

𝜇𝜇f+ 𝑖𝑖2𝜋𝜋𝑓𝑓𝜂𝜂f
 , and  𝜉𝜉2 =  �𝑖𝑖 2𝜋𝜋𝑓𝑓𝜌𝜌b𝜂𝜂b

 

where, µ is the elastic shear modulus, η is the shear viscosity, f is the oscillation frequency, t is the 
thickness and 𝜌𝜌 is the density of the adsorbed film. The subscripts q, f and b refer to crystal 
quartz, film, and bulk solution, respectively.  

      In this study a Q-sense E4 microbalance (Q-sense, Gothenburg) was used to measure the 
protein film formation and complexation processes. The temperature of the measuring cell was 
controlled at 25 ± 0.02°C, and the resonant frequency of the oscillator (f) and the energy 
dissipation value (D) were recorded simultaneously as functions of time. The baseline was 
determined using the buffer solution without protein. The Sauerbrey formula was applied for 
evaluating the experimental data with a low ratio of the dissipation change to the frequency 
change. The Voigt model was used for the data presenting high dissipation values. Results at two 
overtones (third and fifth) were fitted to the Voigt model using QTools software v3.0.12.518. 

3.4 Theoretical DFT calculation 

3.4.1 Mefp-1/Fe3+ complexation computation 

      Density functional theory (DFT) calculations within the Kohn-Sham formalism [93] were 
performed for a number of model compounds that included the catechol unit of the DOPA 
residue as well as parts of the protein backbone. We also studied complexation between a Fe3+ 

ion and one or more catechol units and water molecules. All computations were performed using 
Gaussian 09 suite software [94]. The model compounds were subjected to geometry 
optimizations followed by computations of time dependence-DFT electronic absorption spectra, 
IR spectra and pre-resonance Raman spectra. In order to produce reliable resonance Raman 
spectra, computations need to reproduce any electronic absorption bands that lie in the vicinity 
of the excitation wavelength used in the CRM experiment. We tested different exchange-
correlation functions and found the recently developed long range corrected ωB97X function 
[95] to be best suited to reproduce the charge-transfer bands found in complexes between Fe3+ 
and catechols. The LACVP+ basis set, which corresponds to the 6-31+G(d) basis for first and 
second row atoms and an augmented LANL2DZ ECP-basis set for heavier atoms were used for 
all computations. Vibrational spectra were computed within the harmonic approximation, and 
the obtained vibrational frequencies need to be scaled down for comparison with experimental 
spectra. This is the standard procedure when comparing theoretical and experimental spectra, 
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since the computed frequencies are always too large due to the lack of anharmonicity corrections. 
In addition the harmonic potentials are sensitive to electron correlation, and the scaling factor 
will differ depending upon the exchange-correlation function and the basis set used. For the 
ωB97X/LACVP*+ level of theory a scaling factor for the vibrational frequency of 0.94 – 0.95 
was found to give good agreement between theory and experiment for most vibrational bands. 
The exception was vibrations involving Fe–O bonds for which a scaling factor closer to unit was 
more appropriate. 

3.4.2 Mefp-1–ceria nanoparticles binding computation 

      Adsorption of catechol and water to CeO2 nanoparticles were also analyzed by means of DFT 
calculations on model systems using the Jaguar [96] software package. The ceria nanoparticle 
model used was based on a minimal (CeO2)2 system capped by hydrogens on the dangling 
oxygens, i.e. (CeO2)2H2. The 6-31G(d) basis set was used for the lighter atoms. Single point 
calculations were performed at the same level for cerium and hydrogen, but with an extra set of 
diffuse functions applied to oxygen and carbon, i.e. 6-31+G(d). Solvation energies for aqueous 
solution were computed by the self-consistent reaction field method [97] implemented in the 
Jaguar package. This method, as with all continuum methods, is very sensitive to the choice of 
atomic radii used to represent the solute cavity. To obtain a consistent set of radii for all elements, 
values were taken from the SM8-solvation model [98] parameterization by Truhlar and co-
workers. However, the radii were scaled by a factor of 1.12 to reproduce the experimental 
solvation energy of water when used with the Jaguar solvation method. The computations were 
performed with fully analytical integration over the basis functions and using the finest DFT-
grids. Thermodynamic corrections could not be obtained since the Jaguar package cannot 
compute analytic frequencies for basis sets with f-functions. 

      The DFT calculations were performed by a collaborator (Prof. Tore Brinck at KTH). 

3.5 EIS  

      Electrochemical measurements such as electrochemical impedance spectroscopy (EIS) and 
potentiodynamic polarization are widely used for studying corrosion behaviour of steels in 
aqueous environments [67, 99-103]. EIS is a useful technique for long term tests because it does 
not significantly disturb the system and it is possible to follow the changes in the interfacial 
properties over time [104].  

      Electrochemical impedance is usually obtained by applying a small electrical stimulus to an 
electrochemical system and measuring the response from the system. Different types of electrical 
stimulation can be used for EIS measurement. Most common is to apply a single-sinusoidal 
potential (Vt=V0sin(ωt)) to the interface and measure the response current which will also be a 
sinusoid with phase shifts at the same frequency (It=I0sin(ωt+θ)). Here ω is the angular frequency 
in radians given by ω=2πf, where f is the frequency in Hz, and θ is the phase different between 
the excitation potential and the response current. Thus, the impedance (Zt) is defined as: 

𝑍𝑍𝑡𝑡 = 𝑉𝑉𝑡𝑡
𝐼𝐼𝑡𝑡

= 𝑉𝑉0 sin(𝜔𝜔𝑡𝑡)
𝐼𝐼0 sin(𝜔𝜔𝑡𝑡+𝜃𝜃)

= 𝑍𝑍0
sin(𝜔𝜔𝑡𝑡)

sin(𝜔𝜔𝑡𝑡+𝜃𝜃)
                                                                          (11) 

      By transforming the equation (11) with the Euler’s relationship, the impedance can be 
expressed as a complex function: 

𝑍𝑍(𝜔𝜔) = 𝑍𝑍′(𝜔𝜔) +  𝑗𝑗𝑍𝑍′′(𝜔𝜔)                                                                                         (12)  
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𝑗𝑗 =  √−1, is the imaginary number. 𝑍𝑍′ and 𝑍𝑍′′ are the real and imaginary parts of the impedance 
respectively, and can be expressed as: 

𝑍𝑍′ =  |𝑍𝑍| 𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃)      and        𝑍𝑍′′ =  |𝑍𝑍|𝑐𝑐𝑖𝑖𝑀𝑀 (𝜃𝜃)                                                          (13) 

the phase angle θ and the modulus |Z| are given by 

𝜃𝜃 = 𝜔𝜔𝑀𝑀𝑀𝑀−1(𝑍𝑍′′/𝑍𝑍′)       and      |𝑍𝑍| =  [(𝑍𝑍′)2 + (𝑍𝑍′′)2]1/2                                        (14) 

      EIS data are normally presented in Nyquist (Z' versus Z'') and Bode (log│Z│and θ versus f) 
plots, as shown in Fig. 3.3. Spectra can be analyzed by curve fitting using an empirical equivalent 
circuit. The result in Fig. 3.3 presents only one semicircle in the Nyquist plot and one peak in the 
phase angle plot, thus it can be fitted with the simplest equivalent circuit describing the metal-
electrolyte interface in Fig. 3.4a. The circuit consists of the polarization resistance (Rp) and the 
interfacial capacitance (C) in parallel, and the solution resistance Rs connected in series. The time 
constant τ of such a system is given by 

𝜏𝜏 = 𝑅𝑅𝑅𝑅                                                                                                                       (15) 

where R is the polarization resistance (in Ω), C is the capacitance (in F) and can be determined as: 

𝑅𝑅 = 𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟𝐴𝐴/𝑑𝑑                                                                                                               (16) 

where εo is the dielectric permittivity of vacuum, εr is the dielectric constant of liquid of the 
electrochemical double layer or a surface layer when it dominates the capacitive response. A is the 
effective surface area and d is the thickness of the surface layer. It has been known that fast 
processes present a low τ and occur at high frequencies, while slow processes (eg. corrosion 
reactions and diffusion) have a high τ and occur at low frequencies [53].       

