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Abstract: This work presents a detailed surface analytical study and surface characterization, with
an emphasis on the X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass
spectrometry (ToF-SIMS) analyses of 2-mercapto-1-methylimidazole (MMI) as a corrosion inhibitor
for brass. First, the electrochemical measurements demonstrated a corrosion inhibition effect of MMI
in a 3 wt.% NaCl solution. Next, the formation of the MMI surface layer and its properties after
1 month of immersion was analyzed with attenuated total reflectance-Fourier-transform infrared
spectroscopy, atomic force microscopy, field-emission scanning electron microscopy, and contact
angle analysis. Moreover, to gradually remove the organic surface layer, a gas cluster ion beam
(GCIB) sputtering source at different accelerated voltages and cluster sizes was employed. After each
sputtering cycle, a high-resolution XPS analysis was performed. Moreover, an angle-resolved XPS
analysis was carried out for the MMI-treated brass sample to analyze the heterogeneous layered
structure (the interface of the MMI organic/inorganic brass substrate). The interface properties
were also investigated in detail using ToF-SIMS for spectra measurements and 2D imaging. Special
attention was devoted to the possible spectral interferences for MMI-related species. The thermal
stability of different MMI-related species using molecular-specific signals without possible spectral
interferences was determined by performing a cooling /heating experiment associated with ToF-SIMS
measurements. It was shown that these species desorbed from the brass surface in the temperature
range of 310-370 °C.

Keywords: 2-mercapto-1-methylimidazole; corrosion inhibitor; brass; XPS; ToF-SIMS; gas cluster

ion beam

1. Introduction

Problems related to corrosion represent a huge expense for most countries world-
wide [1]. Therefore, the mitigation of corrosion is of utmost importance. One of the ways
to mitigate corrosion is by using corrosion inhibitors. A corrosion inhibitor is a chemical
compound that can be added to the corrosive solution, and thus it mitigates corrosion as it
adsorbs on the surface. Corrosion inhibitors can be organic or inorganic. Organic corrosion
inhibitors usually contain S, N, and/or O atoms in their chemical structure. They adsorb
on the surface from the corrosive solution in a certain manner, forming a surface layer
that begins to mitigate corrosion. Corrosion inhibitors can mitigate corrosion immediately
after the immersion of the metallic material, or they may require some time to exert their
corrosion-inhibiting effect.

The manner in which corrosion inhibitors adsorb on the surface and form a surface
layer can be determined using advanced analytical techniques such as time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) and X-ray photoelectron spectroscopy (XPS).
These techniques became even more useful for the analysis of organic materials on top of
the inorganic materials (metallic materials) with the development of the gas cluster ion
beam (GCIB) sputtering source. This sputter beam can be used at different accelerated
voltages and cluster sizes. By changing these parameters, we can control the accelerated
voltage per atom in a cluster and thus the damage that the cluster causes in the surface layer.
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Based on that, we can control the sputtering rate to a certain degree. After each sputtering
cycle, a surface analysis is performed. Thus, the in-depth composition of the elements and
their environments can be determined, and if ToF-SIMS is also used, molecular-specific
information can be obtained [2-19].

This study describes the surface analysis and interfacial properties of a corrosion
inhibitor adsorbed on a brass surface. In general, brass is a vital material technologically.
It is used in various fields of industry for many applications, e.g., as a material for the
construction of valves, for cooling systems, for the construction of heat exchangers, and in
condenser constructions [20-30]. However, when brass is exposed to a corrosive solution,
it starts to corrode [31-34]. One of the effective ways to mitigate the corrosion of brass is
to use imidazole corrosion inhibitors. In this study, 2-mercapto-1-methylimidazole (MMI
with the chemical structure given in Figure 1) is presented as a corrosion inhibitor for brass
in a 3 wt.% NaCl solution.

:SH

N

CH,

Figure 1. Structure of the MMI compound showing lone electron pairs.

MMI can be a corrosion inhibitor for copper- and steel-based materials, as shown
in [35-40]. Those studies were mainly related to corrosion phenomena, and none of them
included GCIB and ToF-SIMS surface analyses, which, as demonstrated herein, have now
led to significant progress in explaining interfacial properties. Furthermore, to the best of
the author’s knowledge, MMI corrosion inhibition for brass in 3 wt.% NaCl solution has
not been investigated previously.

A solution containing 3 wt.% NaCl, as used in this work, is highly corrosive to brass
and is, therefore, a suitable model medium for studying the properties of the MMI corrosion
inhibitor. In this work, the tests were performed in a solution containing 1 mM MMI. This
is the concentration commonly used in corrosion inhibitor studies and therefore allows
for a direct comparison with previous studies. To clearly demonstrate the effectiveness of
MMI corrosion inhibition, electrochemical impedance spectroscopy (EIS), in association
with a fitting procedure and potentiodynamic curve measurements, was performed. Next,
the surface properties under longer-term immersion times, i.e., 1 month of immersion,
were investigated using attenuated total reflectance-Fourier-transform infrared (ATR-FTIR)
spectroscopy, atomic force microscopy (AFM), field-emission scanning electron microscopy
(FE-SEM), and contact angle analysis. Finally, the MMI molecules’ exact interfacial property
on the brass surface was investigated for the surface layer formed after 1 h of immersion.
For the latter, XPS, angle-resolved XPS (ARXPS), GCIB-XPS, ToF-SIMS spectra, ToF-SIMS
imaging, and ToF-SIMS cooling /heating experiments were performed.

