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Abstract: The durability of metal-based constructions, especially those containing reinforced concrete,
is mainly limited by corrosion processes. Diamond-like carbon (DLC)-coated silicon (Si) wafers provide
a chemically inert and mechanically robust sensing interface for application in aggressive environments.
In this study, iron-sensitive dyes, i.e., 2,3-dihydroxypyridine (DHP) and 1,2-dihydroxybenzol (DHB),
were coated onto DLC-modified Si wafers for evaluating the potential of detecting corrosion processes
via evanescent field absorption spectroscopy using Fourier-transform infrared spectroscopy. The
obtained IR spectra reveal discernible changes of the dye layer after exposure to iron solutions, which
indicates that indeed corrosion processes may be studied at molecular level detail.
Keywords: mid-infrared chemical sensor; chemosensor; corrosion detection; diamond-like carbon;
DLC; iron-sensitive dye; attenuated total reflection

1. Introduction
Iron ore mining worldwide amounts to approximately 1670 million tons and is mainly used for
the production of iron and other important materials [1]. Iron is used to build cars, ships, bridges, and
many other necessary objects, as well as buildings, pushing mankind further and further towards
a modern future. The biggest advantage of using iron and its variations is usually the same: high
load-bearing capacity combined with a high tensile strength despite high ductility, as is known, for
example, from bridges, make this raw material versatile [2,3].
However, all iron end products share a common problem; corrosion. In the presence of water and
oxygen, Fe(0) oxidizes to Fe(II). The second step of oxidation is the formation of Fe(III). The different
oxidation states of the iron ions give rise to the later main components of rust. Therefore, Fe(II) and
Fe(III) hydroxide convert to Fe(II) and Fe(III) oxide to form xFeO·yFe2 O3 ·zH2 O [4] and, by forming an
iron-damaging layer, lead to damage in the billions every year and can represent a safety risk [5–7].
Exactly this has to be recognized early in order to be able to intervene at the point where it
is necessary to be able to prevent safety risks and consequential damages. For this reason, the
development of novel sensors in this area is indispensable. However, the development of such sensors
is strongly limited by environmental influences and corrosion-sensitive environments. Previous
investigations of Graham and Cohen [8] show analysis methods of iron corrosion products using the
Mössbauer spectroscopy. These methods show the possibility to use low energetic γ-rays combined
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using the Doppler effect mainly on solid iron products. The limitation of this spectroscopy is the
laboratory use only due to complex equipment and its high costs. Moreover, when measuring liquid
samples, inaccurate results are obtained compared to solid samples.
Alternatively to Mössbauer spectroscopy, electrochemical impedance spectroscopy (EIS) can be
applied using a certain voltage and current to, e.g., a metal sheet covered in an aqueous solution.
To perform a measurement a three-electrode (working electrode, counter electrode, and a reference
electrode) cell is necessary. Due to its various evaluation methods the EIS is very time-consuming and
needs also good knowledge in electrical engineering. Furthermore, due to its sensitivity to vibration
and more, this method is largely limited to measurements in the laboratory [9–11]. Attenuated total
reflection Fourier-transform infrared spectroscopy (ATR-FTIR) was used within this study to analyze
dye-coated diamond-like carbon (DLC) samples utilizing a diamond attenuated total reflection (ATR)
module. Attenuated total reflection infrared (ATR-IR) spectroscopy is based on the formation of an
evanescent field penetrating into the adjacent medium. Molecules of compounds within the penetration
depth can be detected. The principle of ATR-IR spectroscopy can be found in detail elsewhere [12].
Si wafer chips coated with DLC are mechanically and chemically inert, have a high refractive
index, and a broad optical transparency in the mid-infrared (MIR) region offering a wide application
in sensing systems [13–17], e.g., in-field deployment as an optical transducer within an aggressive
environment, i.e., being exposed to high temperature and humidity changes.
Fe detection is usually performed via color changes based on complexation reactions. Therefore,
special compounds, such as 2,3-dihydroxypyridine (DHP), 1,2-dihydroxybenzol (DHB), potassium
ferrocyanide and ferricyanide, thioglycolic acid, and thiocyanate can be used. With ultraviolet-visible
(UV/Vis) spectroscopy color changes in the visible spectral region can be observed. However, for
real-world applications the sensor may be built inside an entire system to detect corrosion processes of
inner parts, i.e., steel ropes in wind power plants. Therefore, DHP and DHB were chosen within this
study based on IR signature changes due to structural changes by addition of Fe ions.
In this study, ATR-IR spectra were recorded in order to detect Fe ions, and therefore, corrosion
processes. Si wafers were coated with DLC and, subsequently, with a dye sensitive to Fe ions. DHP and
DHB were investigated for this purpose due to direct chemical reaction even with low amounts of Fe.
Changes of the IR spectra verified the presence of Fe ions. A linear calibration of DHP was established
revealing a detection limit of 0.013 ± 0.005 mg/µL. Therefore, a sensor system based on Fe-sensitive
dyes coated onto DLC chips can be implemented for corrosion detection within sites where corrosion
leads to safety risks.
2. Materials and Methods
2.1. Materials
DHP (95%), DHB (99%), 2-propanol (99.9%), and ethanol (99.8%) were obtained from