 

 

Figure 3.3. EIS data presented in Nyquist (a) and Bode (b) formats. 
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      Since in practice the capacitive response of the interface is not ideal, a constant phase element 
(CPE) is often used instead of the capacitance for spectra fitting. The impedance function of 
CPE is given by  

𝑍𝑍𝑑𝑑𝐶𝐶𝐶𝐶 = 1/[𝑌𝑌0(𝑗𝑗𝜔𝜔)𝑛𝑛]                                                                                               (17) 

where Y0 is a constant (corresponding to capacitance), and n (0 ≤ n ≤ 1) is a mathematical factor 
obtained from the fitting. Y0 acts as a pure capacitance if n = 1. In the case of n = 0, Y0 represents 
a resistor. If n = 0.5, the CPE is analogous to a Warburg element, which relates to a diffusion 
process. The fit parameter, exponential factor n, is often related to the degree of heterogeneity of 
the interface and/or surface film, i.e., the larger the deviation from 1, the more heterogeneous is 
the surface layer [105]. 

      In some cases if the interface consists of two-layer like structure, the EIS spectra may exhibit 
two time constants in the spectra (two peaks in the phase angle curves). Equivalent circuits with 
two R-CPE elements can be applied to interpret the two-time constant spectra. However, caution 
should be made when using complicated models because elements in such models can be 
arranged in several ways to yield the same fitting results. An equivalent circuit cannot be assumed 
to represent an accurate physical model of the system simply due to good fitting of the data 
because one can always get a good fitting by adding lots of circuit elements to a model even 
without any relevance to the system. Therefore, fitting models should use as few elements as 
possible, be physically plausible (with physically meaningful elements) and supported by other 
types of measurements which are necessary for EIS data interpretation. 

      EIS measurements were performed in this study to investigate the overall corrosion 
behaviour, protein inhibition efficiency and the interfacial film structure. A three-electrode 
electrochemical cell was used, with sample as the working electrode, a saturated Ag/AgCl 
electrode as the reference electrode, and a platinum mesh as the counter electrode. The 
measurements were carried out at the open-circuit potential after different exposure times with a 
perturbation amplitude of 10mV and over the frequency range from 104Hz to 10-2Hz. Two 
instruments were used, a Solartron electrochemical interface 1286 coupled with a frequency 
response analyzer 1250, and a Multi Autolab (Metrohm Autolab B.V. Netherlands). The software 
ZView and Nova 1.8 were used for spectra analyses. All the measurements were performed at 
room temperature and repeated at least three times. 

      Three equivalent circuits as shown in Fig. 3.4 are used for the EIS data fitting in this study. 
The circuit in Fig. 3.4a is used for the one-time constant spectra. The equivalent circuits in Figs. 
3.4a and 3.4b are commonly used for describing two-layer like surface structure [106, 107]. 
Sometimes, both the equivalent circuits can be used for fitting of the same data and give almost 
the same fitting quality in terms of mathematic criteria. In practice, the circuit in Fig. 3.4b is used 
for the data of specimens having a compact inner layer and a porous outer layer, while the circuit 
in Fig. 3.4c is used to fit the spectra for the specimens with two relatively compact layers. It 
should be mentioned that both models are very simplified considering the actual microstructure 
of the surface layers. The inhibition efficiency can be calculated based on the increase of the 
polarization resistance: 

𝜂𝜂% = (𝑅𝑅𝑝𝑝 − 𝑅𝑅𝑝𝑝,𝑑𝑑𝑡𝑡𝑟𝑟𝑐𝑐)/𝑅𝑅𝑝𝑝                                                                                          (18) 

where Rp,ctrl is the polarization resistance of the control sample. In the cases of spectra with two 
time constants, the Rp is the sum of the resistance of the two layers. 
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Figure 3.4. Equivalent circuits used for EIS spectra fitting in this study. 
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Chapter 4 
Mefp-1 Adsorption & Film Compaction 
4.1 pH effect of adsorption  

4.1.1 Adsorption at acidic pH (paper II)  

      The adsorption of Mefp-1 on a carbon steel surface at pH 4.6 was monitored by in situ AFM. 
The starting surface is not uniform, as shown in Fig. 4.1 defects can be observed on a polished 
surface. Consecutive topographic images were recorded on interesting area after exposure of the 
surface to 1mg/ml Mefp-1 solution as shown in Fig. 4.2.  

      After 10 minutes of exposure, there is no polishing 
scratches left on the surface, indicating high coverage of the 
protein, see Fig. 4.2a. However, the protein film has a porous 
structure with some voids formed between the Mefp-1 
aggregates. Moreover, some holes were also observed on the 
surface as marked with arrows in Fig. 4.2, which could be sites 
of uncovered surface defects. These voids and holes remained 
visible in the topographic images during the 40 minutes of 
exposure and the height of the large aggregates in between the 
marked holes increased with time as indicated by the line 
profiles (Figs. 4.2a-d). During the initial 30 minutes of 
exposure the Z-scale (see Figs. 4.2a-c) increased with time 
which could be due to both the growing of Mefp-1 aggregates 
and some localized dissolution of the substrate.  

 

Figure 4.1. Ex situ AFM image 
of the carbon steel surface  
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Figure 4.2. A sequence of  in situ AFM images and the profile lines of  the carbon steel surface 
after 10 (a), 20 (b), 30 (c), 40 (d) min of  exposure to 1mg/ml Mefp-1 solution at pH 4.6. 

4.1.2 Adsorption at basic pH (paper III) 

      The adsorption of Mefp-1 on the carbon steel at pH 9 was also monitored with in situ AFM. 
After 15 minutes of exposure to the pH 9 Mefp-1 solution, the AFM image shows no polishing 
scratches, but a hole like feature which could be the uncovered carbon steel surface defect (Fig. 
4.3a). With prolonged exposure time, the morphology of the surface remained relatively stable, 
whereas a significant increase on the Z-scale was observed after 100 minutes of exposure, which 
is most likely both due to the growth of the protein film and localized corrosion dissolution of 
the uncovered hole, as shown in Fig. 4.3b.  

 

Figure 4.3. In situ AFM images and 
the profile lines of  the carbon steel 
surface exposed to a 1mg/ml Mefp-
1 solution at pH 9, after 15 (a) and 
100 (b) min. 
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4.1.3 Adsorption at neutral pH (paper IV)  

      The adsorption behavior of the Mefp-1 at neutral pH was also investigated with an oxidized 
iron surface exposed to a 0.1mg/ml Mefp-1 solution. Due to the application of different 
techniques, the results cannot be compared with those from acidic and basic solutions. However, 
these results provide different aspects of the Mefp-1 adsorption. 

a. Kinetics aspect  

      The adsorption of the Mefp-1 on an iron substrate was followed with the QCM-D. The 
sensed mass determined with QCM-D includes the mass of the adsorbed protein and that of 
water hydrodynamically coupled to the layer. As illustrated in Fig. 4.4, the exposure to the Mefp-1 
solution leads to an initial rapid adsorption, as expected for a protein showing high affinity for 
the adsorbent. After this initial rapid adsorption, a slower increase in the sensed mass is observed, 
suggesting a continuous build-up of  the Mefp-1 layer. The plot of  the change in dissipation (∆D) 
as a function of  the change in frequency (∆f) can be used for visualizing structural changes in 
adsorbed layers. During Mefp-1 adsorption (Fig. 4.5), ∆D initially increases linearly with decreasing 
frequency. The slope of  the curve increases when ∆f exceeds about 25Hz. This clear increase of  
the slope suggests that the film becomes more extended as the adsorption approaches 
equilibrium. The transition range in the ∆D – ∆f  curve corresponds to the transition range 
between the fast and slow adsorption regime marked with arrow ‘a’ in Figs. 4.4 and 4.5. This 
structural change may be explained as being due to increased repulsion between neighboring 
molecules at higher surface coverage.  

      

 

Figure 4.4. The calculated thickness and 
sensed mass on an iron substrate as 
functions of time during the adsorption 
of Mefp-1 (in a 100 ppm Mefp-1 solution 
at pH 7). Arrow ‘a’ marks the transition 
point from fast initial rapid adsorption 
to slow adsorption. 

 

Figure 4.5. Dissipation change (∆D) as a 
function of frequency change (∆f) during 
Mefp-1 adsorption (in a 100 ppm Mefp-1 
solution at pH 7). Arrow ‘a’ marks the 
transition point from fast initial 
adsorption to slow adsorption. The inset 
images illustrate the conformation of the 
adsorbed protein layers on the iron 
substrate. The time line in the figure 
goes from left to right.  
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b. Chemical composition aspect  

      In situ ATR-FTIR was employed to obtain the chemical information of Mefp-1 adsorbed on 
the iron substrate. Fig. 4.6a presents the IR spectra recorded after different exposure times. The 
negative band in the region around 3050 – 3650cm-1 shows decreased water content in the 
vicinity of the substrate due to Mefp-1 adsorption on the surface. The bands that are similar for 
the two surfaces, oxidized iron (Fig. 4.6b) and ZnSe (Fig. 4.6c), can be assigned to vibrations of 
the protein backbone and of the DOPA side chain without a need to consider the influence of 
the substrate. On the basis of DFT calculations, the following assignments for the main bands 
were made. The very strong band around 1640cm-1 is associated with the C=O stretching of 
amide groups of the backbone (Amide I). The peak around 1550cm-1 has contributions from two 
different types of transitions, i.e. N–H bending of the backbone (Amide II) and aromatic C–C 
stretching of the catechol aromatic ring of the DOPA residue.  