2. Materials and Methods
2.1. Sample and Solution Preparation

Brass samples were cut out of 1-mm-thick sheets in the shape of discs 15 mm in
diameter. The brass sheets were supplied by Rocholl GmbH (Aglasterhausen, Germany).
The brass consisted of 63.0 wt.% Cu and 37.0 wt.% Zn, and it was composed of alpha
and beta phases. The brass samples were ground under a water jet using SiC papers
(supplied by Struers, Ballerup, Denmark) starting with 500-grit SiC paper, followed by
800-, 1000-, 1200-, 2400-, and 4000-grit SiC papers. During grinding, the sample was turned



Coatings 2021, 11, 295

30f18

at least 4 times by 90° to obtain a mirror-finish surface. After grinding, the samples were
thoroughly rinsed with ultrapure water (with a resistivity of 18.2 M() cm) and cleaned in
an ultrasound bath (comprising V(ultrapure water)/V(pure ethanol) 50%/50%; V stands
for volume) for 3 min. Then, the samples were rinsed with ultrapure water and dried
under a stream of Ar gas.

NaCl (for analysis EMSURE® ACS, ISO, Reag. Ph Eur) and MMI (with a purity of
>99%) were supplied by Merck (Kenilworth, NJ, USA). All immersions of brass samples
were performed in a 3 wt.% NaCl solution with or without 1 mM MMI. All immersion tests
were performed under laboratory conditions (25 & 1 °C).

The samples analyzed by ATR-FTIR and for contact angle analysis were prepared
by the immersion of the brass in 3 wt.% NaCl solution with and without 1 mM MMI for
31 days, rinsed with ultrapure water, and dried under a stream of Ar. These experiments
were performed to form a thicker MMI surface layer, which enables ATR-FTIR detection.
Moreover, a hydrophobicity change is more significant and representative for the studied
system under a longer immersion time (31 days). All tests were performed in triplicate
(curves and spectra in the following figures are representative of the respective system,
while the EIS fitted values are shown as average values).

On the other hand, the brass samples analyzed by XPS and ToF-SIMS were immersed
for 1 h in 3 wt.% NaCl solution containing 1 mM MMI (hereinafter referred to as the MMI-
treated brass sample). After 1 h of immersion, the samples were rinsed with ultrapure
water and dried under a stream of Ar gas. An immersion time of 1 h was sufficient for the
MMI surface layer formation, which was not too thick, i.e., the analyses using XPS and
ToF-SIMS enabled the investigation of the interface properties as well as the simultaneous
detection of the organic MMI surface layer and the oxidized brass surface underneath the
organic layer. If the brass sample was immersed for more extended periods, the MMI
surface layer would become too thick, thus making the XPS and ToF-SIMS analyses less
meaningful for investigating the interface properties, as the signal from the substrate would
not be excited.

2.2. Electrochemical Measurements

All electrochemical measurements were performed using an Autolab PGSTAT204
(Metrohm, Herisau, Switzerland) galvanostat/potentiostat controlled by Nova 2.1.4 soft-
ware (Autolab). The working electrode was a brass sample, while a graphite rod was used
as a counter electrode, and a saturated calomel electrode (SCE) was employed as the refer-
ence electrode (all potentials in this work refer to the SCE). Measurements were performed
in 1 L of solution under laboratory conditions (25 & 1 °C). The EIS fitting procedure was
performed with the ZView (version 2) software package (Scribner Associates Inc., Southern
Pines, NC, USA).

EIS measurements were performed in the frequency range from 100 kHz to 5 mHz
with a 10 mV amplitude (peak-to-peak) at the open circuit potential (E,c). Potentiodynamic
curve measurements were performed in the potential range starting from —0.250 V vs. Eq
with a positive-going potential using 0.1 mV /s, to the final potential, where the current
density reached 1 mA/ cm?.

2.3. ATR-FTIR, Contact Angle, AFM, and FE-SEM Measurements

For the ATR-FTIR measurements, a Shimadzu IRAffinity-1 spectrometer (Colombia,
MD, USA) was employed, whereas the contact angle analyses were performed with a Kriiss
DSA 20 tensiometer (Kriiss GmbH, Hamburg, Germany). The AFM measurements were
performed using an Edge device (Bruker, Karlsruhe, Germany), which was controlled by
NanoDrive software (Bruker, Karlsruhe, Germany), while the final image was constructed
using NanoScope Analysis 2.0 software (Bruker, Karlsruhe, Germany). AFM measurements
were performed with the RTESPA-CP cantilevers (antimony (n) doped Si, Bruker). FE-SEM
measurements were performed with the JSM 7600F device (Jeol, Tokyo, Japan).
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2.4. XPS Measurements

An Al K4 X-ray source and a Supra spectrometer (Kratos, Manchester, UK) were
employed for the XPS analyses. Measurement and data processing were carried out with
ESCApe software (Kratos, Manchester, UK). In order to correct the binding energy (Ep)
in the survey and high-resolution (HR) spectra, the peak at 284.8 eV was used for the
C-C/C-H in the C 1s XPS spectrum. ARXPS measurements were performed at 6 different
take-off angles (0), i.e., 10°, 20°, 27°, 35°, 50°, and 90°. The 0 is the angle of the emitted
photoelectrons with respect to the sample surface.

