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The adsorption of 2-MBT organic inhibitor on copper and its effects on anodic oxide growth in NaOH were investigated using
cyclic voltammetry, X-ray photoelectron spectroscopy, and time-of-flight secondary ion mass spectrometry techniques. It is shown
that 2-MBT significantly impedes the growth of the Cu(I) oxide by forming a multilayered organic film on the surface. A major
factor influencing the formation and properties of the organic barrier layer is the presence and structure of the interfacial native
oxide on which it forms. The 2-MBT multilayer bonds to the metallic copper substrate mostly via its sulphur atoms along with a
small fraction of the nitrogen atoms also bonding to the metallic substrate. Additionally, there is an interaction between the
inhibitor molecules and copper released from the surface to form metal-organic complexes in the outer layers of the thicker films.
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The extensive range of applications of copper metal and its alloys
has made it a subject of considerable research in terms of corrosion
understanding and prevention. The corrosion of copper is highly
dependent on the stabilit;/ of the oxide layer that naturally forms on
the metallic substrate."* The Pourbaix diagram predicts that, in
aqueous environments, this oxide layer, which provides protection
by passivation, is only stable at a pH higher than 5. However,
numerous other factors can influence the protective properties of the
passive film, including its structure and stability.

The oxidation of copper has been studied in detail by several
authors.*™"> Among others, Wiame et al. discussed the initial stages
of copper oxidation when copper is exposed to gaseous oxygen at
low pressure,'’ while Pinnel et al. studied the effect of temperature
and air quality on the growth of copper oxide.'? Several studies were
also performed on the formation of the oxide layers by anodic
polarization of the surface in alkaline solutions such as NaOH, KOH,
and borate buffer solutions.*'° Therefore, the passive oxide film
formation, its structure, and its properties are well documented. In
alkaline environment, it has been evidenced that copper first oxidizes
to form a Cu,O layer above the copper metal surface upon anodic
polarization. This is followed at higher potential by the formation of
a Cu(OH), and CuO mixed second layer on top of the Cu,O oxide
layer.>*'° These oxide layers are known to protect the copper metal
surface from corrosion attack since they physically hinder the access
of the corrosive ions to the metal surface, therefore not allowing the
electrolyte to directly interact with the metal. However, aggressive
species such as chloride ions in high concentrations can still
penetrate these oxide layers to interact with the metallic substrate,
causing passivity breakdown and the initiation of localized
corrosion. ™

2-mercaptobenzothiazole (2-MBT) has been well established as
an effective corrosion inhibitor for copper in various media.'>™'® The
presence of two sulphur atoms and one nitrogen atom in the
molecule aids in bonding with the metal substrate and/or surface
oxides, thus forming an organic barrier layer that protects the surface
from interaction with the environment.'"®?* Depending on the
environmental conditions, 2-MBT exists in its thiol, thione, or
thiolate form.>*"> Density functional theory (DFT) calculations
have found that the bonding between the copper surface and the 2-

*Electrochemical Society Fellow.
“E-mail: vincent.maurice @chimieparistech.psl.eu; philippe.marcus @chimieparis-
tech.psl.eu

MBT molecules occurs mostly via the two sulphur atoms of the
molecule (in thione form) or via the exocyclic sulphur and the
nitrogen atom (in thiolate form).?>*” Nevertheless, the role played
by the metallic or oxidized state of the surface, the pH of the
solution, and other factors that can influence the bonding mechanism
of the molecule to the surface, require further experimental
investigation.

In acidic environment, it has been demonstrated that 2-MBT
reduces the rate of anodic dissolution of copper metal. '
However, since not stable at low pH, the passive oxide film cannot
play a significant role in protecting the surface and the 2-MBT layer
must form directly on the metallic substrate to protect it.'> In neutral
chloride environment, the 2-MBT layer has been shown to inhibit
the growth of copper oxide as well as the corrosion of the metallic
substrate.'”"'® However, these works were carried out on copper
surfaces covered by an air-formed oxide and therefore the extent of
protection offered by the 2-MBT layer to the chloride ions is not
ascertained. Previous work on 2-MBT layers on copper in an
alkaline environment mostl(y)/ focused on the local passivation at
emergent grain boundaries.’