      However, it should be noted that there are some clear differences between the spectra of 
Mefp-1 adsorbed on oxidized iron surface (Fig. 4.6b) as compared to that obtained on the ZnSe 
IRE (Fig. 4.6c). It seems clear that the differences in the spectra are most likely associated with 
catechol rings and their appearance requires the presence of Fe3+ in some form. The observation 
inspired a further study on the Fe3+ action of the adsorbed Mefp-1 layer which will be discussed in 
section 4.2. 

 

 

Figure 4.6. (a) In situ ATR-FTIR spectra of the iron substrate in 100 ppm Mefp-1 solution at pH 7, 
(b) the same data enlarged in the wavenumber region 1700 – 1200cm-1, and (c) spectra of the 
ZnSe IRE surface in 100 ppm Mefp-1 solution at pH 7. 

   27 

 



4.1.4 Conclusion 

      In situ AFM observations of the Mefp-1 adsorption on the carbon steel surface indicate that 
pH has a strong influence on the degree of aggregation and rate of adsorption. Larger aggregates 
and faster film formation are observed at higher pH. Moreover, QCM-D results at neutral pH 
indicate a structural change of  the protein layer towards a more extended conformation that 
occurs as equilibrium adsorption is approached. 

      In addition, it has been also noted that larger aggregates form and grow near the surface 
defects (pin-holes), and IR spectra of the Mefp-1 layer on the iron substrate exhibits different 
features than that on a bare ZnSe IRE surface. These observations are probably related to the 
interaction between adsorbed Mefp-1 and iron ions released from the iron substrate, and motivate 
the investigation of Fe3+ induced complexation within the adsorbed Mefp-1 film, which is 
discussed in section 4.2.  

4.2 Mefp-1 film complexation (paper IV) 

4.2.1 Structural change revealed by QCM-D 

      As shown in Fig. 4.7, the rinse of  the pre-adsorbed Mefp-1 layer with a 10μM FeCl3 solution 
leads to a decrease of  the sensed mass, which can arise from removal of  some of  the coupled 
water in the protein layer and probably also some loosely bound Mefp-1. Moreover, the ∆D – ∆f  
plot obtained in the FeCl3 solution (Fig. 4.8) shows that ∆D first decreases linearly with deceasing 
∆f, indicating formation of a more compact layer. This process is rapid as seen by the drop in the 
thickness and the sensed mass shown in Fig. 4.7. However, after the point marked as ‘a’ in Fig. 
4.8, ∆D increases somewhat, a feature that could be due to increasing net positive charge of the 
Mefp-1/Fe3+ surface film as compared to the Mefp-1 layer prior to Fe3+ addition, and thus 
increased electrostatic repulsion within the layer. 

 

 

 

Figure 4.8. Dissipation change (∆D) as a 
function of frequency change (∆f) during the 
Fe3+ induced complexation process (in 10µM 
FeCl3 solution). Arrow ‘a’ marks the transition 
point where a transformation of the film 
structure occurred. The time line in figure goes 
from left to right. 

Figure 4.7. The calculated thickness and 
sensed mass on an iron substrate as functions 
of exposure time, when switching from Mefp-1 
solution to 10µM FeCl3 solution. Arrow ‘a’ 
marks the transition point where a 
transformation of the film structure occurred. 
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4.2.2 Nano-mechanical properties revealed by in situ Peak Force AFM 

      The Peak Force AFM measurements provide information on nano-scale mechanical 
properties of the surface, as shown in Fig. 4.9. Mean values of the deformation and the modulus 
are provided in Table 4.1. The results indicate that Fe3+ enhanced complexation of the adsorbed 
Mefp-1 film results in less deformation, and larger modulus values. This indicates that the 
complexation increases the stiffness of the Mefp-1 film and results in a denser film. The Peak 
Force AFM observations are consistent with the decreased dissipation value and thickness 
observed with the QCM-D (section 4.2.1).    

 

 

Figure 4.9. Peak Force AFM images of (A) topography (B) deformation, and (C) DMT modulus 
of the Mefp-1 film on the iron substrate in buffer (up-I), and in 10μM FeCl3 solution (down-II). 
The scanned area is 500nm2. 

Table 4.1. Mean values of the mechanical properties of Mefp-1 films.  

State of  Mefp-1 film Deformation (nm) Modulus (MPa) 

Before complexation 7.0±2.1 38.2±21.9 

After complexation 5.6±0.7 185.0±51.3 
 

4.2.3 Chemical change revealed by in situ ATR-FTIR analysis  

      The IR spectrum of the Mefp-1 film on an oxidized iron surface in 10μM FeCl3 solution (Fig. 
4.10a) shows some clear differences as compared to that obtained on a ZnSe IRE surface in the 
Mefp-1 solution (Fig. 4.10b). The spectrum in Fig. 4.10a displays a clear peak at 1485cm-1 that is 
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entirely absent for the Mefp-1 on the ZnSe surface (Fig. 4.10b). Moreover, the shoulder at 
1423cm-1 of the peak at 1450cm-1 (1454cm-1 on ZnSe) is only found on the iron substrate. A more 
pronounced difference is the strong peak at 1260cm-1 present on the iron substrate, which is 
replaced by a much weaker peak at 1243cm-1 on the ZnSe surface.  

      The DFT computation shown in Fig. 4.11 strongly indicates that Fe(Cat)3 complexes are 
formed in the adsorbed Mefp-1 film due to the Fe3+ ions in the FeCl3 solution and those released 
from the oxidized iron surface. But the existence of other types of complexes between Fe3+ and 
catechol groups cannot be discarded as such complexes may not result in clear fingerprints in the 
IR spectrum.  

 

Figure 4.10. In situ ATR-FTIR spectrum of the iron substrate with a pre-adsorbed Mefp-1 film in 
10μm FeCl3 solution (a) and spectrum of the ZnSe surface in 100 ppm Mefp-1 solution at pH 7. 
 

 

Figure 4.11. DFT computed IR spectrum for the [Fe(Cat)3]3- complex. The very high intensities 
for the bands at 1487cm-1 and 1257cm-1 indicate that complexes of this type can explain the 
existence of bands close to these frequencies in the experimental IR spectrum of Mefp-1 on the 
iron substrate. The computed frequencies have been scaled by a factor of 0.945 to account for 
anharmonicity effects. A Gaussian broadening of 20cm-1 has been introduced. 
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4.2.4 Chemical change revealed by in situ CRM analysis  

      The Raman spectra provide information over a larger wavenumber range than the ATR-
FTIR spectra. The DOPA peaks show a resonance enhancement upon Fe3+ complexation in the 
Raman spectra. Fig. 4.12 illustrates the Mefp-1 complexation induced by Fe3+ ions released from 
the substrate and added with the FeCl3 solution, respectively. As shown in Fig. 4.12a, when the 
iron substrate is exposed to the Mefp-1 solution, there is no visible Mefp-1 band in the Raman 
spectrum after 1 minute of exposure. After 10 minutes of exposure some organic related bands 
can be observed in the range of 1200 – 1600cm-1 (Fig. 4.12a) suggesting an increase in the 
amount of adsorbed Mefp-1. However, the bands are relatively broad and characteristic peaks of 
the Mefp-1 were not distinguishable, which is mainly due to too low an adsorbed amount of Mefp-
1 on the iron substrate for detection by the CRM. After 10 minutes of exposure to the Mefp-1 
solution, the surface was rinsed with the buffer solution (1% citric acid at pH 7) and then 
exposed to a 10µM FeCl3 solution which, in principle, may lead to a further decrease of the 
adsorbed amount of Mefp-1. However, in the FeCl3 solution the resonance enhanced peaks typical 
for Fe(Cat)3 complexes begin to appear in the Raman spectrum as shown in Fig. 4.12b.  

 

Figure 4.12. In situ CRM spectra for Mefp-1 films adsorbed on the oxidized iron surface. (a) 
Oxidized iron surface after 1 and 10 min exposure to the 100 ppm Mefp-1 solution at pH 7, (b) 
pre-adsorbed Mefp-1 film formed in 10 min exposed to 10μM FeCl3 solution, (c) oxidized iron 
surface after 1 hour exposure to the 100 ppm Mefp-1 solution at pH 7. 