In order to slowly sputter the corrosion inhibitor surface layer, GCIB sputter beams
were employed at different accelerated voltages and cluster sizes. First, a larger clus-
ter size and lower accelerated voltage were employed, i.e., 5 keV Arygy™, followed by
5 keV Argp*, and 10 keV Arjggo* (the number of Ar atoms in the cluster is given in the
subscripts). Higher clusters at a lower accelerated voltage have a lower energy per atom
and thus a lower penetration power, which is essential for sputtering organic material and
thus minimizing chemical modification of the sample while removing it from the surface.
After GCIB sputtering, a monoatomic Ar* sputter beam at a 5 keV accelerated voltage was
used. HR XPS spectra were measured after every sputtering cycle and were acquired at
0 =45°.

2.5. ToF-SIMS Measurements

ToF-SIMS analyses were performed with an IONTOF M6 spectrometer (IONTOEF,
Miinster, Germany) using a 30 keV Biz* primary ion beam and 0.3 pA current for analysis.
The acquisition of the spectra lasted 80 s. The mass resolution of the device is higher than
30,000. ToF-SIMS imaging and ToF-SIMS cooling/heating experiments were performed on
a 500 by 500 um? spot size using a 0.20 pA current for analysis. Calibration of the spectra
was performed using the signals for CHs* at a mass-to-charge ratio (m/z) of 15.02, for
CoHs™ at m/z29.04, for C3Hz™ at m/z 39.02, for Cs3Hy* at m/z 43.05, for C4Hgo* at m/z 57.07,
and for CsHy;* at m/z 71.06. All measurements and data analyses were performed with
SurfaceLab 7.1 software (from ION-TOF, Miinster, Germany).

3. Results and Discussion
3.1. Electrochemical Measurements

EIS measurements were performed after 1, 5, 10, 15, 20, 24, 36, 48, 60, and 72 h of
immersion in the 3 wt.% NaCl solution containing 1 mM MMI (Figure 2a—c) in order to
check the time dependence of the corrosion inhibition effectiveness of MMI. The obtained
EIS data were fitted using different equivalent electrical circuits (EECs), including the
EECs models possible for the present system of the corrosion inhibitor molecules adsorbed
on the metallic material. The goodness of the fitting procedure was checked with x?
(the lower the x2 value, the better the fit). The best EEC model was determined to be
R (Rpore(Qs1(RetQaqr))), which demonstrates the oxidized metallic surface covered with a
corrosion inhibitor surface layer, with some pores filled with solution. R stands for the
uncompensated resistance, Rt for the charge transfer resistance, and Rpore for the resistance
inside the pore of the corrosion inhibitor surface layer, where the electrolyte composition is
different compared to the bulk solution. Qg stands for the constant phase element (CPE)
related to the surface layer and Qg for the CPE of the double layer. The sum of Rpore and
Rt represents the polarization resistance Rp,. The Rp, value is a measure of how the metallic
material resists transferring the electron to the electroactive species in solution. The higher
this value is, the more resistance to general corrosion occurs.

Figure 2d shows that the obtained R}, values for brass immersed in 3 wt.% NaCl
solution containing 1 mM MMI are higher than those for the brass sample immersed in
noninhibited 3 wt.% NaCl solution (EIS measurements for the noninhibited 3 wt.% solution
has been presented previously in Ref. [41]). Based on this, MMI can be considered to be a
corrosion inhibitor for brass in 3 wt.% NaCl solution. The highest difference in Ry, values is
present for the initial immersion (1 h of immersion).
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Figure 2. (a—c) Electrochemical impedance spectroscopy (EIS) measurements (symbols) and fitted data (solid lines) for
(a) Nyquist, (b) modulus impedance, and (c) phase impedance spectra, at different immersion times, and (d) the corre-
sponding R, values obtained from the EIS fitting procedures. The insert in (a) shows the equivalent electrical circuit (EEC)
used to fit the measured data. (e) Potentiodynamic curve measurements for brass after 72 h of immersion.

Potentiodynamic curve measurements for the brass sample immersed in MMI-inhibited
and noninhibited 3 wt.% NaCl solution are shown in Figure 2e. The cathodic and anodic
branches of the potentiodynamic curves are at lower current densities for the inhibited
compared to the noninhibited solution. On that basis, MMI can be considered to be a
mixed-type inhibitor for brass in 3 wt.% NaCl solution. Moreover, the E, is at similar
potentials for both potentiodynamic curves, implying that neither of the corrosion reactions
(cathodic or anodic) is preferentially inhibited.
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(a)

3.2. Tests after 1 Month of Immersion

Figure 3 shows the results obtained using a tensiometer for contact angle measure-
ments, an AFM device for topography measurement, a FE-SEM microscope for morphology
measurement, and an ATR-FTIR spectrometer for FTIR spectra measurements for the brass
sample after 1 month (31 days) of immersion in the 3 wt.% NaCl solution containing
1 mM MMI. The ATR-FTIR spectrum of the noninhibited solution in Figure 3d is given
for comparison.

(c)

o
S
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Figure 3. (a) The shape of the water droplet, (b) atomic force microscopy (AFM) 3D profile, and (c¢) FE-SEM image for
the brass sample immersed for 1 month in 3 wt.% NaCl solution containing 1 mM MMI; (d) attenuated total reflectance—
Fourier-transform infrared spectroscopy (ATR-FTIR) spectra of the brass sample immersed for 1 month in noninhibited and
inhibited 3 wt.% NaCl solution.

The contact angle for the brass sample immersed in MMI-inhibited solution was
determined to be 33° (Figure 3a). For comparison, the same test for the noninhibited
solution reported a contact angle of 82° [41]. Therefore, the brass surface became more
hydrophilic when MMI was present in the solution.