In the present work, we studied the adsorption of 2-MBT and its
effects on the anodic oxidation of copper in a strong alkaline
medium (0.1 M NaOH solution). Various cathodic pre-treatment
methods were applied, either in the presence or absence of the
inhibitor in the solution, to modify and control the native oxide-
covered Cu surface during the formation of the inhibitor layer.
Cyclic voltammetry (CV) tests were performed to determine how the
oxide growth is altered by the 2-MBT organic inhibitor layers pre-
adsorbed in different pre-treatment conditions. Electrochemical
measurements were performed in conjunction with surface analysis
by X-ray photoelectron spectroscopy (XPS) and time-of-flight—
secondary ion mass spectrometry (ToF-SIMS) to investigate the
bonding mechanisms of the 2-MBT molecule to the copper surface,
including the role of surface native oxides in the formation of the
interface with the inhibitor, the effect of increased exposure time to
the inhibitor, the stability of the organic inhibitor layer upon anodic
polarisation, and the oxide growth upon anodic polarization.

This work aims to clarify the role of 2-MBT on the anodic
oxidation of copper by adsorption of the molecule on a well-
controlled metallic surface of copper, and without the presence of
chlorides in the solution. The absence of chlorides eliminates their
interference in the understanding of the oxidation process in a 2-
MBT-containing alkaline solution. Additionally, anodic oxidation is
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studied in the Cu(I) potential range. This allows us to evaluate the
effects of 2-MBT on the oxide layer that forms directly on the bare
metallic substrate.

Experimental

Polycrystalline samples obtained from high-purity cast electro-
lytic tough pitch copper (ETP-Cu) were used for experimental
analysis, as in previous work.">>%3" The surfaces to be studied
were mechanically polished using silicon carbide abrasive papers up
to 4000 grit, followed by diamond paste down to 0.25 um. They
were then cleaned ultrasonically for 5 min in successive baths of
acetone, ethanol, and ultra-pure water (resistivity > 18.2 M{2.cm).
Electrochemical polishing was performed using a 60% orthopho-
sphoric acid (H3PO,) solution at a constant voltage of 1.4 V versus a
copper counter-electrode for 4 min. This was done to remove the
cold-work layer leftover from mechanical polishing.** Finally, the
samples were rinsed with a 10% solution of H3PO,, followed by
ultra-pure water, and dried using nitrogen.

The electrochemical experiments were performed using Kel-F
(PCTEFE) cells containing approximately 350-400 pl of the electro-
lyte. They were equipped with counter and pseudo-reference
electrodes made of platinum. The cells were thoroughly cleaned
prior to each experiment as described elsewhere.”'> The Pt pseudo-
reference was calibrated before each experiment (+0.32 V vs SHE).
The working electrode area was 0.16 cm?, delimited by an O-ring.
The experiments were performed using a PicoStat bi-potentiostat
and Picoscan software from Agilent Technologies. The electrolytes
used for the experiment were a reference 0.1 M NaOH aqueous
alkaline solution of pH 13.5 without the inhibitor, and a 0.1 M
NaOH +1 mM 2-MBT aqueous solution of pH 13.6 as the solution
with inhibitor. All the chemicals used were supplied by Sigma
Aldrich and were of analytical grade.