      The same peaks could also be discerned from DFT calculation of pre-resonance Raman 
spectra of the [Fe(Cat)3]3- complex (Fig. 4.13). The resonance-enhanced peaks in the region of 460 
– 700cm-1 are related to vibrations of the C–O groups bonded to the central Fe3+. The peak at 
547cm-1 has been assigned to δ, ν–chelate, and the peaks at 591 and 638cm-1 to ν Fe–O [108, 109]. 
There are also several resonance-enhanced bands in the region of 1200 – 1500cm-1 that are due to 
vibrational motions of the C– and H– atoms of the catechol units. The resonance-enhanced 
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bands are several orders of magnitude stronger than the normal bands, and in agreement with the 
CRM observation, bands associated with vibrations of the protein backbone are too weak to be 
observed [110, 111].  

      Interestingly, if the iron substrate is kept immersed in the Mefp-1 solution, the Raman 
spectrum is gradually transformed into that obtained when the surface is exposed to the FeCl3 
solution, and already after an hour’s exposure the two spectra are basically indistinguishable (Fig. 
4.12c). The identical nature of the spectra in Fig. 4.12b and 4.12c indicates Fe3+ is slowly released 
from the iron substrate in the presence of a Mefp-1 solution, and these results in the formation of 
Fe(Cat)3 type complexes similar to those observed when the pre-adsorbed Mefp-1 film is exposed 
to the diluted FeCl3 solution.  

 

Figure 4.13. DFT computed pre-resonance Raman spectrum for the [Fe(Cat)3]3- complex. An 
incident wavelength of 450nm was assumed in the computation. The computed frequencies have 
been scaled by a factor of 0.945 to account for anharmonicity effects. A Gaussian 4 broadening 
of 20cm-1 has been introduced. 

4.2.5 Conclusion 

      The formation of  tri-Fe3+/DOPA complexes in the protein film is confirmed by the 
spectroscopic analyses and supported by theoretical calculations. The complexation of  the Mefp-1 
film can be induced by Fe3+ released from the surface of  iron substrate and the introduction of  
the diluted FeCl3 solution. The QCM-D results suggest that the tri-Fe3+/DOPA complexes 
formation causes a compaction of  the Mefp-1 film. 

4.3 Chemically induced oxidation (paper III) 

4.3.1 Structural change revealed by ex situ AFM  

      Fig. 4.14 presents ex situ AFM images of the Mefp-1 films on carbon steel before (Fig. 4.14a) 
and after (Fig. 4.14b) chemical oxidation induced by NaIO4. The topographic images in the 20μm 
scale suggest a smothering of the Mefp-1 film with the oxidation treatment. 
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      Topographic images with a higher resolution shown in Fig. 4.15 obtained over a smooth area 
of the surface clearly show nano-sized objects in both films. The images provide clear evidence 
that the chemical oxidation leads to a shrinking of the protein aggregates. The statistical 
evaluation of the surface roughness of the images in Fig. 4.15 is provided in Table 4.2. Lower 
roughness values after the oxidation suggest that chemically induced oxidation results in a thinner, 
denser and more uniform film. 

 

Figure 4.14. AFM image of  the adsorbed Mefp-1 film on carbon steel before (a) and after 
chemical oxidation (b). The scanned area is 20μm2. 

 

 

Figure 4.15. AFM image of  the Mefp-1 film on carbon steel before (a) and after (b) chemical 
oxidation. The scanned area is 500nm2. 
 
 
Table 4.2. Surface roughness evaluation of  images in Fig. 4.15. 

State of  Mefp-1 film Z-range (nm) Rq (nm) Ra (nm) 
before oxidation 22.6 3.2 2.4 
after oxidation 10.9 1.1 0.7 
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4.3.2 Chemical change revealed by ex situ IRAS 

      Fig. 4.16 shows the IRAS spectra for the pre-formed Mefp-1 films on carbon steel before and 
after NaIO4 induced oxidation. The most prominent bands in Fig. 4.16 are marked as arrow ‘a’, ‘b’ 
and ‘c’. As depicted in Fig. 4.17, the band ‘a’ is associated with C=O stretching of the amide 
groups in the backbone. Band ‘b’ has contributions both from N–H stretching of the backbone 
and C–C stretching of the aromatic ring of the DOPA side chain. The latter contribution is 
responsible for the shoulder of the band at 1480cm-1 and is not present in the spectrum of the 
oxidized protein. Band ‘c’ is related to C–O stretching of DOPA hydroxyl groups. 

      Most noticeably, the band ‘c’ disappears in the spectrum upon chemically induced oxidation 
due to the transformation of DOPA into o-quinone. The DFT calculation demonstrates that the 
conversion of the C–O stretching to the C=O stretching actually increases the band intensity, but 
it becomes hidden under the peptide C=O stretching in band ‘a’. 

 

Figure 4.16. IRAS spectrum of  Mefp-1 adsorbed on carbon steel without and with NaIO4 induced 
oxidation. 
 

 

Figure 4.17. DFT-optimized geometry of  a model compound with a DOPA side chain that has 
been used to analyze the IR-spectrum of  unoxidized Mefp-1. Oxygen, nitrogen and hydrogen 
atoms are colored red, blue and white, respectively, while carbon atoms are grey. The main 
vibrational movements for the different bands of  the spectra in Fig. 4.16 are indicated by arrows. 
The arrows marked “bs” refer to the shoulder of  band “b”. 

4.3.3 Conclusion 

      The NaIO4 induced oxidation of the pre-formed Mefp-1 film involves structural change of the 
DOPA group in the protein and results in a thinner, denser and more uniform film.   
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Chapter 5 
Mefp-1/ceria Composite Film 
Formation & Characterization 
5.1 Deposition of Mefp-1/ceria composite film (paper V) 

      The formation of the composite film on a ‘stainless steel’ covered QCM crystal was illustrated 
by the sensed mass and dissipation energy changes as functions of immersion numbers. Fig. 5.1a 
shows a continuous build-up of the composite film with each succeeding immersion step. The 
ceria nanoparticles are almost irreversibly incorporated into the composite film. Based on the 
increased sensed mass and density of ceria in massive form, a rough estimation of the average 
film thickness is of the order of 10nm for the film built by 4 alternating depositions. Fig. 5.1b 
shows high dissipation values obtained for the Mefp-1 adsorption and low values for ceria 
nanoparticles adsorption. This result demonstrates that the Mefp-1 adsorbs in an extended 
conformation that allow significant hydrodynamic coupling to the solvent. In contrast, ceria 
nanoparticles adsorption induces the formation of a more compact and rigid layer.  

   

Figure 5.1. Sensed mass (a) and change in energy dissipation (b) as a function of  immersion 
numbers during sequential adsorption of  Mefp-1 (■) and ceria nanoparticles (●), and after rinsing 
with water following adsorption steps of  the Mefp-1 (□) and ceria nanoparticles (○).   

5.2 Characterization of Mefp-1/ceria composite film (paper V & VI) 

5.2.1 EPMA observation  

      Fig. 5.2 shows a BSE-SEM image and the elemental distribution maps of the composite film 
deposited on the carbon steel surface. Apparently as shown in the SEM image, the deposited 
composite film is heterogeneous with some features in micro-size distributed on the surface. The 
elemental images show coherent enrichment of Ce and O and C in the micro-domains, indicating 
that Mefp-1 and ceria aggregates stick together in the composite film. 
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Figure 5.2. BSE-SEM image of  the Mefp-1/ceria composite film deposited on the carbon steel 
and corresponding WDS/EDS elemental distribution maps of  Ce, C and O.  

5.2.2 AFM observation 

      Fig. 5.3 shows an example of topographic and phase images of a compact part of the 
composite film deposited on the carbon steel surface. As shown in Fig. 5.3a, the carbon steel 
surface was fully covered by aggregates with a size of about 100nm. Moreover, as revealed in the 
phase image, each aggregate consists of two different phases (a hard one and a soft one), 
suggesting different properties of the components. In this case, the phase image illuminates the 
hard ceria distributed in Mefp-1 aggregates that are relatively soft [112]. 

   

Figure 5.3. (a) AFM topographic image of  a compact part of  the composite film deposited on 
the carbon steel surface. (b) Corresponding phase image showing two distinct phases. The 
scanned area is 500nm2. 
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5.2.3 CRM analysis and DFT calculation  

      The CRM measurements were made on the Mefp-1/ceria composite film coated carbon steel 
surface, as exemplified in Fig. 5.4a. The reference spectra of Mefp-1 (Fig. 5.4b) and CeO2 (Fig. 
5.4c) were obtained from the pure compounds deposited on glass slides, where the complexation 
of Mefp-1 with species released from the substrate is negligible. The reference spectrum of Mefp-1 
(Fig. 5.4b) shows characteristic features of the DOPA functional group, which have been 
observed only for the non-complexed Mefp-1 [20, 111]. Compared to the reference spectrum, the 
Raman spectrum of the composite film shows some distinct bands that most likely arise from 
coordination of the DOPA group with Fe3+. The most prominent peak at 1498cm-1 is assigned to 
vibrations of the symmetric coordination of three catechols to one Fe3+ ion according to the 
DFT calculation (section 4.2.4). Moreover, normalized spectra (normalized to CH band at 2800 – 
3200cm-1) is shown as the inset in Fig. 5.4, which illustrates the resonance effect of the tri-
DOPA/Fe3+ bands (below 1800cm-1) in the spectrum of the composite film.  