Moreover, a clear indication that the MMI surface layer was formed is shown by the
AFM measurement. After the grinding procedure, the brass surface contained a uniform
pattern of scratches that were oriented in one direction and can be detected using AFM.
These scratches were entirely covered by MMI molecules forming the surface layer, with
the topography shown in Figure 3b. Furthermore, the FE-SEM image in Figure 3d shows
that the surface of the brass sample immersed in 3 wt.% NaCl solution containing 1 mM
MMI for one month was not severely corroded, demonstrating the corrosion inhibition
effectiveness of MMI. When brass is immersed in noninhibited 3 wt.% NaCl, it corrodes
severely, as shown in Ref. [41].

Furthermore, the successful adsorption of MMI on the brass surface and the formation
of the surface layer is seen from the ATR-FTIR spectra, where clear peaks were devel-
oped for the brass sample that was immersed in the MMI-inhibited solution; the peak
at 3115 cm~! corresponds to S-H vibration [42], the peak at 1537 cm ™! is assigned to
C=C vibration [43], at 1454 cm~! [44] and 1283 cm~! [45] to C-N stretching, at 1317 cm ™!
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and 1371 cm™! to CH, symmetric bending [44], at 1412 cm~! to C=N vibration [46],
and the peaks in the range of 1090-600 cm ! to the aromatic C-H out-of-plane bend-
ing modes [47-51]. However, the assignment of peaks to exact vibrations in imidazole
compounds is challenging [48]. In order to clearly prove that MMI molecules were ad-
sorbed on the brass surface, more sophisticated surface analytical techniques that provide
molecular-specific signals are needed (e.g., ToF-SIMS, which will be explained below).

3.3. Chemical Structure of the MMI Surface Layer

XPS and ToF-SIMS analyses were first performed for the brass sample immersed
in noninhibited 3 wt.% NaCl solution (without MMI) and for the brass sample before
immersion (ground sample). These analyses show that both samples contained typical
hydrocarbon signals for adventitious carbonaceous species and signals for oxidized brass.
Moreover, no chloride remained on the surface for the brass that was immersed in the
3 wt.% NaCl solution. Next, a detailed surface analysis was performed for the MMI-treated
brass sample.

3.3.1. XPS Analyses

Figure 4 shows the survey spectrum of the MMI-treated brass sample. The survey
spectrum of the brass sample cleaned by sputtering is also given for comparison and shows
typical peaks for the Cu and Zn elements. For the sputter-cleaned brass sample, the Cu 2p,
Cu 2s, and Cu 3s peaks as well as the XPS-excited Auger Cu L3M;3M; 3, Cu L3Mj3My s,
and Cu LgMy5My 5 peaks represent Cu-related species on the brass surface. The Zn 2p and
XPS-excited Auger Zn LM; and Zn LM, peaks represent Zn-related species on the brass
surface. Sputtering was carried out with monoatomic Ar* until the surface was free of N-,
O-, and S-containing species to obtain a pure non-oxidized brass surface.

—after sputtering
Cu2p —MNMlI-treated brass sample

Cu L3M2,3M2,3

Normalized intensity
CulM, M,
Cu LM, My s

1200 1000 800 600 400 200 0
Ey/eVv

Figure 4. XPS survey spectra with designated peaks for the MMI-treated brass sample and for the
sputter-cleaned brass.

The survey spectrum of the MMI-treated brass sample shows only Cu-related peaks,
while Zn-related peaks were not clearly developed as the surface concentration of Zn-
related species was below the detection limit of the XPS technique. The latter is most likely
a consequence of the MMI surface layer being too thick and the XPS excitation signal not
exciting the Zn-related species located deeper in the subsurface. The C 1s signal originates
in the carbonaceous species adsorbed from the atmosphere during sample preparation
and transfer to the spectrometer. This signal can also be assigned to the MMI molecules.
A clear indication that MMI molecules were adsorbed on the surface is the presence of
the N 1s peak as well as the S 2p and S 2s peaks for the MMI-treated brass sample (the
MMI molecule contains S and N atoms, as seen in Figure 1). In addition, the survey
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spectrum of the MMI-treated brass sample also contains an O 1s peak, representing an
O-containing species. The O 1s signal may originate in the oxidized brass surface (Cu
and Zn oxides/hydroxides), oxidized adventitious carbonaceous species, and possibly
water molecules that are hydrogen-bonded to MMI molecules in the surface layer. It is also
possible that a combination of these species contributed to the O 1s signal. The MMI-treated
sample also contains some chloride on the surface, which is evident from the presence of
the Cl 2p peak in the survey spectrum of this sample.

