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Abstract: High cost and low electrochemical stability of the interconnection in Proton Exchange
Membrane Fuel Cell (PEMFC) in the presence of H2SO4 are one of the main issues hindering
the commercialization of these devices. This manuscript presents the utilization of cost-effective
steel in an attempt to minimize the PEMFC interconnection costs with a thin-film solid oxide
coating (TFSOC) providing sufficient corrosion resistance for efficient long-term operation.
Novel Ti0.50-y/2Si0.50-y/2Nby1,2O2 as TFSOC was deposited on the C45E steel as a metal interconnect
utilizing a sol–gel process at various annealing temperatures. The analysis of the phase and surface
morphology demonstrates that lower annealing temperatures developed nanometric crystallite
size of 68 nm, more uniform structure and higher corrosion resistance. Under standard test
conditions, the TFSOC demonstrated high polarization resistance (1.3 kΩ cm2) even after 720 hours
(h). Electrical conductivity of the TFSOC as low as 1.4 × 10−2 (Ω m)−1 and activation energy of 0.20 eV
were achieved, which helps to maintain the PEMFC output power.
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1. Introduction

Proton Exchange Membrane Fuel Cells (PEMFC) are getting significant attention with the growing
need for renewable energy and are expected to play a key role in the energy economy that is aiming for
a green energy future [1]. A PEMFC is an electrochemical device that uses a hydrated Nafion membrane
which is capable of converting hydrogen and oxygen to electrical energy. Schematic representation of a
single stack cell of PEMFC with the highlighting of vital components and processes involved is shown
in Figure 1a.

In this whole energy conversion process, water is the only produced by-product, making it
of great interest to alternative energy research and to replace fossil fuels [2]. Having this in mind,
the development and utilization of economical and reliable fuel cells are considered to be critical
aspects of attaining genuinely green or sustainable energy [3]. PEMFC is regarded as a safe and
most suitable cell of choice for industrial purposes because of its modest operation temperature.
Currently available PEMFC can be operated between 80 ◦C and 200 ◦C [4]. The PEMFC interconnector
(PEMFCI), also known as the flow field or separator is a vital component of PEMFC stack (depicted in
Figure 1b) both in terms of weight and cost of the PEMFC encompassing about 80% of the total weight
and 45% of the production cost of the stack [5]. These interconnectors are designed to perform several
functions, such as gas flow channels, prevent hydrogen and oxygen from mixing in the fuel cell,
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water, and heat transmission, preventing leakage of reactants and coolant in addition to ultimately
provide electrical connections [6]. The investigation of suitable and low-cost material for interconnect
has emerged as a key factor in the development of the PEMFC stack. Additionally, it is important
that the PEMFCI is manufactured with lightweight materials using cost-effective techniques to keep
the total cost of the cell stack low. At present, materials such as electro graphite [7], carbon–carbon
composite [8], flexible graphite foil [9], polymer composite [10] and metallic sheets [11] are used
for PEMFCI applications. When it comes to commercial graphite PEMFCI, they show outstanding
resistance to corrosion and favorable electrical and thermal conductivity. However, the low density,
weak mechanical strength, material and processing cost restrict its usage [12–14]. Metal plate-based
interconnectors are usually coated with various protective materials to enhance their corrosion
resistance [15,16]. The common steel compositions used for PEMFC metal interconnects (PEMFCMI)
are 304 and 316 stainless steel, which demonstrate reasonable resistance to corrosion but are costly [15].
On the other hand, these materials with good mechanical and thermal properties with a thickness of
approximately 1–3 mm can significantly improve the performance and energy density of the cells [17]
making the PEMFCMI the best potential materials for PEMFC interconnects [18]. Nevertheless, one of
the serious drawbacks of PEMFCMI is its vulnerability to corrosion in a harsh PEMFC environment
containing SO4