Cathodic pre-treatment was performed prior to the experiments in
order to reduce the surface native oxide film. This was done in (a)
the absence of 2-MBT, or in (b) the presence of 2-MBT in the
solution. After immersion at the open circuit potential (OCP), the
potential was swept cathodically, with a scan rate of 20mV s, to
the onset of hydrogen gas evolution (-0.90V vs SHE) and then
swept back up to the value of —0.45 V vs SHE. This was repeated 2
more times. For the substrate pre-treated in absence of 2-MBT, the
reference NaOH solution was replaced with a 2-MBT containing
NaOH solution after the 3rd cathodic pre-treatment cycle. A pipette
was used to remove 3/4 of the solution in the cell (approx.
250-300 pl), and subsequently an equal amount of the 2-MBT
containing solution was introduced while the substrate and the
electrodes of the cell remained immersed and connected. This
process was repeated 7 times to ensure that the replaced solution
in the cell had the appropriate concentration of 2-MBT. Following
this, the substrates were exposed in the 0.1 M NaOH +1 mM 2-MBT
solution for either 2 min or 1h, at a fixed potential of -0.45V vs
SHE, before initiating the anodic oxidation tests.

The anodic oxidation tests were performed by sweeping the
potential from —0.45 up to +0.10 V vs SHE, followed by reverse
sweeping to —0.90 V vs SHE, and then back to —0.45 V vs SHE with
a scan rate of 20mV s~ '. The experimental process from cathodic
pre-treatment to the anodic oxidation tests is shown in Fig. 1. The
electrochemical experiments were repeated 3 times each to ensure
reproducibility.

Surface analysis was performed in the cathodically reduced state
of the interface (reduced state at —-0.45V vs SHE), and in the
anodically polarized state (anodic state at 0.10 V vs SHE). Once the
desired electrochemical state was achieved, the cell was discon-
nected, the samples rinsed with ultra-pure water, dried using
nitrogen, and transferred within less than 2 min for analysis by
XPS and ToF-SIMS. The experimental conditions performed to
achieve the reduced state and anodic state are summarized in Fig. 1.

XPS analysis was performed with a Thermo Electron Escalab
250 Xi spectrometer of base pressure less than 107'° mbar. A

monochromated Al Ka X-ray source (hv = 1486.6 V) with an X-
ray spot size of 900 pm in diameter was used. High-resolution
spectra of the C 1s, O 1s, N 1s, S 2p, Cu 2p core levels and Cu LMM
Auger transition were recorded with a pass energy of 20 eV at a step
size of 0.1 eV at 90° take-off angle of the collected photoelectrons.
Curve fitting of the spectra was performed with the Thermo Fischer
scientific software Avantage using an iterative Shirley-type back-
ground subtraction. CasaXPS software was used to decompose the
Cu LMM Auger spectra. The values of the photoionization cross-
sections at 1486.6 eV were taken from the Scofield database,*® the
transmission function of the analyser was given by Thermo Fisher,
and the inelastic mean free paths were determined using the TPP-2M
formula.>* The binding energies are referred to the Fermi level of the
sample.

ToF-SIMS analysis was performed using a ToF-SIMS 5 spectro-
meter (IonTof—Miinster Germany) of base pressure of 5 x 107°
mbar. SurfaceLab software v6.5 was used for data acquisition and
post processing analysis. High current (HC) bunched mode was used
for performing analysis using Bi* primary ions of 25 keV energy at
a target current of 1.2 pA over an area of 100 x 100 zm> Depth
profiles were obtained by interlacing analysis in static SIMS
conditions with sputtering using a Cs* ion gun of 0.5 keV delivering
a 20 nA target current over a 500 x 500 um? area. Both ion beams
were at an incidence angle of 45° with respect to the sample surface
and well-aligned to ensure analysis at the centre of the sputtered
crater. All the acquisitions were done in negative polarity allowing
us to analyse both the organic and inorganic regions of the surface
layers. The depth profiles were recorded at three separate regions on
the surface of each sample to ensure reproducibility.

Results and Discussion

CV analysis of 2-MBT effects on native oxide film reduction
and anodic surface oxidation.—Three cycles of cathodic pre-
treatment were applied by cyclic voltammetry in order to reduce
the native oxide film formed on the copper substrate following
surface preparation. The three pre-treatment CVs obtained in the
0.1 M NaOH reference solution are shown in Fig. 2a, and those
obtained in a 0.1 M NaOH +1 mM 2-MBT solution in Fig. 2b, with
the current density measured as the potential is swept cathodically
and back.