Next, ARXPS measurements were performed at different 0 (Figure 5). These mea-
surements provide information about the structure of the heterogeneous material (the
organic surface layer on the inorganic material, i.e., brass). With a decrease in 0, the surface
sensitivity of the XPS technique increases, which means that most of the signal comes from
the topmost position. With an increase in 6, the signal comes simultaneously from the
topmost position and from the deeper subsurface regions. Furthermore, GCIB sputtering
using 3 different combinations of cluster sizes and accelerated voltages and a monoatomic
Ar* sputter beam were employed to gradually remove the organic surface layer until
oxidized brass and subsequently the bare brass substrate were reached. Sputtering cycles
using 5 keV Arygop* lasted 15 s, while sputtering with 5 keV Aryggo*, 10 keV Aryggp*, and
monoatomic 5 keV Ar* was performed for 30 s. The sputtering cycle for 5 keV Arypp* was
shorter than the other cycles as the topmost position consisted of adventitious carbona-
ceous species on top of the MMI surface layer, which were slowly removed because the
sputtering cycle was shorter and the accelerated voltage per atom was the lowest. After
each sputtering cycle, HR spectra measurements were performed, as shown in Figure 6.
The corresponding depth profile showing the change in atomic concentrations (normalized
to 100.0%) is given in Figure 7.
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Figure 5. High-resolution (HR) angled-resolved (AR) XPS spectra of (a) C 1s, (b) N 1s, (c) O 1s, (d) Cl
2p, (e) S 2p, (f) Cu 2p, (g) XPS-excited Auger Cu L3My5sMy 5, and (h) Zn 2p.
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Figure 6. Spectra measured during depth profiling using gas cluster ion beam (GCIB) and monoatomic Ar* sputter beams
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spectra represent HR XPS measurements before sputtering.
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Figure 7. The change in atomic concentration during depth profiling using different sputter beams: (a) 5 keV Arpyo*,
(b) 5 keV Arqggo*, (¢) 10 keV Aryggo*, and (d) monoatomic 5 keV Ar*.

The peak of the C 1s spectrum at the position of dashed line 1 corresponds to the
C-C/C-H, while the position of dashed line 2 corresponds to the C-N in the imidazole
ring (Figure 5a). The high Ep side shoulder (corresponding to the C-IN) of the C 1s peak
became more intense with increasing 6. The latter indicates that MMI molecules are closer
to the substrate, and the topmost position is rich in adventitious carbonaceous species
containing C-C/C-H. After the first two 5 keV Arygy* sputtering cycles, a large amount
of adventitious carbonaceous species was removed, and the atomic concentration of C
dropped significantly (Figure 7).

The HR N 1s spectra in Figure 5b show two peaks at dashed lines 1 and 2 at every 0
measured, indicating the two environments of N atoms in the MMI molecule. The latter
could indicate that position 1 corresponds to N attached to a methyl group and position
2 corresponds to the other N atom in the imidazole ring (not bonded to the methyl group).
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However, the gradual removal of the MMI surface layer by different GCIB sputter beams
shows the transfer of the intensive peak at dashed line 2 to the intensive peak at dashed
line 1 (Figure 6b). If it were possible to distinguish the two N environments with the
XPS method, both peaks would also need to be present during sputtering. As this was
not the case (clearly seen before and after the last 5 keV Aryyg* sputtering cycles), it is
more likely that these two peaks correspond to two different MMI molecules bonding,
i.e., the topmost position involves MMI-organometallic complex contributing to peak 2,
whereas MMI molecules bonded to the brass substrate (not involved in the organometallic
complex and underneath the organometallic complex) contributed to peak 1. These two
ways of MMI bonding can already be detected simultaneously before sputtering, as seen in
Figure 5b and in the lowest spectrum in Figure 6b.

A similar shift of the intensive feature from position 2 to more negative Eg (position 1)
is present for the S 2p spectra during GCIB sputtering (Figure 6e). These shifts of the N 1s
and S 2p features also correlate with the shape of the XPS-excited Auger Cu LsMys5My 5
spectra explained below, and they support the claim as to there being two different types
of MMI bonding on the brass surface. Moreover, the shape of the S 2p spectra in Figure 5e
matches the S 2p3/, and S 2p;,, peaks separated by 1.2 eV with an intensity ratio of
1:2 [52-57]. The position of the S 2p peak accords with the position for the thiol group, and
therefore no oxidation to sulfonates in the presence of oxygen occurred. For sulphonates, a
peak at Eg more positive than 166 eV is expected [58-61].

The HR O 1s spectra in Figure 5c show two features. The first is at the position of dashed
line 1, corresponding to O in the organic molecules (oxidized carbonaceous adventitious
species) and the second at dashed line 2, corresponding to metal oxides/hydroxides [62].
With increasing 6, the feature at dashed line 1 increases as more signal is obtained from
the oxidized brass substrate. The latter is also supported by the XPS depth profiling in
Figure 6¢, where the main peak is located at position 2 for the spectrum before sputtering
(the lowest spectrum in Figure 6c), whereas the removal of the topmost species by GCIB
shifted the most intensive feature to more negative Eg (to the position of dashed line 1).

As mentioned above, a Cl 2p peak was detected, signifying chlorides on the surface.
The HR spectra in Figure 5d at different 8 confirm the presence of chlorides in the surface
layer [63]. As the Cl 2p peak signal became less noisy with an increase in 0, it can be stated
that chlorides were not in the topmost position of the surface layer but were involved in
the MMI surface layer. The latter is supported by the XPS depth profile spectra, where the
signal for Cl 2p was present until the first sputtering cycle using 10 keV Arjgp* (Figure 6d).
However, the surface concentration of chlorides was low, as shown in Figure 7.