2−, Cl−, F−, etc. [11] that limits the efficient long-term performance of PEMFC [19].
The corrosion of the PEMFCMI leads to contamination of the membrane electrodes. It can be suppressed
by passivation that in turn increases the interfacial contact resistance (ICR) and decreases the efficiency
of the fuel cell stack. In recent studies, PEMFCMI coated with carbon-based material has been reported
as a cost-effective approach to improving corrosion resistance while keeping the ICR low [20,21].
Electrically conductive polymers (ECP) were studied as potential coating materials due to their
chemical and electrochemical stability [22,23]. The presence of micro-defects, as a matter of the main
disadvantage of ECP, can be used as migration channels for corrosive ions to penetrate to the substrate
surface and passivate the interconnect, which could further increase the ICR [24,25]. Recently, some
chemical inert conductive coatings, for instance, thin-film metallic glass coating (TFMGs) [26] and
thin-film solid oxide coating (TFSOC) [27] have been considered as the most promising candidate
coatings for PEMFCMI applications. The TFMGs increase the price of PEMFC due to the high cost
of equipment operating and limited area [28]. TFSOC has been primarily developed to resist tribo-
corrosive degradation of metal surfaces in corrosive environments. Consequently, TFSOC can be a
successful applicant to satisfy the clearly stated requirements to improve the corrosion resistance of
the PEMFCMI [29,30]. Therefore, developing cheap corrosion-resistant thin-film with appropriate
electrical properties is crucial to keep the cost of PEMFC affordable. Nowadays, some TFSOC such
as graphene/TiO2 [29] chitosan-tin oxide composite film [30], Ta2O5 [31], Nb-TiO2 [32], SnO2 [33],
FTO [34], Cr2O3/C [35], PbO2 [36] and Zn-Ni-Al2O3 [37] have been investigated. These coatings have
shown promising results in PEMFCMI applications due to their high performance as efficient corrosion
inhibitors. Nevertheless, further work needs to be done to improve TFSOC to achieve a reliable
and affordable coating for application in PEMFC. So far there are some studies on the application of
TiO2-SiO2 TFSOC for corrosion protection of different substrates [38,39]. TiNb-oxide TFSOC has shown
reasonable conductivity and high chemical stability at room temperature (RT) [40,41]. To summarize,
the TiO2, SiO2 and Nb2O5 protective coatings have become anti-corrosive and conductive modifier
materials due to of their non-toxic characteristic, pollution-free, inexpensive and good chemical
stability [38–41]. Sol–gel is proven to be a fairly simple and economical method for fabricating different
organic and inorganic TFSOC for corrosion protection [42]. One main advantage of this method
is its flexibility to coat large substrates of metal, glass, ceramics and plastic with a high purity
protective layer using the dip-coating sol–gel technique [43]. The C45E carbon steel (AISI/SAE1045) is
a commercial low-cost material (economic efficiency) commonly used due to its high strength and
combination of formability that makes it easy to shape into sheets. However, several studies have been
successfully performed to improve its electrochemical weakness such as corrosion resistance due to
lack of chromium deficiency to operate under harsh conditions [44]. Our previous study has shown
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that TiO2-SiO2 TFSOC and its combination with C45E iron oxides after heat treatment process have
successfully served as high physical and electrochemical protective barriers (61 kΩ cm2 compare to the
2 kΩ cm2 as polarization resistance for the bare C45E steel) against corrosive attacks [38]. Bai et al. [45]
applied chromate coating on a C45E steel surface for application as a PEMFCMI due to its excellent
mechanical and cost-effective properties. The results demonstrated substantial protection at low
and most stable corrosion current density with lowest interfacial contact resistance of 5.9 kΩ cm2,
which indicated that the coated C45E has a significant potential to be used as PEMFCMI applications.
Therefore, it is important to assess the potential of TFSOC on C45E surface to combine the merits
of TFSOC and substrate as a low-cost alternative interconnects in PEMFC. In this work, we focused
on producing a cost-effective and environmental sustainable anti-corrosive TFSOC with long-term
stability for use in PEMFCMI applications. For this purpose, Ti0.50-y/2Si0.50-y/2Nby1,2O2 (TiSiNb) as
TFSOC were deposited via a sol–gel process on C45E steel substrates. The influence of Nb concentration
and annealing temperature (500 ◦C, 600 ◦C and 700 ◦C) on the morphology of the thin films were
examined. The microstructure and phase of obtained TFSOC were investigated. The electrochemical
degradation behavior by means of overpotential application and electrical conductivity of TFSOC
through impedance analysis were also investigated.Nanomaterials 2020, 10, x FOR PEER REVIEW 2 of 22 
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2. Experimental Procedure

2.1. Materials and Substrate Preparation

Tetra-n-butyl orthotitanate (TBOT, C16H36O4Ti, 98%, Merck, Billerica MA, USA) Tetraethyl
orthosilicate (TEOS, C8H20O4Si 99%, Merck, Billerica, MA, USA) and Niobium (V) ethoxide
(C10H25NbO5, 99.95%, Sigma-Aldrich, Taufkirchen, Germany) were used as precursors for titanium,
silicone and niobium, respectively. As a solvent, hydrolysis agent and catalyst ethanol (C2H5OH, 99.99%,
Merck, Billerica, MA, USA), distilled water and nitric acid (HNO3, 99.99%, Merck, Billerica, MA, USA)
were used, respectively. The C45E steel with the chemical composition in accordance with EN 10083-2:2006
standard as illustrated in Table 1 was used as the reference sample (RS). Different silicon carbide abrasive
papers (80 ground up to 4000 grit) and alumina with grain sizes of 1 µm and 3 µm (for surface polishing)
were used to prepare the RS surface before applying TFSOC. Eventually, ethanol was used to clean the
polished RS surface using an ultrasonic bath for 30 min.
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Table 1. The C45E substrate chemical composition (wt.%).

Elements Mn C Si Cr Ni S P Fe

wt.% 0.65 0.45 0.27 0.25 0.25 0.02 0.04 balance

2.2. Preparation of TiSiNb Sol

Two Ti0.50-y/2Si0.50-y/2Nby1,2 (y = 0.01 and 0.02) sols with different Niobium (V) ethoxide (Nb)
content (0.01 and 0.02) were prepared via the sol–gel method at RT. To synthesize coatings sols, TBOT,
TEOS and Nb were used as precursors. Initially, to prepare the solution (A), 10 mL of TBOT was
mixed with 20 mL absolute ethanol by utilizing a magnetic stirrer for 1 hour (h) at RT. The solution (B)
comprising 5.8 mL of TEOS and 11.6 mL absolute ethanol was mixed in the beaker and stirred for 1 h at
RT. In two separate beakers, two hydrolysis agents containing 5 mL distilled water and 2 mL nitric acid
with 10 mL of absolute ethanol under severe agitation conditions (agent A) and 2.9 mL distilled water,
1.16 mL nitric acid and 5.8 mL of absolute ethanol (agent B) were stirred for 30 min at RT. Subsequently,
the hydrolysis agents were added drop-wise under stirring to the A and B sols, respectively. In this
step, 132 µL (y1 = 0.01) of Nb was added dropwise to the sol (A). Following the same procedure as
before, the same sols and hydrolysis agents have been prepared for another doped Nb (y2 = 0.02) with
266 µL (pH-3 was measured). Eventually, the sols were maintained under intense stirring for 2 h to
hydrolyze the precursors and aged for 24 h before deposited on the RS surfaces as TFSOC at RT.