Sigma-Aldrich Chemie GmbH (Munich, Germany). Fe(III) chloride (98%) was supplied from Merck
KGaA (Darmstadt, Germany)
2.2. Sample Preparation
Si wafers (10.16 cm in diameter) were cleaned with standard RCA 1 and 2 procedure, and
subsequently dipped in HF:water (1:50) solution to remove surface oxides. Subsequent to the oxide
removal, the wafer was placed in a deposition chamber for pump-down to a base pressure of 10−5
Pa. Using pulsed filtered cathodic arc deposition with a high-purity graphite cathode, a carbon-based
coating was deposited to a total thickness of 30 nm at an electrical bias of −40 V. The first half of the
coating thickness was deposited at base pressure to yield a regular tetragonal amorphous carbon (ta-C,
i.e., DLC) coating, and then, for the top half of the coating, SF6 was introduced into the deposition
chamber at a pressure of 1 Pa to yield a highly hydrophobic fluorinated amorphous carbon (F:a-C)
top layer. The chamber was then vented to atmosphere with nitrogen. The surface-terminated DLC
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chips were diced into 1 × 1 cm2 segments. Afterwards, the samples were cleaned with high purity
3 of 8
2-propanol. The respective dye was dissolved in pure ethanol. The DLC surface was coated with 50
µL
of solute dye by using an Eppendorf pipette. To ensure complete removement of the solvent, the chips
of solute dye by using an Eppendorf pipette. To ensure complete removement of the solvent, the
were dried for 24 h at room temperature, followed by a subsequent drying process for 12 h at 60 ◦ C.
chips were dried for 24 h at room temperature, followed by a subsequent drying process for 12 h at
For detecting Fe ions, Fe(III) chloride was dissolved in ethanol in the respective concentration. 10 µL
60 °C. For detecting Fe ions, Fe(III) chloride was dissolved in ethanol in the respective concentration.
of the Fe solution was dip-coated onto the dye-coated chip using an Eppendorf pipette. The prepared
10 µL of the Fe solution was dip-coated onto the dye-coated chip using an Eppendorf pipette. The
chip was dried for subsequent measurements.
prepared chip was dried for subsequent measurements.
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the visible
spectral range, a color change from colorless to gray, and colorless to blue for DHP and DHB,
respectively, can only be observed by adding higher amounts of Fe ions. Furthermore, the
concentration of the dye has to be high. Therefore, application of UV/Vis spectrometry is difficult.
For a fast detection of corrosion processes with even small amounts of Fe, installed FT-IR sensors
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visible spectral range, a color change from colorless to gray, and colorless to blue for DHP and DHB,
respectively, can only be observed by adding higher amounts of Fe ions. Furthermore, the concentration
of the dye has to be high. Therefore, application of UV/Vis spectrometry is difficult. For a fast detection
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Figure 2. Chemical structure of iron sensitive dyes: (a) DHP and (b) DHB.
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Figure 3. MIR spectrum of solid DHP (black) and 13 mg/mL DHP onto DLC layer (red).
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and bending vibration of aromatics, the IR feature at 1367 cm−1 , corresponding to O–H deformation
vibration [19] disappear by addition of iron ions suggesting the deprotonation of the hydroxylic groups
due to coordination to iron and loss of aromaticity due to protonation of nitrogen. This band was
used for further quantitative analysis and is labeled for clarity in the Figure 4. The new peak at 3441
cm−1 attributed to N-H stretching vibration supports this consideration. The peaks at 1608 cm−1 and
1576 cm−1 from aromatic stretching vibrations are shifted to lower wavenumbers due to weakening of
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takes place, the two peaks from hydrogen-bonded O-H almost disappeared suggesting
deprotonation of DHB and coordination to iron. Makuraza et al. [22] computed the spectrum of 1,2benzochinone and the most intense IR feature was assigned to the C=O stretching vibration at 1734
cm−1. However, this peak was not observed after addition of Fe ions corroborating the coordination
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two peaks from hydrogen-bonded O-H almost disappeared suggesting deprotonation of DHB and
coordination to iron. Makuraza et al. [22] computed the spectrum of 1,2-benzochinone and the most
intense IR feature was assigned to the C=O stretching vibration at 1734 cm−1 . However, this peak was
not observed after addition of Fe ions corroborating the coordination to iron. Furthermore, three new
peaks at 2851 cm−1 , 2919 cm−1 , and 2952 cm−1 appeared, which might be correlated to sp2 -hybridized
C-H stretching vibrations suggesting that protons from the hydroxyl groups were attached on the
cyclic ring forming a cyclohexene ring. Additionally, IR bands from the aromatic system disappeared.
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Figure 5. MIR spectrum of DHB before (black) and after (red) addition of Fe ions (10 µL with a
Figure 5. MIR spectrum of DHB before (black) and after (red) addition of Fe ions (10 µL with a
concentration of 9.44 mg/mL). The absorption features of the hydroxylic groups from DHB and the
concentration of 9.44 mg/mL). The absorption features of the hydroxylic groups from DHB and the
aromatic ring vibrations decreased with Fe ions addition. New peaks from 2950 to 2850 cm−1−1 indicate
aromatic ring vibrations decreased with Fe ions addition. New peaks from 2950 to 2850 cm indicate
the formation of CH2 within the cyclic ring.
the formation of CH2 within the cyclic ring.