For the experiment in the NaOH reference solution (Fig. 2a), a
very high negative current with a peak at —-0.57V vs SHE is
observed in the first cathodic pre-treatment cycle, corresponding to a
large quantity of native Cu,O being reduced. The measured cathodic
charge density was 2311 = 192 uCcm™? and the corresponding
equivalent thickness of the reduced native oxide film was 2.9 +
0.2 nm, estimated using Faraday’s law,35 where the molar volume
(Vy) of Cu,O is 23.9cm’/mol and the number of electrons
exchanged (z) per Cu,O molecule is 2. The next two cycles of
cathodic pre-treatment show negligible cathodic charge densities
with no distinct cathodic reduction peak in the potential range where
the reduction of the native oxide is expected, suggesting that most of
the native oxide film initially formed on the copper surface has been
reduced during the first cathodic pre-treatment cycle. Noteworthy is
that prior to the first cycle, when the sample is exposed to the 0.1 M
NaOH solution at OCP, oxidation of the surface occurs due to the
high pH of the solution. This could contribute to a large fraction of
the initial oxides measured by electro-reduction.

For the cathodic pre-treatment with 2-MBT present in the NaOH
solution (Fig. 2b), we observe that the cathodic current of the first
pre-treatment cycle, forming a peak shifted at —0.62 V vs SHE, is
much lower than in the absence of the inhibitor. The cathodic charge
density was measured to be 937 + 124 4C cm™2 and the equivalent
thickness of reduced Cu,O was 1.2 + 0.2 nm, a decrease by a factor
of 2.5 compared to the oxide reduced in absence of 2-MBT. It is
suggested that the 2-MBT molecules are adsorbed on the oxide film
surface already at OCP, forming an organic layer that hinders the
reduction reactions.’® This hindering effect is supported by the lower
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Presence of 2-MBT in NaOH solution

Cathodic Pre-treatment — 3 cycles J

No intermediate step
Absence of 2-MBT in NaOH solution

Cycle 1:0CP > -0.90V ->-0.45V
Cycle 2:-0.45V > -0.90V > - 0. 45V
Cycle3:-0.45V > -0.90V ->-0.45V \

Anodic oxidation test

-045V->0.10V->-090V—>-0.45V

Replace with 2-MBT containing

Reduced state Anodic state

Replacing ref NaOH solution with 2-MBT conta

Add 2-MBT
containing
NaOH
solution

Pipette out 3/4™" of
the NaOH reference
solution

process

Repeat

7 times

1 hour
exposure

Figure 1. Schematic showing the experimental procedure for the cathodic pre-treatment methods and the anodic oxidation test.
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Figure 2. Cathodic pre-treatment CVs for copper in (a) 0.1 M NaOH reference solution (no inhibitor), and (b) 0.1 M NaOH +1 mM 2-MBT solution (with

inhibitor). Scan rate is 20 mV s~ .

cathodic current measured in the presence of 2-MBT in the potential
range (from OCP to about —0.3 V vs SHE) preceding the reduction
of Cu,0, as well as by the negative shift of the Cu,O reduction peak.
Alternatively, it is possible that upon exposure to the 2-MBT +
NaOH solution, the oxide film growth is restricted at OCP conditions
due to the interaction of 2-MBT with the surface. Therefore, the
lower cathodic current measured could be due to the electro-
reduction of the thinner film present in this case. We also observe
that the evolution of hydrogen gas does not occur by this pre-
treatment method at the potential -0.8 V vs SHE, unlike that
observed for the pre-treatment in absence of the inhibitor. This
again indicates the hindering effect of 2-MBT on the cathodic
reactions within this potential range and is consistent with 2-MBT
behaving as a mixed inhibitor (anodic and cathodic).>®

The next two cycles of cathodic pre-treatment performed in
presence of the inhibitor show negligible measured cathodic current
densities, indicating that either the oxides are completely reduced or
that the reduction of the oxide film is blocked due to the presence of
2-MBT on the surface. Consequently, much more Cu(I) oxide
subsists at the interface after pre-treatment in the presence than in
the absence of 2-MBT in the NaOH solution, as confirmed by
surface analysis discussed hereafter.