2.3. Preparation of TFSOC on the Substrate

In order to deposit novel TiSiNb TFSOC, the layer-by-layer (LbL) technique [46] was used as
an appropriate multi-layer coating production method due to its low cost, flexibility and durability.
For this purpose, the cleaned RS was dipped at a constant rate of 10 cm/min in the TiSiNb aged sol.
Following the full immersion after 2 min, the samples were pulled out from aged sol at the same
constant rate speed and dried for 10 min at RT. To create the TiSiNb TFSOC three-layer (3L) this process
was repeated three times. Eventually, after drying at 100 ◦C (3 ◦C/min) for 15 min the samples were
annealed for 2 h at different annealing temperatures in a nitrogen atmosphere (N2) using a heating and
cooling rate of 3 ◦C/min as outlined in Table 2.

Table 2. Different annealing conditions and processing of the thin-film solid oxide coating (TFSOC) on
the reference sample (RS) sample.

Annealing
Temperature

Annealing
Atmosphere RS Nb0.01 Nb0.02

700 ◦C
Nitrogen

RS-700 ◦C TiSiNb0.01-700 ◦C TiSiNb0.02-700 ◦C

600 ◦C RS-600 ◦C TiSiNb0.01-600 ◦C TiSiNb0.02-600 ◦C

500 ◦C RS-500 ◦C TiSiNb0.01-500 ◦C TiSiNb0.02-500 ◦C

2.4. Characterization of TFSOC

To identify the chemical decomposition of TiSiNb TFSOC precursors, thermal gravimetric analysis
(TGA) and differential thermal analysis (DTA) were used. Approximately 10 mg of pre-basic material
(dried gel at 100 ◦C for 12 h) was put within the TGA instrument (Model Netzsch, Selb, Germany) to
determine the sample thermal stability and appropriate the annealing temperature. The experiment was
conducted in the air atmosphere at RT up to 1000 ◦C (3 ◦C/min). In order to investigate the functional
groups and molecule transplantation type of the chemical structure, a Alpha FT-IR spectrometer
(Model ALPHA, Bruker, Ettlingen Germany) was acquired for the Fourier Transform Infrared Spectrum
(FT-IR), which is equipped with a single-reflection ATR diamond module from ALPHA Platinum.
Data were gathered between 400 to 4000 wavenumbers (cm−1) with a nominal resolution of 2 cm−1 in a
total of 200 spectra. The composition of annealed gel (powder) and TFSOC were identified by using
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X-ray diffraction (XRD) (MiniFlex 600 Rigaku, Tokyo, Japan) using Cu Kα radiation operated at an
accelerated potential of 40 kV and the current of 15 mA with the range of 2θ = 20–80◦ and step width
of 0.01◦. The outcomes were analyzed utilizing PANalytical XPert HighScore software to accurately
determine the phases and measure the crystal-size obtaining in the full width at half maximum (FWHM).
The surface morphology of TFSOC was investigated by using electron microscopy (TESCAN EDS +

EBSD field emission) in the secondary electron mode (10 kV). Energy-dispersive X-ray spectroscopy
(EDS) was utilized to obtain microanalysis of Rs and TFSOC. To investigate the RS and SOTFC corrosion
behavior, potentiodynamic electrochemical polarization (PEP) with an initial potential scanning rate
of −200 to 1000 mV (1 mV/s) versus open circuit potentials (OCP) and electrochemical impedance
spectroscopy (EIS) tests were performed in standard condition solution (SCS) of 0.5 M H2SO4 with 2 ppm
HF solution in 80 ◦C after 1, 24, 360 and 720 h. The over-saturated calomel electrode (SCE), platinum
electrode and RS with and without TFSOC (surface area = 0.95 cm2) were employed as a reference
electrode, auxiliary electrode and working electrode (WE), respectively. The EIS measurements were
carried out at the stable OCP using AC signals (amplitude of 10 mV) and measurement frequencies from
10 mHz to 100 kHz. This technique focuses on the calculation of alternating current (ac) impedance
across in the frequency range for corrosion velocity analysis. Therefore, small potential time variables
were applied sinusoidally around the corrosion potential to measure the impedance (Z) of the system.
The PEP and EIS of the RS and TFSOC were performed according to ASTM G3-14 [47] using Autolab
model PGSTAT302N, Nova 1.11 and ZSimpWin 3.22 software to determine the current density (Icorr),
corrosion potential (Ecorr) in the range of ±25 mV, polarization resistance (Rp) and TFSOC resistance
(Rct). To analyze the conductivity and activation energy (Ea) of Ti0.50-y/2Si0.50-y/2Nby1,2O2, the Ti-Si-Nb
gel was dried, compacted to pellets of 13 mm diameter by uniaxial pressing and fired at 700 ◦C in N2

atmosphere. After that, gold pads were vapor-deposited on the surfaces of the pellets and impedance
measurements at different temperatures between 100 ◦C and 700 ◦C were performed. A Novo control
Concept 80 broadband dielectric spectrometer was used, which covered a frequency range from 0.1 Hz
to 10 MHz. The conductivity was frequency independent up 1 MHz. The temperature was controlled
by a thermocouple, which was positioned near the surface of the sample. For the determination of the
conductivity at each temperature, the resulting Nyquist plots were fitted by a constant phase element
(CPE) in parallel with a resistance element using the software ZView.

3. Results and Discussions

3.1. Thermal Gravimetric and Differential Thermal Analysis

Figure 2 demonstrates TGA-DTA curves of TiSiNb dried gel for 12 h at 80 ◦C containing different
Nb content. Due to the low amount of niobium compared to other elements the results of 0.01 and
0.02 were not substantially different. The results indicate that the decomposition process of dried gel
occurs in three steps. Over three steps, the overall weight loss percentage was approximately 23% of
the primary precursor weight. Notwithstanding the aforementioned quantity, another weight loss
occurred as a result of the removal of residual water from the TiSiNb gel in the drying process [48].
However, in the first step, approximately 3.79% of weight loss through evaporation of ethanol or
combustion of organic compounds occurred between 75 ◦C to 175 ◦C [49]. The second step in 175 ◦C to
275 ◦C with a weight loss of 5.93% is ascribed to the removal of residual Ti–OH and Si–OH (unreacted
hydroxyl groups) as well as carbonization [50]. The final step was a maximum weight reduction
of around 12.73% at 400 ◦C up to 900 ◦C, which represents the transition of a crystalline titanium
phase and physically releases water molecules bound to the silica-titanium interface region [51].
DTA data showed three significant changes (Exothermic peaks), which were contributed to the mass
reduction in the dried gel. The oriented peaks at 76 ◦C and 150 ◦C were attributed to evaporation
of physically adsorbed water [52] and approximately at 570 ◦C the greatest peak was caused by the
phase transformation of titanium from amorphous to anatase [53]. Consequently, TGA-DTA dried gel
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analysis may infer that the TiSiNb TFSOC transmission phase (annealing temperature) ought to be
between 500 ◦C and 600 ◦C.
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3.2. FT-IR Spectra of TiSiNb TFSOC