The XPS-excited Auger Cu L3My4 5My 5 spectrum of pure Cu is composed of 4 peaks,
i.e., peak 1 at 565.6 eV, peak 2 at 568.3 eV, peak 3 at 570.6 eV, and peak 4 at 572.8 eV [64],
as indicated in Figure 6g (the upper spectra). The shape of the XPS-excited Auger Cu
L3My5My 5 spectrum is highly susceptible to a Cu environment, i.e., Cu-organometallic
complexes usually simultaneously increase peaks 4 and 3, and for Cu,O peak 3 is most
intensive, whereas if peak 2 is the most intensive, it is an indication of metallic Cu [65].
Figure 5g does not show a significant change in the XPS-excited Auger Cu L3My5My5
spectra measured at different 8. The shape of the spectra, with the most intensive feature
between dashed lines 3 and 4, indicates the formation of MMI-Cu organometallic complexes
on the surface. On the other hand, when sputtering with GCIB, the change was significant
after the first sputtering cycle (Figure 6g). A feature between dashed lines 3 and 4 became
less intensive, and the feature at dashed line 2 became more intensive. The latter might
indicate the partial removal of the MMI-Cu complex from the surface, which produces
more signal for the CupO and Cu underneath the organic surface layer. Further sputtering
increased a feature at dashed line 2 as more Cu signal was obtained from the brass surface.
After monoatomic Ar* sputtering, the shape of the spectrum became characteristic of pure
Cu (Figure 6g). Therefore, this sputter beam removed all the oxide/hydroxide layer from
the surface (also seen in Figure 7d after 90 s of monoatomic Ar* sputtering, where the
atomic concentration of O dropped to zero).
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Intensity (counts)

The MMlI-treated brass sample surface did not contain Cu(Il) as no shake-up satellites
developed in the Cu 2p spectra at the position of the dashed lines in Figures 5f and 6f.
Therefore, only Cu(l) species and metallic Cu were present on the surface. Moreover,
as indicated above for the survey spectra, the concentration of Zn-related species in the
topmost position was below the XPS detection limit (no peaks developed at 6 = 10°), while
the increase in 0 resulted in the development of the Zn 2p peaks (Figure 5h). A similar
case is seen in Figure 6h, with no clear Zn 2p peak developed before sputtering (the lowest
spectrum), whereas peaks developed already after the first sputtering cycle.

3.3.2. ToF-SIMS Analyses

Figure 8 shows a wide m/z range positive-ion ToF-SIMS spectrum of the MMI-treated
brass sample. The spectrum contains typical hydrocarbon-related signals, i.e., peaks for
CH3*, CHs*, CoHs™, C3Hst, C3Hs*, C3Hy Y, and C4H;* (designated in the spectrum).
These signals originate in the fragmentation products of the adventitious carbonaceous
species (as also detected and discussed above using XPS measurements). The signal for
CH3* could also originate in the fragmentation of the MMI molecule. The most intensive
peak in Figure 8 is located at m/z 22.99 and represents Na*, which was most likely trapped
within the surface layer during the MMI surface layer build-up and was not removed when
rinsing the sample with ultrapure water (the presence of Na* on the brass sample was
due to immersion in NaCl solution). The intensive peak for Na* occurs due to the low
ionization energy of Na.
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Figure 8. The positive-ion time-of-flight secondary ion mass spectrometry (ToF-SIMS) spectrum in the m/z 0-300 range
measured on the surface of the MMI-treated brass sample.

The appearance of the parent ion (M) peak for C4;HgN,S* and the peak of the parent
ion with the addition of one proton (M*H)*) for C4HyN,S* (Figure 9a) again clearly
demonstrates the adsorption of MMI on the surface. The signal for (M*H)" partly overlaps
with the signal for CoH;*. The presence of the M™ signal characterizes a molecular-specific
signal and confirms the presence of the MMI molecule more confidently than the N 1s, S 2p,
and S 2s XPS peaks (as explained above). The fragmentation of MMI, with the removal of
S, leads to the formation of C4HgN,* and C4HyN, " (Figure 9b). S* and SH* signals were
also clearly developed (see the insert in Figure 8).

The organometallic complexes were suggested with the XPS technique. Brass is
composed of Cu and Zn, and the corresponding ions were released during the initial
stage of the corrosion process in chloride solution. These ions can connect with the
organic compounds, forming organometallic complexes. On that basis, characteristic
connections between Cu and Zn ions with the MMI molecule were investigated by ToF-
SIMS. The signals for these complexes were clearly expressed (designated in the m/z
range in the rectangles in Figure 8) and are analyzed in detail below. Moreover, the
CN®3Cu,* and CN®Cu®®Cu* designated in Figure 8 are fragmentation products of these
organometallic complexes.
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Figure 9. Positive-ion ToF-SIMS spectra of the signals characterizing (a) parent ions, (b) parent ions with the loss of S,
(c) organometallic complexes with one metal atom and with the loss of S, (d) organometallic complexes with one metal
atom, and (e) organometallic complexes with two metal atoms.

Cu and Zn each have two main isotopes, i.e., 63Cy, °Cu, ®4Zn, and %Zn. Therefore,
the formation of various organometallic complexes can occur. Such combinations are
designated in Figure 9c—e. The signals for the organometallic complexes appear at m/z
for (M-2H)X*, (M-H)X*, and M-X*, where X is ©3Cu or °Cu, or ®*Zn or %©Zn. Moreover,
the organometallic complexes are usually also comprised of two metal atoms to form
ToF-SIMS signals at m/z for M-2H)X,*, (M-H)X,*, and M-X,*. Furthermore, mixed
organometallic complexes with one Cu and one Zn ion can also occur. The abovementioned
possible species formation makes ToF-SIMS analysis difficult due to the possible spectral
interferences (which would occur if these species were present simultaneously on the
surface, as designated in Figure 9c—e, where for the same signal multiple components are
possible, as seen in Table 1).
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Table 1. The m/z values for the parent ion and possible combinations of MMI-complexes with two metal ions with isotopes 3Cu and %°Cu, and ®*Zn and %Zn, showing possible

spectral interferences.