The CVs for anodic oxidation performed after varying the pre-
treatment conditions of the interface are shown in Figs. 3a-3d.
Figure 3a corresponds to the test done in the 0.1 M NaOH reference

solution. The other three CVs correspond to the tests performed in
presence of 1 mM 2-MBT in the 0.1 M NaOH solution, performed
after cathodic pre-treatment in the absence of 2-MBT followed by
2 min (Fig. 3b) and 1 h (Fig. 3c) of exposure to the inhibitor solution
at —0.45 'V vs SHE, and after cathodic pre-treatment in the presence
of 2-MBT (Fig. 3d). The conditions of the interface formation are
similar to those studied in previous work on copper in acidic
conditions.' The charge densities (anodic and cathodic) for each
experiment were determined by integrating the current densities with
respect to time, and the equivalent thickness of oxide grown during
polarization was determined from the cathodic charge density,
assuming that (a) the entire anodic charge corresponds only to oxide
grown during the experiment and (b) that all the oxides formed
during the anodic branch of the CV are reduced during the cathodic
branch of the CV. The results are presented in Table I along with the
standard error of the measurements.

It is observed that for the solution with no inhibitor, Fig. 3a,
oxidation initiates at around —0.40 V vs SHE, with the Cu(I) anodic
peak measured at approximately —0.05V vs SHE. This rise in
current density corresponds to the formation of Cu,O oxide, as
observed by others.***** The initial small feature at approximately
—0.30V vs SHE, prior to the oxidation of the surface, has been
associated to the adsorption of OH™ ions,”® possibly forming the
soluble Cu(OH),™ species‘A' Polarization beyond the potential of
0.05 V vs SHE leads to further oxidation in the Cu (II) range to form
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Figure 3. Anodic oxidation CVs for copper in (a) 0.1 M NaOH reference solution following pre-treatment without 2-MBT, and in 0.1 M NaOH +1 mM 2-MBT
solution following (b) pre-treatment without 2-MBT and 2 min exposure to 2-MBT, (c) pre-treatment without 2-MBT and 1 h exposure to 2-MBT, and (d) pre-

treatment with 2-MBT. Scan rate is 20 mV s~ ..

Cu(OH), and CuO, as observed by additional experiments and in
previous works.*'%*” During the cathodic sweep, a single cathodic
peak is obtained at —0.36 V vs SHE which indicates the conversion
of Cu,O oxide back to Cu(0) metallic copper. After the potential
reaches —0.8 V vs SHE, a sharp increase in the negative current
density is observed which corresponds to H, evolution.*®

The CV performed after pre-treatment without 2-MBT following
2 min of exposure to the inhibitor (Fig. 3b) exhibits a lower current
density in the Cu(l) oxidation range compared to the reference
solution CV (Fig. 3a). The increase in the current density starts at a
potential of —0.31 V vs SHE, and the oxidation peak is shifted
positively to approximately 0.05 V vs SHE. It is proposed that, in the
absence of residual native oxides, an organic film of 2-MBT
molecules is formed on the metallic substrate surface exposed to
the 2-MBT-containing solution at —0.45 V vs SHE. However, the
exposure time of 2 min is too short to complete the formation of an
organic barrier film efficiently blocking surface oxidation during
subsequent anodic polarization. The organic layer formed in these
conditions is likely locally defective, or would break down locally
upon polarization, thus allowing for the growth of anodic oxide. The
barrier effect is supported by the positive shift of the oxidation peak
still observed in the Cu(I) range and by the lower thickness of oxide
film grown compared to the reference solution CV (by a factor of
approximately 1.5), as seen in Table I.