The most recommended technique for evaluating Ti–Si bands is infrared absorption spectroscopy
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No peaks were observed in the range of 1400 cm−1 to 4000 cm−1. It is commonly accepted that
surface water adsorbed as well as the stretching vibration of OH and H2O bands are accessible in this
range [39]. This indicates that a significant fraction of the aforementioned groups exists but they have
not manifested because of the low intensity of peaks and annealing atmosphere, which allows water
to gradually escape the pores. The vibrations of the Ti–O–Ti and Ti–O bands connection in titanium
(anatase) were assigned between 463 cm−1 to 468 cm−1 and 517 cm−1, respectively [39,54]. Hydrolysis of
the alcoholic group to produce Ti–OH occurs as a result of nucleophilic substitution of alkyl groups
such as O–R. According to Equations (1)–(3) the –OH hydroxyl and condensation groups of Ti–OH
might be produced the Ti–O–Ti with H2O and ROH, which contributed to the formation of the gel.

Ti (OR)n + nH2O → Ti (OH)n + nROH (1)

Ti (OH)n → Ti(On/2) + n/2 H2O (2)

TiOR + TiOH → TiO2 + ROH (3)

Furthermore, the peaks identified at 920 cm−1 and 950 cm−1 are correlated with the Si–O–Ti and
Si–OH tensile vibration and the signal at 1050 cm−1 is referred to the Si–O–Si band, respectively [55,56].
The lack of Nb–O peak could be attributed to the low content of Niobium (V) ethoxide precursor in the
sol. Therefore, all of the above results collected from the FT-IR analysis demonstrate that TiO2 and SiO2

have been copolymerized contributing to the formation of a homogenous inorganic hybrid xerogel.

3.3. SEM-EDS Analysis

SEM micrographs have been obtained for TFSOC in various annealing temperatures. Examination
of either micrograph confirmed that increase the niobium content from 0.01 to 0.02 did not affect the
surface morphology owing to its low content. Therefore, only the micrographs of TiSiNb0.02 TFSOC
annealed at 500 ◦C (a), 600 ◦C (b) and 700 ◦C (c,d) are reported in Figure 4.

Figure 4a reveals that the annealed TFSOC at 500 ◦C comprises continuous coating with just a
few hairline micro-cracks, which demonstrated excellent thermal shock resistance at this temperature.
However, as the annealing temperature increases from 600 ◦C (Figure 4b) to 700 ◦C (Figure 4c), the
mesh of narrow elongated pits and cracks were observed in the TFSOC surfaces. As shown in Figure 4c,
the second layer was also observed, from which might be concluded that different layers (multilayer)
can be applied on the surface by the LbL technique to raise the thickness of the TFSOC composite [39].
The other reported that the annealing temperature can be effective on the pores and cavities of the
coating surface as a significant factor [57]. The size of these network cracks (12–18 µm) is increased
through raising the annealing temperature probably due to the release of –OH and water bonds to
the surface (cf. TGA-DTA and FTIR analysis) [58]. These results do, however, demonstrate that
the RS substrate is protected inhomogeneously by the massive flaky scale of TFSOC, which may
have been manufactured due to surface tension between the TiSiNb gel and atmosphere through
the drying and annealing process. The researchers have also shown that during the heat treatment
process in the sol–gel technique the capillary forces produced are ultimately able to establish surface
fractures [58–60]. Figure 4d demonstrates a TFSOC micrograph which specifically illustrates that
the uniform coat of nanoparticles was constructed after annealing of 700 ◦C. In accordance with the
FT-IR (cf. Figure 3) and XRD (further presented in Section 3.4) analyses, these observations might be
attributed to titanium particles (anatase phase) mixed with iron oxide with an approximate size of
600 nm. Figure 5a. indicates the cross-sectional SEM micrograph of grinded RS doped with TFSOC
annealed at 700 ◦C in an N2 atmosphere.
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As shown in Figure 5b, the cross-sections approximately reveal 76 µm of TFSOC dense structure
and microcrystals of titanium anatase phase (approx 10 µm) which is also evident on the surface
(Figure 4d). In addition Figure 5a shows that the substrate is uniformly protected by TFSOC. There are
also cavities between RS and TFSOC, which were randomly distributed in various sections. Since they
did not reach on the surface, the area and length of these cavities are incalculable. It can be concluded
that these microcavities were created during the LbL and drying steps by trapping decomposition
products. This figure demonstrates also the EDS spectrum of cross-sectional RS (EDS spot 1) and TFSOC
(EDS spot 2) annealed at 700 ◦C under N2 atmosphere. The EDS result of the RS was matched with
Table 1. The regular and homogeneous surface morphology of TFSOC with Ti, Si and Fe compositions
at the micro-level were observed. The results show the excellently-defined peak of 0.525 keV for OK
element (At%: 29.96) that demonstrated the formation of solid oxide thin-film. TiK peaks at 4.5 keV
and 4.75 keV were identified which indicate the titanium dioxide existence (At%: 33.05). The peaks
at 0.2 keV and 1.75 keV were identified to confirm the presence of SiK (At%: 30.59). In addition, the
peak was defined at 6.45 keV to confirm FeK (At%: 6.40), which indicated that the RS penetrates
to the TFSOC owing to the high temperature of the annealing process. The TFSOC compositions
obtained by EDS analysis corroborate that the overall Ti:Si ratios were identical to the ratios of the
corresponding sols.
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3.4. X-ray Diffraction Analyses

The XRD patterns of TiSiNb powders (a) and TFSOC (b) annealed at various temperatures and
Nb content in the N2 atmosphere are shown in Figure 6.