 
Figure 5.4. (a) Raman spectrum of the Mefp-1/ceria composite film on the carbon steel obtained 
within 5 min of exposure to the 0.1M NaCl solution, (b) reference Raman spectrum of the pure 
Mefp-1 deposited on glass obtained in air, (c) reference Raman spectrum of the ceria nanoparticle 
deposited on glass obtained in air. Inset spectra of (a) and (b) show actual peak intensities 
normalized to the CH band (2800 – 3200cm-1) to emphasize the Raman enhancement by 
resonance. 
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      DFT calculations were performed on model systems to investigate the propensity for the 
catechol-units of Mefp-1 to bind with ceria nanoparticles. In aqueous solution there will be a layer 
of water molecules adsorbed on the surface of the ceria particles. Fig. 5.5a depicts the bare model 
system with one water molecule dissociatively adsorbed per CeO2-unit. Calculations show that it 
is energetically favoured to (non-dissociatively) adsorb one additional water molecule per CeO2, 
which would result in the structure shown in Fig. 5.5b. The adsorption of one catechol unit to a 
CeO2-particle will most likely involve desorption of two water molecules from the particles. The 
exchange energy for each structure to replace the catechol with two water molecules from 
solution is listed in Fig.5.5. Fig. 5.5f shows the optimized structures of our model CeO2-system 
with one catechol unit adsorbed together with 0 – 2 water molecules. Interestingly, for all systems 
the catechol unit binds in a similar fashion, e.g., one oxygen atom binds only to one cerium atom 
while the other is shared between two. This binding pattern was obtained independent of the 
starting geometry in the optimizations. Considering that replacing one catechol with two water 
molecules most likely carries an entropic cost, the results suggest that catechol will bind strongly 
to ceria nanoparticles in a process that is both exothermic and exergonic. This is consistent with 
our previous QCM study of the deposition of the Mefp-1/ceria composite film, i.e., ceria can be 
added to the film by alternate immersion, and with the SEM characterization showing coherent 
enrichment of Ce, O and C in the micro-domains. Moreover, this implies that ceria nanoparticles 
in the composite film will remain bonded in the surface film by Mefp-1 during exposure to 
aqueous solutions.    

 

Figure 5.5. DFT optimized structures and computed energies (in kcal/mol) of the model 
compounds employed to analyze adsorption of catechol and water molecules on ceria 
nanoparticles. ∆E-wat is the energy in solution to desorb one water molecules. ∆Eexc is the energy in 
solution to exchange one catechol for two water molecules. Numbers in parenthesis refer to the 
corresponding energies in a gas phase. (a) one water molecule dissociatively adsorbed to one 
CeO2-unit, (b) with one additional water molecule per CeO2, (c)-(f) one catechol molecule 
adsorbed to one CeO2 with a different number of simultaneously adsorbed water molecules. 
Structure (f) has the same stoichiometry as (e) but lies higher energy in solution.  
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      Only signals from the DOPA/Fe3+ complex were clearly detectable by CRM from the Mefp-
1/ceria composite film deposited on the carbon steel surface due to the prominent resonance 
effect. However, neither the ceria nor the Fe oxides peaks were observed in the Raman spectra of 
the composite film on the steel surface, most likely due to small amounts of ceria and oxides in 
the composite film being insufficient to be detected by the CRM. Hence, investigation utilizing a 
higher surface sensitivity technique such as XPS is motivated. 

5.2.4 XPS analysis  

      XPS provides information about the outmost surface layer with a measuring depth which is 
comparable to the thickness of the composite film ≈ 10nm. In this case, the detected XPS signal 
mostly originates from the Mefp-1/ceria composite film, whereas the surface oxides formed on 
the carbon steel surface below the composite film only provide weak signals. Table 5.1 shows the 
XPS results, giving the relative chemical composition for the main elements detected in the 
surface layer. The result demonstrates the existence of the Ce and Fe elements in the analyzed 
area of the surface layer. As expected, C and O are the dominant elements in the surface layer 
because of the Mefp-1, ceria, and also hydrocarbon contamination commonly detected in XPS 
analysis. To determine the oxidation state of Ce and Fe elements in the surface film, high-
resolution spectra of Ce 3d and Fe 2p, were analyzed and compared with the spectra in the 
literature. In the Ce 3d spectrum, peaks at binding energy 917eV and 883eV are observed 
(marked in Fig. 5.6a), which are the fingerprint for Ceria(IV) in CeO2

 [113]. For the Fe species as 
shown in Fig. 5.6b, the most pronounced signal is centered around 712eV. This suggests that the 
state of Fe in the composite film or the surface oxide layer is mainly Fe(III) [114], likely as Fe2O3 
and FeOOH, probably also in the complex with Mefp-1, all could be formed during the film 
deposition process, however, minor amounts of Fe2+ species cannot be excluded, since these two 
peaks are overlapping and hard to separate.  

Table 5.1. Relative surface composition of the main elements, expressed in atom%. 
C O N Ce Fe 

49.6 33.0 6.9 3.6 6.1 

  

 

Figure 5.6. High-resolution XPS spectra of the composite film for (a) Ce and (b) Fe elements. 

   39 

 



5.2.5 Conclusion 

      Through alternating immersion deposition, thin composite films of Mefp-1/ceria 
nanoparticles can be formed on carbon steel surface. The composite film consists of micro-
domains of Mefp-1 aggregates distributed in a compact and smooth layer and densely packed ceria 
nanoparticles. The Raman spectra assisted by DFT calculations suggest in a composite film the 
Mefp-1 forms tri-Fe3+/Mefp-1 complex and also binds to ceria nanoparticles, removing the surface 
coupled water. Moreover, XPS analysis confirms the incorporation of CeO2 and ferric oxides in 
the composite film. 

5.3 Changes in Mefp-1/ceria composite film during exposure (paper VI) 

5.3.1 Bare carbon steel in 0.1M NaCl solution (for comparison)  

      In situ CRM measurements were performed on a bare carbon steel surface exposed to 0.1M 
NaCl solution for comparison. Since corrosion products formed on carbon steel surfaces are very 
complicated and may contain different types of iron oxides, hydroxides and oxyhydroxides, 
spectral assignments and interpretations are mostly accomplished by comparing with reported 
spectra in the literature. After 1 hour of exposure, corrosion product can be observed, and only 
FeO [115] Raman spectrum was detected as shown in Fig. 5.7a. After 1 day of exposure, the FeO 
was not detectable, but Fe3O4 [116] and mixture of Fe3O4/γ-FeOOH [117] spectra were obtained 
as shown in Figs. 5.7b and 5.7c respectively. The repeated in situ CRM observations (Figs. 5.7b 
and 5.7c) suggest that the Fe3O4 and the Fe3O4/γ-FeOOH were the only detectable components 
on the bare carbon steel surface from 1 day to 4 days of exposure.  

 

 

 

Figure 5.7. (a) FeO type Raman spectrum 
obtained after 1 hour, (b) Fe3O4 type Raman 
spectra and (c) Fe3O4/γ-FeOOH type Raman 
spectra, obtained after 1 to 4 days on a bare 
carbon steel surface exposed to a 0.1M NaCl 
solution. 
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5.3.2 Mefp-1/ceria composite film coated carbon steel in 0.1M NaCl solution 

      In situ CRM measurements were also performed on the composite film coated carbon steel 
surface exposed to the NaCl solution. After 1 hour of  exposure, in addition to the Mefp-1/ceria 
composite film signal (spectrum in Fig. 5.8a), iron oxides/oxyhydroxides (spectrum in Fig. 5.8b) 
started to be detectable in some local areas of  the sample surface, indicating the considerable 
corrosion of  the substrate. However, no FeO type spectrum was detected. The spectrum in Fig. 
5.8a is identical with that of  the Mefp-1/ceria composite film shown in Fig. 5.4a. The spectrum in 
Fig. 5.8b is almost the same as that in Fig. 5.7c, which has been assigned to the mixture of  
Fe3O4/γ-FeOOH. Interestingly, it seems that the Mefp-1/ceria film promotes the oxidation of  Fe 
into Fe3O4 and γ-FeOOH, instead of  FeO. This is probably due to electron delocalization and 
charge transfer between Mefp-1 and Fe2+ ions [6, 60].  