Like for the experiment reported in Fig. 3b, performing the Cu(I)
oxidation test in the 2-MBT-containing solution after cathodic pre-
treatment in absence of 2-MBT followed by 1 h of exposure to the
inhibitor (Fig. 3c) results in anodic Cu(I) oxidation starting at around
—0.31 V and peaking at approximately 0.05 V vs SHE. However, in

this case, the current density increase is slightly reduced, indicating
higher hindrance to oxide growth. This suggests that the increase in
exposure time to 2-MBT allows for the completion of a less
defective organic barrier layer, possibly more resistant to break-
down, and thus more effective in blocking anodic activity.

For the test performed in the 2-MBT-containing solution and
after cathodic pre-treatment in the presence of 2-MBT (Fig. 3d), a
much lower anodic activity is observed, without any peak of Cu(I)
oxidation. The low rise of anodic current indicates that even though
it is significantly reduced, oxidation still occurs on the surface
leading to the formation of copper oxides, as attested by the cathodic
reduction peak measured at —0.58 V vs SHE on the subsequent
reverse scan. The significant reduction in the anodic charge density
is by a factor of approximately 2.6 compared to the reference
solution CV (Fig. 3a), and by a factor of 1.5 compared to the CV
performed after pre-treatment in absence of 2-MBT followed by 1 h
exposure to 2-MBT (Fig. 3c), as seen in Table 1. This inhibition of
the anodic activity agrees with previous work on the effect of 2-
MBT on copper passivation.*° This is assigned to the barrier layer of
organic molecules and metal-organic complexes formed by 2-MBT
on the residual interfacial layer of native oxide which stabilizes the
interface by impinging anodic oxide growth in the Cu(I) potential
range.

Surface analysis of 2-MBT-covered oxidized interface.—The
ToF-SIMS elemental depth profiles of the interfaces obtained after
cathodic pre-treatment in the absence of 2-MBT in the solution
followed by 1h of exposure to 2-MBT, and after cathodic pre-
treatment in the presence of 2-MBT in the solution, are presented in



Table I. Anodic and cathodic charge densities determined from the anodic oxidation tests along with the equivalent thickness of oxide film grown during the anodic oxidation test and determined from
the cathodic charge density.

Anodic charge Cathodic charge Equivalent thickness of oxide film

Exp. Electrolyte, Pre-treatment (uC/cmz) (;LC/sz) grown (nm)
a 0.1 M NaOH ref Pre-treatment w/o 2-MBT 1409 = 10 1252 £ 5 1.55 £ 0.01
b 0.1 M NaOH + 1 mM 2-MBT, Pre-treatment w/o 2-MBT, 2 min 937 £ 51 779 =7 0.96 = 0.01

exposure to 2-MBT
C 0.1 M NaOH + 1 mM 2-MBT, Pre-treatment w/o 2-MBT, 1 h 799 + 28 356 £ 6 0.44 = 0.01

exposure to 2-MBT
d 0.1 M NaOH + 1 mM 2-MBT, Pre-treatment with 2-MBT 537+ 1 514 £ 1 0.64 = 0.01
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Figure 4. ToF-SIMS depth profiles of the inhibiting interfaces obtained in reduced state after (a) cathodic pre-treatment in the absence of 2-MBT followed by
1 h of exposure to 2-MBT and, (b) cathodic pre-treatment in the presence of 2-MBT.

Figs. 4a, 4b. They display the intensity of the selected secondary
ions in logarithmic scale vs the sputtering time, which relates to the
depth from the top surface.

Like in recent works,'>!” the Cu™ and Cu,O ions were selected
as characteristic of the metal substrate and metal oxide, respectively,
and the C;H4NS,, C,N, C,S ™, and 348~ jons as representative of
the 2-MBT molecule and its molecular fragments of nitrogen and
sulphur, and overall sulphur, respectively. Lastly, the CuC;H4NS,™
ions were selected as characteristic of the Cu-2-MBT interaction,
both as bonding on the metallic/oxidized substrate and possible
metal-organic complexes. The positions of each layer was defined by
the maximum intensity of the corresponding ions with an uncertainty
of 5%.