In compositions of TiSiNb powders (a), the results show that the increased temperature from
500 ◦C to 700 ◦C did not affect the peaks generated, which might be correlated with the formation
and variations temperature in titanium and silicon phases [61]. It is evident that the increase in the
annealing temperature resulted in increasing the intensity of the peaks and consequently forming
crystallization. Only titanium oxide was detected and well-matched with the tetragonal anatase phase
(01-071-1166) while silicon dioxide was not identified. In both Nb contents at the mentioned annealing
temperature, the sharper peaks at 2θ = 25.34◦ were revealed to the (101) orientations. Considering the
fact that the EDS analysis evidence demonstrates that coverings contain substantial quantities of silicon
(At%: 30.59), however, due to the high annealing temperature, it can be concluded that the lack of
silica composition in the XRD analysis might be attributed to its amorphous structure. To quantify the
average size of TFSOC and TiSiNb nano-crystallite (L), the Scherrer Equation (4) [62] was utilized by K
as a constant related to crystallite shape that is normally taken as 0.9 and XRD radiation of wavelength
λ (nm) from measuring the full width at half maximum of peaks (β) in radian located at any 2θ in
the pattern.

L =
K× λ

β×Cosθ
. (4)

The average grain size of TiSiNb powders in different annealing temperatures (approx. 15 nm),
was not changed with the increase of Nb content. Figure 6b demonstrates the XRD patterns of TFSOC
at different annealing temperatures at two different Nb contents. The TFSOC XRD results were
similar in all mentioned annealing temperatures. The results show that the Maghemite, titanium
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phase (Fe2.18O4Ti0.42, 01-084-1595), which demonstrates the iron oxide was formed on the surface.
The combination of iron oxide and titanium phases was influenced by the pH of sol precursors
in accordance with the pH-potential diagram of the iron–water system at RT [63] and annealing
temperature. Low carbon steel such as C45E can progressively produce passive iron oxides in
precursors with high pH [64]. Consequently, under the processes of annealing, these iron oxides
were extracted and combined with TFSOC. Moreover, the XRD results of TFSOC shows that the
transformation phases have not changed with increasing the annealing temperature and Nb content.
The crystallite size of the maximum narrow peaks, which represented the high crystallinity of TFSOC
was increased from 68 nm to 71 nm through increasing annealing temperature.Nanomaterials 2020, 10, x FOR PEER REVIEW 10 of 22 
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3.5. Studies on Corrosion

3.5.1. Tafel Polarization Technique and Electrochemical Behavior

In all electrochemical techniques, Icorr can be used to determine the rate of corrosion from the
measures of polarization. The Rp of annealed RS and TFSOC at different temperatures in SCS immersion
after 1, 24, 360 and 720 h were determined using the Tafel extrapolation method from the intersection
of cathodic and anodic Tafel curves. For this purpose, Rp was measured using the Icorr, anodic (βa) and
cathodic (βa) Tafel constants from the Stern-Geary Equation (5) as one of the most effective techniques.

Rp =
βa ×βc

2.303× (βa + βb) × Icorr
. (5)

In order to compare the corrosion behavior between the uncoated and coated RS, firstly the RS
has been annealed at all mentioned temperatures in the N2 atmosphere. Then, the PEP and EIS tests of
the annealed RS were performed in the SCS after 1, 24, 360 and 720 h immersion time. After 96 h of
immersion, the results showed that the uncoated RS started to oxidatize and reduce the non-uniformity
of the surface which can be assumed that the localized corrosion [65] occurred in the form of irregular
and deep pitting. It can be concluded that this corrosion was primarily induced by the active–passive
behaviour of iron due to the pH environment, regeneration the hydrogen ion, lack of protective black
oxides such as Fe3O4 and chromium elements in the RS (cf. Figures 5 and 6). Therefore, in PEP analyses
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under the assumption that the distribution of anode sites is uniform and its area is equivalent to the
total sample surface area, the examination of the corrosion behaviour has not yielded accurate due to
the RS surface oxidation and formation of the pitting corrosion [66]. Consequently, to compare the
bare and coated RS, the PEP curves of the sample after 1 h immersion in the SCS were reported in
Figure 7a and the results are shown in Table 3.
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Table 3. Electrochemical parameters of annealed RS and TFSOC in N2 atmospheres at mentioned
temperatures after immersion for 1, 24, 360 and 720 h in SCS.

Sample Immersion
Time

Parameters

Ecorr (V) βa (V/dec) βc (V/dec) Icorr (A/cm2) Rp (Ω cm2)