Parent Ion mlz (MMI®Cu,)* Complexes mlz (MMI*Zn%Cu)* Complexes mlz
(M)* = C4HgN,S* 114.03 (M-2H)®3Cuy)* = (C4H4N,S%3Cuy)* 237.87 (M-2H)**Zn®Cu)* = (C4H,N,S%*Zn%>Cu)* 240.87
(M*H)* = C4H;N,S* 115.03 (M-H)%3Cuy)* = (C4H5N,S%3Cuy)* 238.88 ((M-H)**Zn%Cu)* = (C4H5N,S%*Zn®5Cu)* 241.87
- - (MB3Cup)* = (C4HgN,SB3Cuy)* 239.88 (MO*Zn®Cu)t = (C4HgN,S%#Zn%Cu)* 242.88
(MMI®Cu)* Complexes - (MMI®Cu®Zn)* Complexes - (MMI®®Cu,)* complexes -
((M-2H)%Cu)* = (C4H4N,S%3Cu)* 174.94 (M-2H)%3Cu®Zn)* = (C4H,N,S%3Cub4Zn)* 238.87 (M-2H)®Cuy)* = (C4H4N,S%°Cuy)* 241.87
((M-H)%3Cu)* = (C4H5N,»S%3Cu)* 175.95 (M-H)®3Cu®Zn)* = (C4H5N,S%3Cu®*Zn)* 239.88 ((M-H)%Cuy)* = (C4H5N,S%°Cuy)* 242.87
(M®3Cu)* = (C4HgN,S%3Cu)* 176.95 (M®3Cuf*Zn)* = (C4HgN,S3CuZn)* 240.88 (M®Cuy)* = (C4HgN,S%°Cuy)* 243.88
(MMI®Cu)* Complexes - (MMI®3Cu®5Cu)* Complexes - (MMI®Zn%Zn)* Complexes -
(M-2H)%°Cu)* = (C4H4N,SCu)* 176.94 (M-2H)93Cu®®Cu)* = (C4H4N,S3Cub®Cu)* 239.87 ((M-2H)%4Zn% Zn)* = (C4H4N,S4Zn% Zn)* 241.86
((M-H)®Cu)* = (C4H5N,SCu)* 177.95 (M-H)BCu®Cu)* = (C4H5N,S3Cub®Cu)* 240.87 ((M-H)®*Zn%Zn)* = (C4H5N,S%*Zn®0Zn)* 242.87
(MO Cu)* = (C4HgN,S%°Cu)* 178.95 (MOBCu®SCu)* = (C4HgN,SB3Cub5Cu)* 241.88 (M®Znb67n)* = (C4HgN,S4Znb0Zn)* 243.88
(MMI%4Zn)* Complexes - (MMI%3Cu®Zn)* Complexes - (MMI%>Cu®Zn)* Complexes -
((M-2H)®*Zn)* = (C4H4N,S%*Zn)* 175.94 (M-2H)®3Cu®Zn)* = (C4H4N,S%3Cuf®Zn)* 240.87 (M-2H)%5Cuf®Zn)* = (C4H4N,S%4Zn®0Zn)* 242.86
(M-H)**Zn)* = (C4H5N,S%4Zn)* 176.95 (M-H)%3Cu®Zn)* = (C4H5N,S%3Cub®Zn)* 241.87 (M-H)%>Cu®Zn)* = (C4H5N,S5%4Zn%7Zn)* 243.87
(M Zn)* = (C4HN,S%*Zn)* 177.95 (MOBCuZn)* = (C4HgN,S3Cub®Zn)* 242.88 (MO CubZn)* = (C4HgN,S*Znf0Zn)* 244.88
(MMI%¢Zn)* Complexes - (MMI%4Zn,)* Complexes - (MMI%Zn,)* Complexes -
((M-2H)%0Zn)* = (C4H4N,S%0Zn)* 177.94 ((M-2H)%*Zn,)* = (C4H4N,S%4Zn,)* 239.87 ((M-2H)%0Zn,)* = (C4H4N,S%0Zn,)* 243.86
((M-H)%Zn)* = (C4H5N,S%Zn)* 178.94 ((M-H)%*Zny)* = (C4H5N,S%Zn,)* 240.88 ((M-H)%Zn,)* = (C4H5N,S%Zn,)* 244.87
(M®0Zn)* = (C4HgN,S% Zn)* 179.95 (M®*2Zn,)* = (C4HgN,S%Zn,)* 241.88 (M®0Zn,)* = (C4HgN,S% Zn,)* 245.88




Coatings 2021, 11, 295

14 0f 18

On the other hand, the signals for organometallic complexes without such spectral
interferences are (M-2H)®*Cu* in Figure 9d (also (M-S-2H)%3Cu* in Figure 9c) characterizing
the MMI-Cu complex, M®Zn* in Figure 9d (also (M-S)®*Zn* in Figure 9c) characterizing
the MMI-Zn complex, (M-2H)®*Cu,* in Figure 9e characterizing the MMI-Cu, complex,
and M®Zn,* in Figure 9e characterizing the MMI-Zn, complex. On that basis, these
signals were employed for the determination of surface coverage with molecular MMI, and
MMI-Cu, MMI-Zn, MMI-Cuj;, and MMI-Zn (Figure 10) organometallic complexes and for
the thermal stability experiment (Figure 11).