For the depth profile obtained at the reduced state after pre-
treatment in the absence of 2-MBT followed by 1 h exposure to 2-

MBT (Fig. 4a), the interface with the metallic copper substrate is
observed at 20 s of sputtering time, based on the position at which
the Cu™ ions profile reaches its maximum intensity. Slower decay of
the intensities is observed for all secondary ions in the substrate
region, suggesting roughening of the interface. The maximum
intensity of the Cu,O~ ions profile is seen at 18s of sputtering
time, confirming that some copper oxide remains from the native
oxide film, although very thin, on the metallic substrate. Similar to
previous work,'> we observe that the intensity of C;H4NS,™ ions is
maximum at the topmost surface, followed by the C,N™ ions and the
C,S™ ions, respectively. This is consistent with 2-MBT forming
multilayers, as seen by deposition of 2-MBT in vapour phasezo"22 as
well as in neutral aqueous solution,'” with the innermost layer
chemically bonded to the partial oxide-covered surface via the
sulphur atoms of the molecule and the outer layers physisorbed on
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the surface. The maxima of the **S™ ions is deeper than that of the
C,S™ ions and much closer to the metallic substrate suggesting that
there are regions where sulphur (both from the molecule and free
dissociated sulphur) is directly bonded to metallic copper in the non-
oxide-covered regions of the surface. This is attested by the fact that
the maximum of the Cu,O™ profile occurs nearly at the same depth
as that of the **S™ ions, indicating that instead of a complete layer,
the oxides are present as islands which are distributed on the surface,
which thus enables the sulphur to bond directly to the metal.

The CuC;H4NS, ™ ion profile, of which the maximum intensity is
observed between the C,S™ and **S™ ion profiles, indicates that the
2-MBT molecules of the inner layer bond to both metallic and
oxidised Cu. The higher intensity of the CuC;H4NS, ™ ions observed
at the topmost surface also indicates bonding between the molecules
and Cu in the outermost layers of the multilayer organic film, most
likely forming Cu-2-MBT metal-organic complexes. This is also
evidenced in the Cu™ ion profile, where a slightly higher intensity
for the initial 4 s of sputtering time is observed, in agreement with
the profile of CuC;H4NS, ™ ions, indicating an interaction between
the Cu ions and the 2-MBT molecule. Although observed in
different conditions, the formation of metal-organic complexes can
be inferred from the observation of Cu-2-MBT complexes reported
previously. '39!

In reduced state obtained after pre-treatment in the presence of 2-
MBT (Fig. 4b), the interface with the Cu metal region is at 34 s of
sputtering time, indicating that the covering oxide and organic layers
are markedly thicker in this case. Regarding the interfacial oxide, its
presence is supported by the maximum intensity of the Cu,O™ ion
profile measured at 29 s, which is at a longer sputtering time from
the maximum of the Cu™ ions (characteristic of the metallic Cu) than
in the previous case, demonstrating that the remaining copper oxide
film or islands are much thicker in this case. Regarding the organic
multilayer, it is also thicker than in the previous case according to
the larger width of the corresponding region, as indicated by the
CuC;H4NS,™ and the C;H4NS,™ profiles. The sequence of the
intensity maxima of the depth profiles indicates that it is similarly
structured with the inner layer primarily interacting with the partial
oxide-covered surface via the S atoms of the molecules and the
physically adsorbed outer layers as multilayers and/or bonded to Cu
to form metal-organic complexes, as mentioned above. However, for
the C;H4NS, ™ profile, a small increase in intensity is observed in the
inner 2-MBT chemisorbed layer, unlike the previous case, which is
most likely representative of the Cu-2-MBT complexes that could be
present in this region. Although the CuC;H4NS,” ion profile
exhibits this increase as well in the inner layer, it cannot be
completely resolved since the CuC;H4NS, ™ ion profile is character-
istic of both the bonding on the metallic/oxidized substrate and the
metal-organic complexes.