TiSiNb0.02-700 ◦C
720 h

−0.29.4 2.8 × 10−2 3.2 × 10−2 6.9 × 10−7 9262

TiSiNb0.02-600 ◦C −0.29.5 3.3 × 10−2 3.3 × 10−2 7.1 × 10−7 9681

TiSiNb0.02-500 ◦C −0.28.9 3.8 × 10−2 4.1 × 10−2 6.5 × 10−7 13,285

TiSiNb0.02-700 ◦C
360 h

−0.29.6 2.9 × 10−2 3.1 × 10−2 7.2 × 10−7 9038

TiSiNb0.02-600 ◦C −0.29.6 4.1 × 10−2 4.2 × 10−2 9.5 × 10−7 9581

TiSiNb0.02-500 ◦C −0.28.4 2.7 × 10−2 3.1 × 10−2 2.8 × 10−7 21,050

TiSiNb0.02-700 ◦C
24 h

−0.29.2 2.9 × 10−2 3.3 × 10−2 7.1 × 10−7 9345

TiSiNb0.02-600 ◦C −0.28.7 3.9 × 10−2 4.1 × 10−2 7.1 × 10−7 12,423

TiSiNb0.02-500 ◦C −0.27.9 3.6 × 10−2 4.2 × 10−2 3.7 × 10−7 23,152

TiSiNb0.02-700 ◦C

1 h

−0.29.5 3.1 × 10−2 3.9 × 10−2 7.1 × 10−7 10,523

TiSiNb0.02-600 ◦C −0.29.4 3.6 × 10−2 4.1 × 10−2 6.1 × 10−7 13,588

TiSiNb0.02-500 ◦C −0.28.1 2.9 × 10−2 3.5 × 10−2 2.6 × 10−7 26,533

RS-700 ◦C −0.47.5 4.9 × 10−2 5.9 × 10−2 5.8 × 10−6 2030

RS-600 ◦C −0.47.9 5.9 × 10−2 6.5 × 10−2 1.6 × 10−5 854

RS-500 ◦C −0.48.4 5.6 × 10−2 3.7 × 10−2 3.1 × 10−5 326
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The results indicate that the increased annealing temperature from 500 ◦C to 700 ◦C has improved
the Rp from 326 Ω cm2 to 2030 Ω cm2, respectively. Therefore, it is conceivable to conclude that
the increase in the annealing temperature resulted in the formation of the passive layer and thereby
improved the RS corrosion resistance. Figure 8a,c,e,g shows the PEP curves of TFSOC with a different
value of Nb annealed at 500 ◦C, 600 ◦C and 700 ◦C which were immersed in SCS for 1 (a), 24 (c), 360 (e)
and 720 h (g), respectively. As the curves indicate, increasing the niobium dopant content is effective in
improving the corrosion behavior of TFSOC due to its comprehensive performance such as excellent
anti-corrosive performance. Therefore, based on the assumption that the results are almost the same
only y2 = 0.02 is reported in Table 3.Nanomaterials 2020, 10, x FOR PEER REVIEW 13 of 22 
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Figure 8a shows the PEP curves of immersed TFSOC in SCS after 1 h. As can be seen, increasing
the annealing temperature from 500 ◦C to 600 ◦C and 700 ◦C was decreased the Ecorr from −28.1 V to
−29.4 V and −29.5 V, respectively. Therefore, the Rp of TFSOC was decreased from 26,533 Ω cm2 to
13,588 Ω cm2 and 10,523 Ω cm2, respectively. The SEM micrograph reveals that TFSOC annealed at
500 ◦C (cf. Figure 4a) has fewer cracks compared to the rest of the samples. Therefore, there is the
highest Rp of 26,533 Ω cm2 at this annealing temperature due to the non-cracking surface as one of
the most important subjects to acts as a barrier and prevents corrosive ions from penetrating to the
substrate. Figure 8b indicates the PEP curves of TFSOC after 24 h immersion in the SCS, which similarly
decreased the Rp from 23,152 Ω cm2 to 9345 Ω cm2 by increasing the annealing mentioned temperature,
respectively. As can be seen in Table 3 the similar results were obtained from 360 h (Figure 8e) and
720 h (Figure 8g) immersion in the SCS. Generally, the results demonstrated that the highest Rp of
TFSOC was obtained from 500 ◦C annealed after being immersion in SCS for 1, 24, 360 and 720 h,
respectively. Furthermore, as shown in Figure 8 and Table 3, after 720 h immersion, the maximum
volume of decreased Rp was attributed to the TFSOC annealed at 500 ◦C. However, by comparing
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the other annealed temperatures, it can be concluded that the Rp has not decreased significantly after
increasing the immersion time and their remains almost unchanged. As the annealing temperature
increased, silicon dioxide is formed during the oxidation of silicon single crystal (cf. EDS result), as well
as the titanium and iron oxide phases are grown. Then, due to the instability of silicon dioxide as a
barrier the substrate oxides penetrated to the TFSOC surface through the nanoporous and cracks in the
form of the combined titanium oxides (cf. Figure 6). Ultimately, to preserve the Rp stable, maybe such
oxide phases behave similarly relying on the following mechanisms.

The long-term stability and superior corrosion resistance property of this TFSOC during the
long-term immersion might be dependent to the variety of factors such as heat treatment atmosphere
as well as the function of their electrochemical behaviour in the test environment. On the other hand,
the researchers have realized that the process of heat treatment in the N2 atmosphere can increase
the corrosion resistance of the bare substrate and coating [67,68]. Further, the reduction of dissolved
nitrogen N2 according to Equation (6) can immediately be absorbed on the surface of TFSOC during
the immersion in acidic environment consumes hydrogen ions and prevents acidification of the TFSOC
surface by hydrolysis of metal ions and thereby prevents the destruction of TFSOC. As shown in
EDS result (Figure 5a), there are various cavities between the RS and TFSOC which can be enriched
by N2 through metal ion deposition during RS initial contact with the TiSiNb aged sols (dip-coating
process) and film formation in the heat treatment process. Finally, the N2 is enriched in the metal at the
substrate/TFSOC interface via cracks and nano-crevices, thus might be reducing the anodic dissolution
rate and thus decreasing the Icorr (cf. Table 3), as a result, increasing the corrosion resistance. In the
next mechanism, the passive films can be formed on the surface due to the consecutive immersion
of the RS into the precursor sols and SCS or even during the PEP and EIS tests. In this case, both
anode and cathode reactions are generally assumed as Equation (7) and Equation (8), respectively.
However, rather than the metal and hydroxyl ions immediately combining to form a solid product
shown in Equation (9), due to the SCS temperature and pH, these reactions (Equations (7) and (8))
constantly repeated, which resulted in the formation of the passive film. Therefore, firstly the metal
ions react with hydroxyl ions and the intermediate complex has formed as shown in Equation (10).
Then, water molecules surrounded these intermediate ions and the solid film has precipitated after
the Equation (11) reaction. Resultantly, the water was produced as shown in Equation (12) owing to
the combined the produced hydrogen ions in Equation (11) and remaining hydroxyl ions of cathode
reaction from Equation (8). Finally, as shown in Equation (13) the solid metal hydroxide is converted
to metal oxide due to the presence of water ions in the PEMFC operating environment.