Both reagents, DHP and DHB, revealed IR spectroscopic changes due to structural changes after
Both reagents—DHP and DHB—revealed IR spectroscopic changes due to structural changes
adding Fe ions. The absorption features of both dyes indicate the coordination to iron via oxygen bond.
after adding Fe ions. The absorption features of both dyes indicate the coordination to iron via oxygen
Therefore, their application for iron detection was successfully demonstrated. While DHP poses no
bond. Therefore, their application for iron detection was successfully demonstrated. While DHP
threat to the ecosystem and can be used without hesitation, DHB is toxic and in part mutagenic. Hence,
poses no threat to the ecosystem and can be used without hesitation, DHB is toxic and in part
environmental deployment is difficult and discharges into the environment have to be prevented.
mutagenic. Hence, environmental deployment is difficult and discharges into the environment have
Therefore, quantitative analysis of iron with DHP dye was performed. For this, the IR absorption
to be prevented.
feature at 1367 cm−1 was used for evaluation. If Fe ions from corrosion process interact with the dye,
Therefore, quantitative analysis of iron with DHP dye was performed. For this, the IR absorption
the hydroxylic group
is deprotonated due to coordination to Fe, therefore a decrease of the band was
feature at 1367 cm−1 was used for evaluation. If Fe ions from corrosion process interact with the dye,
observed. Figure 6a shows the IR spectra of the respective concentration used for establishing the
the hydroxylic group is deprotonated due to coordination to Fe, therefore a decrease of the band was
calibration function (Figure 6b), which was obtained from the peak area vs. the concentration of iron
observed. Figure 6a shows the IR spectra of the respective concentration used for establishing the
solution added to DHP-DLC chip. The concentration ranges from 0.063 mg/µL to 0.315 mg/µL. The
calibration function (Figure 6b), which was obtained from the peak area vs. the concentration of iron
error bars were from five repititive measurements. The obtained goodness of fit (r2 -value) was 0.99668.
solution added to DHP-DLC chip. The concentration ranges from 0.063 mg/µL to 0.315 mg/µL. The
The limit of detection (LOD) and limit of quantification was calculated according to the IUPAC
3σ- and
error bars were from five repititive measurements. The obtained goodness of fit (r2-value) was
10σ-criteria (standard deviation of blank measurement), respectively. Hence, the LOD and LOQ was
0.99668. The limit of detection (LOD) and limit of quantification was calculated according to the
calculated to be 0.013 ± 0.005 mg/µL and 0.043 ± 0.004 mg/µL.
IUPAC 3σ- and 10σ-criteria (standard deviation of blank measurement), respectively. Hence, the
LOD and LOQ was calculated to be 0.013 ± 0.005 mg/µL and 0.043 ± 0.004 mg/µL.
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0.99668. The limit of detection (LOD) and limit of quantification was calculated according to the
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(a)
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Figure 6. (a) IR spectra of the decreasing IR absorption feature of DHP from O–H deformation vibration
at 1367 cm−1 used for quantitative evaluation; (b) Established linear calibration function. Five repetitive
measurements of each Fe concentration were recorded in the range from 0.063 mg/µL to 0.315 mg/µL.