The distribution of Cu and Zn elements in the brass substrate is shown in Figure 10a.
Before the overlay figure was constructed, the signals were normalized to the total ion im-
age. The surface is mainly covered with MMI molecules (Figure 10b,c,e,f) and MMI-Cu/Zn
complexes (Figure 10d,g,h k). Moreover, the brass sample surface contains lower amounts
of the MMI-Cuy /Zn; complexes (Figure 10i,j,1,m). On the other hand, a combination of all
the species (MMI molecules, MMI-Cu/Zn, and MMI-Cu,/Zn; complexes) cover most of
the brass surface.
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Figure 10. ToF-SIMS imaging to characterize the distribution of different species (green) on the
brass sample using different signals: (b,e) the sum of (M-S)* and (M-S-H)* and (c,f) the sum of M™*
and (M+H)* signals for the MMI molecules; (d,g) (M-2H)**Cu* for MMI-Cu, h,k) M®Zn* for MMI-
Zn, (i,1) (M-2H)%3Cu,* for MMI-Cuy; and (j,m) M®Zn* for MMI-Zn, complex. Figures (b—d,h—j)
represent copper (red) and Figures (e-g,k-m) represent Zn (blue) as the underlying substrate. The
figure in (a) shows the distribution of Cu and Zn in the brass sample.
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Figure 11. The thermal stability of (a) MMI molecules, (b) MMI-Cu/Zn complexes, and (¢) MMI-Cuy /Zn; complexes.

A thermal stability experiment (a cooling /heating ToF-SIMS experiment) for determin-
ing the desorption temperature (T) of MMI, MMI-Cu/Zn, and MMI-Cu,/Zn; complexes
was performed by means of a gradual temperature increase (0.5 °C/s), starting from
—100 up to 600 °C (Figure 11). During the temperature increase, the characteristic signals
were measured (the same as for ToF-SIMS imaging, which does not suffer from spec-
tral interferences). The desorption T was determined by extrapolation, as presented in
Figure 11.

Figure 11a shows the characteristic signals for the MMI molecule, i.e., nonprotonated
M* and (M-S)* and protonated (M+H)* and (M-S+H)*. An initial increase in T (up to
about 0 °C) resulted in the (M-S)*, (M+H)*, and (M-S+H)" signals increasing and the
signal for M* becoming relatively noisy. The increase in the surface density of MMI-related
species can occur due to the desorption of water molecules from the topmost position
of the MMI-treated brass sample in that temperature range. A further increase in T in
the range of 150-370 °C increased the signals for M* and (M-S)* (in Figure 11a) and also
for M®Zn* (in Figure 11c). The latter is explained by the desorption of the adventitious
carbonaceous species that were adsorbed on top of the MMI surface layer, which increased
the surface density of the species producing the M*, (M-S)*, and M®Zn* signals. On
the other hand, with the determined desorption T, as presented in Figure 11, the MMI-
Cu complex desorbed first (at 310 °C, Figure 11b), followed by the MMI-Cu; complex (at
330 °C, Figure 11c), the MMI-Zn; complex (at 350 °C, Figure 11c), and the MMI-Zn complex
(at 360 °C, Figure 11b). MMI molecules desorbed at 370 °C (Figure 11a). Therefore, it can
be concluded that MMI-related species remain on the brass surface up to 310 °C, and with
a further increase in T they start to desorb.

4. Conclusions

This work presents the detailed interface properties of a brass sample immersed in
a 3 wt.% NaCl solution containing 1 mM 2-mercapto-1-methylimidazole (MMI). Surface
analyses were performed using X-ray photoelectron spectroscopy (XPS) and time-of-flight
secondary ion mass spectrometry (ToF-SIMS) techniques.

First, using electrochemical impedance spectroscopy and potentiodynamic curve
measurements, the corrosion inhibition ability of MMI was demonstrated. It was shown
that MMI can inhibit brass in a 3 wt.% NaCl solution and that it acts as a mixed-type
corrosion inhibitor. Moreover, the surface becomes more hydrophilic when the brass
sample was covered with an MMI surface layer.
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Angle-resolved XPS measurements and gas cluster ion beam sputtering associated
with XPS measurements indicated two different MMI molecules bonding in the surface
layer, i.e., the topmost position contains MMI molecules in an MMI-organometallic complex,
while MMI molecules in the deeper subsurface region (closer to the substrate) have a
different environment—most likely not involved in the organometallic complex—and were
adsorbed as MMI molecules on the brass sample. Moreover, chlorides were involved in the
MMI surface layer.

For the MMI-treated brass sample, a parent ion (C4HgN,S* = M) signal and a sig-
nal for parent ion with the addition of one proton (C4H;N,S™ = (M+H)*) were clearly
developed in the positive-ion ToF-SIMS spectra. ToF-SIMS analyses also showed molecular-
specific signals for the MMI-Zn/Cu and MMI-Zn; /Cu; organometallic complexes for both
main isotopes of Cu and Zn, i.e., 63Cu or ®®Cu and **Zn or %°Zn. Special attention was
devoted to possible spectral interferences for all possible combinations of organometallic
complexes. Using these ToF-SIMS signals without possible spectral interferences, 2D imag-
ing was performed to investigate the spatial distribution of these species on the surface. It
was found that most of the surface was covered with a combination of these species, which
explains the corrosion inhibition effect of MMI. Moreover, using the molecular-specific
signals, the thermal stability of MMI molecules and MMI-Zn/MMI-Cu and MMI-Zn, /MMI-
Cu, organometallic complex were investigated, with the results showing that most of these
species desorbed in the 310-370 °C temperature interval.
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