 

Figure 5.8. Raman spectra obtained from the Mefp-1/ceria composite film coated carbon steel 
surface exposed to 0.1M NaCl solution after 1 hour. (a) Typical spectrum of the Mefp-1/ceria 
composite film, and (b) spectrum of corrosion products in the form of Fe3O4/γ-FeOOH. 

      The spectra obtained after 1 day of  exposure exhibit the same features as that recorded after 
1 hour. However, Fig. 5.9 indicates the coverage of  the Mefp-1/ceria film on the surface decreased 
whereas the coverage of  Fe3O4 increased with time of  exposure. After 2 days of  exposure, Fe3O4 
became the dominating compound among the corrosion products, while only a small amount of  
the Mefp-1/ceria film was detected on the surface (Fig. 5.9c). After 4 days of  exposure, the Mefp-1 
related spectrum was almost undetectable and the surface was fully covered by the Fe3O4. The 
reason for disappearance of the Mefp-1 related spectrum is most likely due to the dominant Fe3O4 
compound in the surface layer. The focus depth of  the laser beam of  the CRM measurement is a 
few hundreds of  nanometers, so the thin Mefp-1/ceria film will not be detected if  the focus is on 
the relatively thick Fe oxide/oxyhydroxides layer. The explanation is consistent with the EIS 
results, showing a higher corrosion resistance for the sample with the Mefp-1/ceria film compared 
with that of  the control sample (in section 6.2). 

5.3.3 Conclusion 

      Comparison between the observations reveals the role of  the Mefp-1/ceria composite film as 
corrosion protection for carbon steel. Without a composite film, fast corrosion takes place on the 
carbon steel when exposed to the NaCl solution. And the corrosion results in the formation of 
corrosion products on the surface: initially as some FeO patches, and then a surface layer 
consisting of Fe3O4/γ-FeOOH with Fe3O4 as the dominant compound. For the sample with the 
Mefp-1/ceria composite film exposed to the NaCl solution, corrosion of  the steel surface occurs 
and leads to direct formation of  Fe3O4/γ-FeOOH incorporated into the surface film, with more 
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γ-FeOOH at the beginning, and later Fe3O4 became the dominant compound in the film.  

   

  

5.4 Effect of phosphate ions (paper VI) 

5.4.1 Bare carbon steel in 0.1M NaCl + 0.2M Na2HPO4 solution at neutral pH (for 
comparison) 

      For the analysis of the phosphate deposit layer, a bare carbon steel surface was exposed to 
the solution containing 0.1M NaCl and 0.2M Na2HPO4 at neutral pH. After 1 hour of exposure, a 
vivianite [Fe3(PO4)2∙8H2O] Raman spectrum was obtained on the surface (Fig. 5.10a). The in situ 
optical graph and the component distribution Raman image in Figs. 5.11a1 and 5.11b1 indicate 
that the formation of vivianite deposit starts at surface defect sites (pin-holes and scratches), 
where the enhanced release of Fe ions occurs. After 1 day of exposure the spectrum (Fig. 5.10b) 
presents similar features as that obtained after 1 hour (Fig. 5.10a), but with a lower signal-to-noise 
ratio. This is mainly due to that the increased surface roughness caused by formation of the 
vivianite deposit layer leading to a focusing problem for the Raman objective, as shown in Figs. 

Figure 5.9. Component distribution Raman 
images of the Mefp-1/ceria composite film 
coated carbon steel surface exposed to 0.1M 
NaCl solution after 1 hour (a), 1 day (b) and 2 
days (c). Red colour represents Mefp-1 related 
compound, yellow colour γ-FeOOH, and blue 
colour Fe3O4. 
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5.11a2. After 2 days of exposure, spectra of vivianite (red) and mixture of vivianite/γ-FeOOH 
(blue) were detected as shown in Fig. 5.10c. After 4 days of exposure, an additional type of 
spectrum (green one in Fig. 5.10d) was detected, which exhibit major bands of vivianite and FeO. 

      The distribution of different compounds on the surface during 4 days of exposure is depicted 
in Figs 5.11b. It can be seen that, within 1 day of exposure, vivianite was the only detected 
component on the surface, and its coverage increases with time (Figs. 5.11b1-5.11b2). After 2 
days of exposure, small domains of γ-FeOOH were found to be quite evenly incorporated into 
the vivianite layer (Fig. 5.11b3). Moreover, after 4 days of exposure, a small amount of FeO was 
evenly distributed in the vivianite layer (Fig. 5.11b4). It is noted that FeO was detected on bare 
carbon steel in the Na2HPO4 containing solution, like in the NaCl solution (section 5.3.1), but 
after a longer exposure time.  

 

 

 

Figure 5.10. Raman spectra for an bare carbon steel surface exposed to the solution containing 
0.1M NaCl and 0.2M Na2HPO4 at pH 6.5, after (a) 1 hour, (b) 1 day, (c) 2 days and (d) 4 days of 
exposure. Red: vivianite, blue: vivianite/γ-FeOOH, and green: vivianite/FeO. 

5.4.2 Mefp-1/ceria composite film coated carbon steel in 0.1M NaCl + 0.2M 
Na2HPO4 solution at neutral pH 

      In situ CRM measurements were also performed on a composite film coated carbon steel 
surface exposed to the Na2HPO4 containing solution. After 1 hour of  exposure, the typical 
spectrum of Mefp-1/ceria film (red one in Fig. 5.12a) was detected over the whole surface, 
indicating full coverage by the Mefp-1/ceria composite film. However, additional features related 
to vivianite were also detected in some local areas (blue one in Fig. 5.12a). The same component 
characteristic features with different intensities were observed for the prolonged exposure, as 
shown in Figs. 5.12b-5.12d.   
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Figure 5.12. Raman spectra for a composite film coated carbon steel surface exposed to the 
solution containing 0.1M NaCl and 0.2M Na2HPO4 at pH 6.5 for (a) 1 hour, (b) 1 day, (c) 2 days 
and (d) 4 days. Red: Mefp-1 related spectra; blue: vivianite related spectra. 

      The structure and composition changes in the surface layer during exposure can be better 
viewed in the CRM images as shown in Fig. 5.13. Just as for the bare carbon steel, the optical 
images become more and more blurry with increased exposure time (Figs. 5.13a1 – 5.13a4) due 
to growth of  a rough phosphate deposit layer. Nevertheless, the surface became fully covered by 
the deposit layer (grinding starches disappeared) after 1 – 2 days, and patches of  micron size were 
observed after 4 days. The component distribution images show that within 1 hour of  exposure 
vivianite was detected only in some local areas (Fig. 5.13b1) indicating that the phosphate anions 
react with Fe ions released from the substrate at defect sites in the Mefp-1/ceria composite film, 
and form vivianite deposits. After 1 day of  exposure, the amount of  vivianite deposit increased 
significantly (Fig. 5.13b2). After 2 days of  exposure, the vivianite became the dominant 
component on the surface (Fig. 5.13b3). After 4 days of  exposure, most of  the surface was 
covered by vivianite, whereas the Mefp-1 related compounds were only detected in some local 
areas (Fig. 5.13b4). The formation and growth of  a thick vivianite deposit layer on the surface 
may cover the thin Mefp-1/ceria composite film, which explains the gradually decreased signal 
from the Mefp-1/ceria composite film. It is remarkable that during 4 days of  exposure no red rust 
was observed and no Fe oxide/oxyhydroxide was detected, indicating good corrosion protection 
by the Mefp-1/ceria composite film in this solution, which was proved in section 6.3. 
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5.4.3 Conclusion 

      These results reveal the corrosion protection mechanism of  the added phosphate ions in the 
solution, as well as its synergistic effect with the Mefp-1/ceria composite film. For the bare carbon 
steel surface exposed to the Na2HPO4 containing solution, fast corrosion of  the substrate occurs 
and deposition of  vivianite takes place, forming a rough/porous layer on the surface. After a 
long exposure FeO and γ-FeOOH are formed at defects (pores) in the vivianite layer. For the 
Mefp-1/ceria composite film coated carbon steel surface, vivianite deposits start to form at defect 
sites in the Mefp-1/ceria composite film, and then form a thick vivianite surface layer almost fully 
covering the Mefp-1/ceria film. This type of  surface layer greatly reduces corrosion of  the carbon 
steel. 
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Chapter 6 
Corrosion Inhibition Effect 
6.1 Mefp-1 as free corrosion inhibitor (paper II) 

      The corrosion inhibition performance of the Mefp-1 for the carbon steel was investigated in 
0.1M NaCl solution at pH 4.6 with 1mg/ml Mefp-1 added as a free inhibitor. All of the EIS 
spectra show only one time constant feature in the Bode plot (Fig. 6.1), thus the simplest 
equivalent circuit in Fig. 3.4a was applied for the EIS data fitting. As shown in Table 6.1, the 
initial inhibition efficiency is negative, but Rp(inh) clearly increases with time. The negative 
corrosion inhibition efficiency is most likely due to the structure of the protein layer formed 
during the initial exposure being less compact, which gives a lower Rp value than the pure 
corrosion product layer formed in the solution without the Mefp-1. However, the enhancement of 
the corrosion inhibition effect with exposure time is related to the combined action of corrosion 
products and the adsorbed protein layer, i.e., complexation as described in section 4.2. 