4. Conclusions
Evanescent field absorption spectroscopy for detection of Fe ions occurring from corrosion
processes via dye-coated Si wafers with DLC coating has been successfully demonstrated. The dyes
undergo a chemical reaction, i.e., coordination to Fe ions, and therefore a change in the IR absorbance
spectra was observed, i.e., the O–H stretching vibration of DHP and DHB disappeared. In the case
of DHB, coordination to iron leads to the loss in aromaticity, and formation of sp2 hybridized C–H
vibrations was observed. Both, DHP and DHB revealed fast response characteristics once Fe ions were
added. Exemplarily, a calibration function of DHP was established with a resulting detection limit of
0.013 ± 0.005 mg/µL. Due to direct chemical reaction with iron, the onset of corrosion processes can be
detected and future integration as a mechanically robust corrosion detection system is enabled. Further
studies are required to test the dye-coated Si wafer-based sensor behavior in harsh environments,
e.g., changing weather conditions. Hence, long-term stability tests with changing temperature and
humidity conditions have to be carried out. Based on the obtained results with DLC coated Si wafers,
future application of DLC waveguides replacing the commercial IRE together with quantum cascade
lasers may lead to higher sensitivities.
Author Contributions: Conceptualization, D.T., M.K., and B.M.; methodology, D.T., C.D., and P.F.; data curation,
D.T.; writing—original draft preparation, D.T.; writing—review and editing, M.K., L.Ö., and B.M.; supervision,
L.Ö., A.M., M.K., and B.M.; funding acquisition, F.N., L.Ö., M.K., and B.M.
Funding: This research was funded by the Horizon 2020 Framework Program of the European Union
within the MSCA RISE Project TROPSENSE, grant number 645758, and the Swedish Research Council (VR),
project 621-2014-5959.
Acknowledgments: The sample coating was provided by JAVU AB, Sweden. Joakim Andersson is gratefully
acknowledged for technical support.
Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References
1.
2.

Ferreira, H.; Leite, M.G.P. A Life Cycle Assessment study of iron ore mining. J. Clean. Prod. 2015, 108,
1081–1091. [CrossRef]
Kuranovas, A.; Goode, D.; Kvedaras, A.K.; Zhong, S. Load-Bearing Capacity of Concrete-Filled Steel Columns.
J. Civ. Eng. Manag. 2009, 15, 21–33. [CrossRef]

Sensors 2019, 19, 3373

3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.

14.

15.

16.

17.

18.

19.

20.
21.
22.