N2 + 4H+ + 3e→ NH+
4 (6)

M→M+2 + 2e (7)

1/2O2 + H2O + 2e→ 2OH− (8)

M+2 + 2OH− →M(OH 2

)
(9)

M+2 + OH− →M(OH+
)

(10)

M(OH+) + H2O→M(OH)2 + H+ (11)

H+ + OH− → H2O (12)

M(OH)2 →MO + H2O (13)

Under this mechanism, freshly oxide formed film can contain a significant amount of water
molecules, which can gradually decrease by continuous exposure to SCS. Eventually, the new oxide
formed film progressively changes toward that of the metal with the loss of hydrogen ions. Following
the formation of the metal oxide, the metal ions at a rate corresponding to the Icorr passed through the
passive film. As a result, the corrosion resistance can be constant over a long time in the presence of
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corrosive ions in the SCS. Finally, it can be concluded that the TFSOC has demonstrated high corrosion
and long-lasting resistance in the SCS, which is suitable for PEMFCMI cost-effective applications.

3.5.2. Electrochemical Impedance Spectroscopy (EIS)

The EIS technique was used to investigate the RS and TFSOC corrosion behavior after immersion
in SCS. Investigating the characteristics of coatings protective on corrodible metals is one of EIS most
usual applications. Figures 7b and 8b,d,f,h show the Nyquist plots from EIS analyses of annealed
RS (7b) and TFSOC after immersion in SCS for 1 (b), 24 (d), 360 (f) and 720 h (h) at a mentioned
temperature in N2 atmosphere. As can be seen in Figure 7b, the low corrosion resistance of RS has not
changed by increasing the annealing temperature. Therefore, because of the rapid oxidation of bare
RS in the harsh environment, only the PEP results of 1 h at the mentioned annealing temperature are
presented in this work. As shown in Figure 8b,d,f,h, the application of TFSOC have modified the shape
and diameter of the semi-circles as compared to the RS plot (7b) which indicates an improvement
of RS coated resistance. Furthermore, the Nyquist TFSOC plots demonstrate that the semicircular
diameters were increased, which indicates a notable improvement of the corrosion resistance of the
substrates after applying the TFSOC. The equivalent electrical circuit (EEC) has been used to obtain
the parameter values of the RS and TFSOC Nyquist plots. As can be observed in Figure 1b, the gas
and water flow channels are machined or stamped directly on the interconnect surface. Due to the
presence of these channels, which are responsible for the homogeneous delivery and distribution of
fuels, a significant portion of irreversible losses from ICR of approximately 11%, which clearly reduces
PEMFC efficiency [69]. Therefore, to improve the efficiency and commercialization of PEMFCs, it
is important to avoid the electrochemical degradation of the interconnectors. On other hand, good
electrical conductivity ought to be the property of PEMFCMI. However, it seems that the high value of
Rct might have decreased the electroconductivity of PEMFCMI, which can have consequences for the
efficiency of the interconnectors and eventually reduce the output power of the PEMFC. Therefore, to
identify the TFSOC with good load transfer intensity in addition to reasonable corrosion resistance,
the lowest values of the equivalent circuit parameter of EIS results, obtained from the curve-fitting
method that has been used to model the bare and coated substrates, are compared. The optimum
was found for the TiSiNb0.02 sample annealed at 700 ◦C. The data are reported in Table 4. The most
appropriate circuit which has been matched precisely to the EIS results of RS and TFSOC with a low
measurement error of impedance data (rel. std. error ≤0.14%) is schematically illustrated in Figure 7c.
The Randles equivalent circuit [70] as one of the simplest and most common cell models can be used
to extract information of EIS data from different protective thin-films. This model is often the basis
for other more complex models which is commonly utilized when the Nyquist plot is in the form of
a complete semicircle with no deviation from an ideal state. As shown in Figure 7c, the equivalent
circuit involves the solution resistance (Rs), charge transfer (Rct) and pseudocapacitance associated to
the substrate-electrolyte interface (Q). In general, CPE is used to describe the capacitance, when the
underlying electrochemical process is not described by a single relaxation frequency but by dispersion
of relaxation frequencies (indicated by a flattened semicircle). It is specified by the (Y0) and the power
index number (n) as provided in (Equation (14)); where Y0 is directly related to the active surface
corrosion and electrical conductivity [71] and n is CPE power, which is attributed to the dispersion
effects caused most probably by the roughness of the TFSOC surface [72]. Therefore, the identity and
impedance of CPE are related to Equations (14) and (15), respectively.

YCPE = Y0 × (jω)n (14)

ZCPE =
1

Y0 × (jω)n (15)

whereω= 2πf (rad/s) as an angular frequency and j =−11/2 represents the imaginary constant. Furthermore,
the parameters Y0 or Admittance (Ω−1 cm2 sn) and n (−1≤ n≥ 1) are independent of frequency. In general,
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the pure inductive, resistance and capacitive behaviors (RC) are attributed to the CPE with n value of
−1, 0 and 1, respectively. As can be seen from Table 4, the TFSOC has the highest Rct of 3.3 × 103 Ω cm2

compared to the RS (179.15 Ω cm2) after 1 h immersion in the SCS. Over time, this value gradually
decreased to the 2.7 × 103 Ω cm2 (after 720 h), which caused a decrease of load transfer resistance.