 
Figure 6.1. Selected EIS spectra in Bode format for the carbon steel in 0.1M NaCl + 0.2M H3PO4 
solution at pH 4.6, without (a) and with (b) the addition of  1mg/ml Mefp-1. 

6.2 Pre-formed Mefp-1 film and effect of oxidation (paper III) 

      Owing to good film forming capacity, pre-formed Mefp-1 film on steel surfaces could also be 
used for corrosion protection. The corrosion inhibition efficiency of the pre-formed Mefp-1 film 
and the influence of NaIO4 induced oxidation were investigated with EIS on carbon steel 
substrates. As illustrated in Fig. 6.2, all the EIS spectra show only one time constant feature in 
the Bode plot and can be fitted with the equivalent circuit in Fig. 3.4a. The fitting results 
presented in Table 6.2 show that the pre-formed Mefp-1 film increases the Rp of the carbon steel 
during a short period of exposure, with an inhibition efficiency of 40%. Moreover, the chemical 
oxidation of the protein film further increases the inhibition efficiency to 84%. The results 
suggest that the pre-formed Mefp-1 film provides a certain corrosion protection for short term 
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exposure, and that the corrosion protection can be significantly enhanced by chemically induced 
oxidation due to the increased compactness. However, the long term exposure results indicate 
that the pre-formed Mefp-1 film may degrade with time under the exposure condition. Therefore, 
for long term applications, it is desirable to develop other types of Mefp-1 films which are more 
protective and stable during the exposure. 

Table 6.1. EIS results of  the carbon steel in 0.1M NaCl + 0.2M H3PO4 solution at pH 4.6 
without and with the addition of  1mg/ml Mefp-1. 

Solution Time Y0 n Rp ηz% 
F cm-2 Ω cm2 

Control 

1 h 1.2×10-4 0.8 (7.1±0.4)×102 - 
1 d 1.5×10-4 0.8 (8.3±0.3)×102 - 
3 d 1.7×10-4 0.9 (8.2±0.3)×102 - 
7 d 2.2×10-4 0.9 (7.4±0.2)×102 - 

With Mefp-1 

1 h 1.7×10-4 0.8 (6.2±0.3)×102 -15 
1 d 2.5×10-4 0.8 (1.0±0.2)×103 17 
3 d 2.2×10-4 0.7 (1.4±0.2)×103 41 
7 d 1.4×10-4 0.7 (3.1±0.2)×103 76 

 

 
 

Table 6.2. EIS results of  the carbon steel without a film, with a Mefp-1 film, and with an 
oxidized Mefp-1 film in 0.1M NaCl solution at pH 9 after 0.5 hours of  exposure. 

Sample Y0 n Rp ηz% F cm-2 Ω cm2 
Control 2.1×10-4 0.8 (2.8±0.1)×103 - 

With Mefp-1 film 1.9×10-4 0.8 (4.7±0.1)×103 40 
With oxidized Mefp-1 film 9.4×10-5 0.9 (1.7±0.1)×104 84 

6.3 Mefp-1/ceria composite film (paper VI) 

      EIS spectra for the samples in a 0.1M NaCl solution were recorded after different exposure 
intervals. Selected spectra are plotted in Bode format as shown in Fig. 6.3. In this case the surface 

Figure 6.2. Selected EIS spectra in Bode format 
for the carbon steel in 0.1M NaCl solution at 
pH 9, without a film (+), with a Mefp-1 film (■), 
and with an oxidized Mefp-1 film (□) after 0.5 
hours of exposure. 
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layer (as schematically illustrated in Fig. 6.4) behaves like a single layer giving one time constant 
feature in the EIS spectra. Thus, the spectra fitting was performed satisfactorily by using the 
simplest equivalent circuit in Fig. 3.4a. The fitting results are given in Table 6.3. For the bare 
carbon steel, the Rp is low and remains to at the same level during the exposure indicating that 
the formed corrosion products (mainly Fe3O4) are not protective. For the Mefp-1/ceria composite 
film coated carbon steel, the Rp is also low initially but increases slightly after a certain period of 
exposure. The slight increase of the Y0 could be due to an increased surface roughness resulting 
from the formation of corrosion products. The film shows no inhibition effect during the first 
hour. However, after the initial period, the composite film exhibits a certain corrosion protection 
for the carbon steel and the inhibition efficiency increases with exposure time. The increasing Rp 
is most likely due to the integration of the corrosion products into the composite film as revealed 
by the in situ CRM analysis (section 5.3.2), as well as enhanced complexation in the composite 
film between Mefp-1 and Fe ions released from the steel surface as discussed in section 4.2.  

 

Figure 6.3. Selected EIS spectra in Bode format, bare carbon steel (a) and Mefp-1/ceria composite 
film coated carbon steel (b) in 0.1M NaCl solution. 

 

Figure 6.4. Schematic illustrations of the interface models, for bare carbon steel (a) and for the 
Mefp-1/ceria composite film coated carbon steel (b) in 0.1M NaCl solution. 
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Table 6.3. EIS results of  carbon steel without and with the Mefp-1/ceria composite film 
in 0.1M NaCl solution. 

Carbon steel surface Time Y0 n Rp 
F cm-2 Ω cm2 

Bare surface 
 

1 h (5.5±1.1)×10-4 0.8 (1.6±0.3)×103 
1 d (8.6±3.0)×10-4 0.7 (1.7±0.4)×103 
2 d (1.1±0.3)×10-4 0.7 (1.6±0.2)×103 
4 d (1.2±0.3)×10-4 0.6 (1.6±0.1)×103 

The composite film coated surface  

1 h (5.6±1.5)×10-4 0.8 (1.0±0.2)×103 
1 d (9.3±3.2)×10-4 0.8 (2.4±0.2)×103 
2 d (1.1±0.3)×10-4 0.8 (2.4±0.2)×103 
4 d (1.1±0.2)×10-4 0.8 (2.9±0.2)×103 

6.4 Synergistic effect of phosphate and Mefp-1/ceria composite film (paper 
VI) 

      EIS spectra obtained from the samples exposed to the 0.1M NaCl + 0.2M Na2HPO4 solution 
at pH 6.5 exhibit clearly two time constant features, as shown in Figs. 6.5a and 6.5b. It can be 
seen from the spectra that the impedance modulus at the low frequency limit was high already at 
the beginning of exposure for the Mefp-1/ceria composite film coated sample (Fig. 6.5b), 
indicating a high corrosion resistance in the initial period of exposure. In contrast, it was much 
lower for the bare carbon steel sample (Fig. 6.5a) at the beginning of exposure, but increased 
significantly during prolonged exposure. This major difference between the two types of samples 
shows that with the presence of phosphate ions in the solution the Mefp-1/ceria composite film 
can be protective for carbon steel in the initial period of exposure.  

 

Figure 6.5. Selected EIS spectra in Bode format, bare carbon steel (a) and the Mefp-1/ceria 
composite film coated carbon steel (b) in 0.1M NaCl + 0.2M Na2HPO4 solution at pH 6.5. 

      According to the in situ CRM observations (section 5.4), the two time constant features of the 
EIS spectra are most likely due to the deposition of the vivianite layer, in addition to the 
corrosion products layer (Fe oxides/oxyhydroxides), or the pre-coated Mefp-1/ceria film. In these 
cases, it is appropriate to use the equivalent circuits shown in Figs. 3.4b and 3.4c for the spectra 
fitting. In this study, the circuit in Fig. 3.4b was utilized for fitting the spectra of the bare carbon 
steel. The circuit in Fig. 3.4c was utilized for fitting the spectra of the composite film coated 
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carbon steel. In a simplified way, Fig. 6.6a shows schematically that the surface layer formed on 
the bare carbon steel consists of an inner layer of iron oxides, and an outer layer of mixed iron 
oxides/vivianite, whereas the surface layer on the composite film coated steel surface consists of 
a thin Mefp-1/ceria composite film as the inner layer, and a relatively compact vivianite layer as 
the outer layer (Fig. 6.6b). The information about the structure of the surface layer on the 
samples motivates the choice of the equivalent circuits for the spectra fitting. 