8 of 8

Mori, K.; Maki, S.; Tanaka, Y. Warm and Hot Stamping of Ultra High Tensile Strength Steel Sheets Using
Resistance Heating. CIRP Ann. 2005, 54, 209–212. [CrossRef]
Neumüller, O.A. Römpps Chemie-Lexikon, 8th ed.; Franckh: Stuttgart, Germany, 1988.
Mcneill, L.S.; Edwards, M. Iron pipe corrosion in distribution systems. J. Am. Water Work. Assoc. 2001, 93,
88–100. [CrossRef]
Li, C.Q.; Mahmoodian, M. Risk based service life prediction of underground cast iron pipes subjected to
corrosion. Reliab. Eng. Syst. Saf. 2013, 119, 102–108. [CrossRef]
Sabot, R.; Jeannin, M.; Gadouleau, M.; Guo, Q.; Sicre, E.; Refait, P. Influence of lactate ions on the formation
of rust. Corros. Sci. 2007, 49, 1610–1624. [CrossRef]
Graham, M.J.; Cohen, M. Analysis of Iron Corrosion Products Using Moessbauer Spectroscopy. Corrosion
1976, 32, 432–437. [CrossRef]
Liu, C.; Bi, Q.; Leyland, A.; Matthews, A. An electrochemical impedance spectroscopy study of the corrosion
behaviour of PVD coated steels in 0.5 N NaCl aqueous solution: Part I. Establishment of equivalent circuits
for EIS data modelling. Corros. Sci. 2003, 45, 1257–1273. [CrossRef]
Liu, C.; Bi, Q.; Matthews, A. EIS comparison on corrosion performance of PVD TiN and CrN coated mild
steel in 0.5 N NaCl aqueous solution. Corros. Sci. 2001, 43, 1953–1961. [CrossRef]
Guan, J.-G.; Miao, Y.-Q.; Zhang, Q.-J. Impedimetric biosensors. J. Biosci. Bioeng. 2004, 97, 219–226. [CrossRef]
Mizaikoff, B. Mid-infrared evanescent wave sensors - A novel approach for subsea monitoring. Meas. Sci.
Technol. 1999, 10, 1185–1194. [CrossRef]
Wang, X.; Karlsson, M.; Forsberg, P.; Sieger, M.; Nikolajeff, F.; Österlund, L.; Mizaikoff, B. Diamonds
are a spectroscopists best friend: Thin-film diamond mid-infrared waveguides for advanced chemical
sensors/biosensors. Anal. Chem. 2014, 86, 8136–8141. [CrossRef] [PubMed]
Andersson, P.O.; Viberg, P.; Forsberg, P.; Nikolajeff, F.; Österlund, L.; Karlsson, M. Nanocrystalline diamond
sensor targeted for selective CRP detection: An ATR-FTIR spectroscopy study. Anal. Bioanal. Chem. 2016,
408, 3675–3680. [CrossRef] [PubMed]
Fromell, K.; Forsberg, P.; Karlsson, M.; Larsson, K.; Nikolajeff, F.; Baltzer, L. Designed protein binders in
combination with nanocrystalline diamond for use in high-sensitivity biosensors. Anal. Bioanal. Chem. 2012,
404, 1643–1651. [CrossRef] [PubMed]
López-Lorente, Á.I.; Wang, P.; Sieger, M.; Vargas Catalan, E.; Karlsson, M.; Nikolajeff, F.; Österlund, L.;
Mizaikoff, B. Mid-infrared thin-film diamond waveguides combined with tunable quantum cascade lasers
for analyzing the secondary structure of proteins. Phys. Status Solidi Appl. Mater. Sci. 2016, 213, 2117–2123.
[CrossRef]
López-Lorente, Á.I.; Karlsson, M.; Österlund, L.; Mizaikoff, B. Diamond Waveguides for Infrared Spectroscopy
and Sensing. In Carbon-Based Nanosensor Technology; Kranz, C., Ed.; Springer Series on Chemical Sensors and
Biosensors (Methods and Applications); Springer: Cham, Switzerland, 2017; Volume 17.
Andersson, P.O.; Lundquist, M.; Tegler, L.; Börjegren, S.; Baltzer, L.; Österlund, L. A novel ATR-FTIR
approach for characterisation and identification of ex situ immobilised species. ChemPhysChem 2007, 8,
712–722. [CrossRef] [PubMed]
Krishnakumar, V.; Muthunatesan, S. FT-IR, FT-Raman spectra and scaled quantum mechanical study of
2,3-dihydroxy pyridine and 2,4-dihyroxy-3-nitropyridine. Spectrochim. Acta Part A Mol. Biomol. Spectrosc.
2006, 65, 818–825. [CrossRef] [PubMed]
Mikenda, W. Stretching Frequency versus Bond Distance Correlation of O-D(H) Y hydrogen Bonds in Solid
Hydrates. J. Mol. Struct. 1986, 147, 1–15. [CrossRef]
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