Table 4. EIS fitting parameters of annealed RS at 500 ◦C and TFSOC at 700 ◦C after immersion in SCS.

Sample Name RS-500 ◦C TiSiNb0.02-700 ◦C

Immersion Time 1 h 1 h 24 h 360 h 720 h

Rs (Ω cm2) 19.5 16.4 18.1 18.3 18.9

Y0 (Ω−1 cm2 sn) 2.9 × 10−4 2.4 × 10−3 6.9 × 10−3 6.5 × 10−4 1.5 × 10−3

n 0.9 0.6 0.6 0.8 0.7
Rct (Ω cm2) 179.1 3.3 × 103 2.8 × 103 2.5 × 103 2.7 × 103

Formation of the high protective TFSOC with titanium oxide phase and its enhancement by iron oxide
(cf. EDS and XRD) as well as the formation of the protective passive film (cf. PEP analyses) have resulted
in the good constant resistance over the long immersion time. Decreasing the Y0 to 6.9 × 10−3 (Ω−1 cm2 sn)
after 24 h immersion indicates that a small area on the TFSOC surface has participated in the corrosion
process. Furthermore, according to the n values (between 0 and 1) as shown in Table 4, it can be concluded
that the behavior of the CPE is a RC-type [38]. Hence, it can be assumed that owing to the thickening of
the passive layers the Rct value has not changed with increasing immersion time. Figure 9a,b show Bode
plots and Bode phase diagrams of TFSOC at different immersion time in SCS, respectively. As shown in
Bode plots of TFSOC three different regions as high (≥103 Hz), medium (0.1–103 Hz) and low (<103 Hz)
frequencies indicate the Rs properties, RC-type behavior and Rct process at the SCS/electrode interface,
respectively. As can be seen, despite long immersion time, the impedance parameters of the TFSOC were
not significantly changed except that phase angle tended to decrease at low frequency. This slight decrease
is due to the formation of pores/cracks in TFSOC surfaces (cf. Figure 4) which allows the occurrence of
the localized corrosion in the SCS harsh environment. Nonetheless, as concluded by the EIS and PEP
results, the SCS electrolyte cannot be used to diffuse and attack the substrate from these corrosion points.
According to the passivation mechanism (cf. PEP studies), the passive layer of TFSOC generated by the
corrosion products offered an extra protective barrier to the substrate, thereby hinder and retard electrolyte
diffusion. It can be inferred that the TFSOC shows capacitive behavior with a significant phase angle
between low/mid-frequency regions which can be correlated with thin-film insulation and compactness.
Therefore, it can be concluded that the Nyquist plots from the EIS analyses were largely compatible with the
PEP result and TFSOC can effectively protect the RS with little degradation of cathode working potential.
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3.6. Computation and Evaluation of Conductivity and Activation Energy

Figure 10 illustrates the Arrhenius representation of Ti0.50-y/2Si0.50-y/2Nby1,2O2 with two different Nb
contents. It can be seen that for both samples the activation energy is around 0.20 eV. However, it appears
that the concentration of Nb acts inversely on the TFSOC resistivity. If Nb as donor dopant would
be compensated completely electronically, an increase of conductivity would be expected. From the
decrease of conductivity with higher Nb content, it can be concluded that Nb at the higher content
level is partially compensated by the formation of cation vacancies (VTi

′′′′). The activation energy of
the conductivity gives evidence that the electrons generated by donor doping are trapped by either the
formation of Ti3+ ions (in Kröger–Vink-notation TiTi

′) or the association with oxygen vacancies. Since the
number of oxygen vacancies in doped donor oxides should be very low, the first assumption seems more
plausible. These trapped electrons are released either by hopping (polaronic motion) to neighbouring
Ti4+ ions or by excitation to the conduction band. Unfortunately, the activation energy found in the
literature for such Ti3+/Ti4+ hopping differs by one order of magnitude. Shan Yang et al. [73] estimated
the activation energy for the intrinsic electron small polaron in rutile Ti oxide from electron paramagnetic
resonance measurements as 0.024 eV, which would mean that these defects are thermally unstable
at very low temperatures and would be fully ionized at ambient conditions. Di Valentin et al. [74],
however, calculated the activation energy for the excitation of an electron from a six-fold-coordinated
Ti6c

3+ ion as 0.3 eV. One may take into account that the activation energy for polaron motion in a solid
solution of Ti and Si oxides is increased because of the local distortion of the lattice due to the difference
in the ionic radii and therefore is well above the suggested 0.024 eV of pure Ti oxide.
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4. Conclusions

The TiSiNb TFSOC has been developed to improve the conductivity and electrochemical
degradation resistance of C45E used as metal interconnects in PEMFC applications. Most parameters
such as thermal stability, OH groups, phases and crystallite sizes can be controlled by the sol–gel method
and annealing temperature. The SEM analysis shows the presence of a compact and homogeneous
TFSOC mixed with iron oxide as evidenced by EDS and XRD analyses. The use of an N2 atmosphere
and high annealing temperature leads to an increase in the self-protective and long-term stability of
the TFSOC. To define their anti-corrosion efficiency, the highest long-term anti-corrosion activity after
720 h (1.33 kΩ cm2) immersion in SCS using the PEP has been obtained in comparison to RS. EIS data
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also further confirmed that the cheap C45E steel coated can play a significant function in improving the
interconnect resistance. Due to the low activation energy, the material composition and heat treatment
conditions could be optimized further to improve the conductivity. Owing to its homogeneity and high
corrosion resistance in the PEMFC environment and cost-effective materials and method, the coated
moderate C45E carbon steel can be considered as a cheap effective combination for interconnect in the
future PEMFC technologies, which is effective for considerably increasing the PEMFC output power.
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