 

Figure 6.6. Schematic illustrations of the interface models, for bare carbon steel (a), and the Mefp-
1/ceria composite film coated carbon steel (b) in 0.1M NaCl + 0.2M Na2HPO4 solution at pH 
6.5.  

      The fitting results are presented in Table 6.4 for the bare carbon steel and in Table 6.5 for the 
Mefp-1/ceria composite film coated carbon steel. For the bare steel, the resistance (both Rd and 
Ro) was very low for the first hour of exposure, which is obviously due to the fact that the time 
was too short to form protective Fe oxides and deposition of continuous phosphate layers. 
However, both Rd and Ro increased significantly with exposure time to 2 days of exposure, and 
then remained at that level. The capacitance (Y0 and n0) associated with the inner layer 
(oxides/oxyhydroxides) seems to be quite stable indicating that the oxides become more compact 
and protective without significant thickening, whereas the decreasing trend of the capacitance for 
the deposit layer (Yd and nd) suggests that the phosphate layer becomes thicker and rougher. This 
is in agreement with the in situ CRM observations (section 5.4.1).  

      For the Mefp-1/ceria composite film coated sample (see Table 6.5), the inner layer (the 
composite film) exhibited a high resistance already at the beginning of exposure, almost one 
order of magnitude higher than the resistance (Rp) for exposure in the NaCl solution (see Table 
6.3). Clearly the initial corrosion protection of the composite film is greatly improved by the 
addition of Na2HPO4 in the solution, despite of only a small amount of phosphate being 
deposited on the surface (Fig. 5.13b1). These EIS results also suggest that the phosphate deposit 
starts to form at defect sites of the composite film and blocks the defects making the film more 
protective. Moreover, the results show that the resistance associated with the phosphate deposit 
layer (Rd) is quite low, which is reasonable for a porous deposit layer, but it continuously increases 
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with time of exposure as a result of growth of the phosphate layer (in agreement with CRM 
observation discussed in section 5.4.2). 

Table 6.4. EIS results of  bare carbon steel in 0.1M NaCl + 0.2M Na2HPO4 solution at pH 
6.5.  

Time Rd Yd  nd 
Y0 no 

Ro 
Ω cm2 F cm-2 F cm-2 Ω cm2 

1 h 126±60 (5.2±1.0)×10-4 0.9 (9.2±4.7)×10-4 0.7 243±50 
1 d 254±160 (3.5±2.5)×10-4 0.8 (5.5±1.3)×10-4 0.7 (2.4±2.0)×103 
2 d 323±142 (4.4±2.9)×10-4 0.7 (6.9±3.0)×10-4 0.7 (1.7±1.5)×104 
4 d 339±137 (2.1±1.9)×10-4 0.6 (6.2±2.8)×10-4 0.7 (1.4±2.5)×104 

Subscript ‘d’ denotes the deposit layer, and ‘o’ the oxide layer. 
 

Table 6.5. EIS results of  the Mefp-1/ceria composite film coated carbon steel in 0.1M 
NaCl + 0.2M Na2HPO4 solution at pH 6.5. 

Time Rd Yd  nd 
Ym nm Rm 

Ω cm2 F cm-2 F cm-2 Ω cm2 
1 h 214±67 (1.1±0.5)×10-4 0.7 (8.3±4.7)×10-5 0.7 (1.8±1.6)×104 
1 d 412±73 (1.8±0.4)×10-4 0.7 (5.0±2.3)×10-5 0.9 (1.4±0.7)×104 
2 d 656±193 (2.6±1.1)×10-4 0.7 (2.0±0.8)×10-4 0.8 (2.8±0.1)×104 
4 d 817±209 (1.8±0.6)×10-4 0.6 (1.1±0.6)×10-4 0.8 (8.0±3.0)×104 

Subscript ‘d’ denotes the deposit layer, and ‘m’ the Mefp-1/ceria film. 

      Interestingly, the resistance (Rm) associated with the inner layer (the composite film) remained 
at the same level for the first 2 days of exposure, but drastically increased after that. The CRM 
results revealed the vivianite deposit layer almost covered the whole surface after 2 days of 
exposure (Fig. 5.13). Thus, the EIS results indicate that when a continuous phosphate deposit 
layer is formed and fully covers the surface, the pre-coated Mefp-1/ceria composite film still can 
change during prolonged exposure and become more protective. A possible explanation for this 
could be the further complexation within the Mefp-1/ceria composite film. In this case the Fe 
ions released from the carbon steel surface are mostly trapped inside the film due to blockage by 
the deposited outer layer, and this leads to the enhanced complexation between the protein and 
Fe ions. This consequently causes the compaction of the film, and hence a significant increase of 
the corrosion protection. In this sense, phosphate ions in the solution and the Mefp-1/ceria 
composite film on the surface have a synergistic effect on the corrosion protection for the carbon 
steel.  

6.5 Conclusion 

      The results indicate that the Mefp-1 confers significant corrosion inhibition to carbon steel. 
The inhibition efficiency depends on the environment and varies with time. When added in the 
acidic 0.1M NaCl solution, Mefp-1 shows no corrosion inhibition at the initial exposure stage, but 
the Rp(inh) increases significantly with time. The Mefp-1 film pre-formed under high pH condition 
provides a certain corrosion protection for short term exposure, and the corrosion inhibition 
efficiency can be enhanced by the chemically induced oxidation of the protein film. 

      When pre-coated on the carbon steel surface the Mefp-1/ceria composite film provides a 
promising corrosion protection for long term exposure in a NaCl solution. The initial corrosion 
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protection of the composite film can be greatly enhanced by the addition of Na2HPO4 to the 
solution, and the corrosion resistance can further increase dramatically after longer exposure. The 
concentration of Na2HPO4 used in this study is quite high, which may not be practicable in all 
applications. However, the results from this study provide a deep understanding of the role of 
phosphate ions and synergy with the Mefp-1/ceria composite film which is helpful for creating a 
new green corrosion protection strategy with high level of corrosion protection for carbon steel.     
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Figure 7.1. Typical Raman spectra (a), in situ 
optical micrograph (b), and corresponding 
component distribution Raman image (c) of 
the phosphate-Mefp-1/ceria composite film 
deposited on the carbon steel surface. 

Chapter 7 

Future Work 
7.1 Phosphate-Mefp-1/ceria composite film      

      Thin Mefp-1/ceria composite film is an effective corrosion inhibitor for the carbon steel, and 
synergistic effect of phosphate ions with the Mefp-1/ceria composite film has been clarified. 
However in this study the phosphate ions are added in the bulk solution at a high concentration, 
which may not be relevant for practical applications. Thus, further researches are needed to 
develop a new type phosphate-Mefp-1/ceria composite film with the phosphate ions incorporated 
into the composite film, which is able to provide a high level of corrosion protection. 

      Some tentative experiments have been made in this direction. A phosphate-Mefp-1/ceria 
composite film was formed by alternating immersion of the carbon steel in Mefp-1, ceria and 
Na2HPO4 solutions. In situ CRM measurements were performed. As shown in Fig. 7.1, the results 
indicate phosphate species are detectable in the composite film. However, the corrosion 
protection of this phosphate-Mefp-1/ceria composite film is not very high. Further work is 
desirable to optimize the film deposition procedures and improve the corrosion inhibition 
efficiency.  
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7.2 Electrochemical potential controlled Mefp-1 adsorption      

      The Mefp-1 film can be formed by immersing substrates to the protein containing solutions, 
however, the adsorbed amount can be limited by the surface charge of the substrate, and the 
adsorbed protein film is not compact enough without a further compaction treatment. 
Investigations of adsorption behaviour of the Mefp-1 on metallic substrate under electric fields 
could be another interesting topic for future work.  

      Fig. 7.2 presents a preliminary result of electrochemical potential–controlled QCM-D 
measurement with a platinum coated QCM crystal immersed in a Mefp-1 solution. The result 
indicates that the applied potential may affect the adsorption amount of the Mefp-1 and the 
structure of the adsorbed layer. However, to clarify this issue, further data analysis and 
complementary information from other techniques are needed. Since Mefp-1 is a positively 
charged molecules, it is of fundamental interest to study the Mefp-1 adsorption and film 
formation under electrical fields, and it is also of interest for practical applications to explore the 
electrochemical deposition of Mefp-1 based films on metal surfaces.  

 
Figure 7.2. An example of electrochemical potential-controlled QCM-D results on a platinum 
coated QCM sensor immersed in a 0.1mg/ml Mefp-1 solution at pH 4.6. 
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