The Cu LMM Auger spectra obtained in reduced and anodic
states after pre-treatment in the absence or presence of the inhibitor
are shown in Fig. 5. They were decomposed in order to determine
the contributions of the Cu(0) and Cu(I) components, corresponding
to copper metal and copper oxide respectively, and thus to evaluate
the effects of the pre-treatment methods on the presence of
interfacial oxides. The decomposition was done by least square
fitting, using as components the 2 line-shapes measured, in same
analytical conditions, on metallic copper and on oxidized copper
reference (Cu,O thick film) samples, like previously done, 15224243

Figures S5a, 5b shows the contributions of the Cu(0) and Cu(I)
components obtained after pre-treatment in the absence of 2-MBT
followed by 1 h exposure to 2-MBT at the reduced state and anodic
state.

It is observed that the intensity of the Cu(I) component is very
low here, with the Cu(I)/Cu(0) intensity ratios 0.07 £ 0.01 and 0.05 +
0.01 for the reduced state and the anodic state, respectively. This low
intensity of the component corresponding to Cu(l) oxide indicates
that the pre-treatment method is effective in both reducing the native
oxides and allowing for the inhibitor molecules to form a dense and
protective barrier layer. As seen from the CV tests in Fig. 3c, this

barrier layer impedes the formation of Cu(I) oxide in large quantities
upon anodic polarization. It also prevents re-oxidation of the sample
during transfer through air that would occur in the defective regions
of the barrier layer, like observed for 2-MBT layers deposited from
the gas phase and imperfectly protecting against re-oxidation.”° In
fact, we observe a minimal decrease, if at all considering the margin
of error, for the Cu(I)/Cu(0) intensity ratio in the anodic state of the
interface, whereas the CV data shows an increase in current density
upon polarization indicating oxidation of the surface (Fig. 3c). A
possible explanation is that, in the reduced state, a fraction of the
defective areas of the thin 2-MBT barrier layer are re-oxidized in air
which then leads to a slightly higher intensity of the Cu(l)
component, whereas after anodic polarization these defective sites
may be covered by the inhibitor, which would protect them from re-
oxidation. This will also be discussed in detail later.

On the samples pre-treated in the presence of the inhibitor
molecule, Figs. 5c, 5d, it is observed that despite the reduction of the
native oxides by cathodic pre-treatment, a large quantity of Cu(l)
ions subsists at the interface resulting in much thicker oxide islands
than in the previous case, supporting our hypothesis that the
presence of 2-MBT during pre-treatment hinders the reduction of
the native oxide film present on the surface. In Fig. 5d, after
polarization of the surface, there is a minimal increase in the
intensity of the Cu(I) component with the Cu(I)/Cu(0) intensity
ratio increasing from 0.72 (+0.03) to 0.77 (+0.03). This agrees with
the CV data in Fig. 3d, where a slight increase in current density is
seen upon anodic polarization. Although relatively thick, as shown
by ToF-SIMS and confirmed below, the organic layer would not
fully block anodic oxidation of the surface. This residual growth
could occur in the more reactive local areas of the interface, i.e.
those initially fully reduced after pre-treatment with no subsisting
native oxide film. This view is supported by the quantitative analysis
presented below.

It is important to note that a fraction of the Cu(I) intensity can
arise from the contribution of the Cu-2-MBT complex, since the
state of the copper ions in this complex is suggested to be Cu(I).'®
This is most likely why we obtain such a high intensity for the Cu(I)
component in the reduced state obtained after pre-treatment in the
presence of 2-MBT. However, we cannot distinguish the Cu(I) ions
related to the complex from the Cu(l) ions related to the oxide
matrix. Therefore, the O 1s spectrum is studied below to further
resolve this issue.

Figure 6 shows the XPS S 2p, N 1s, C 1s, and O 1s core level
spectra for the reduced states obtained after pre-treatment in the
presence and absence of 2-MBT. The curves were decomposed
using the peak components parameters defined in previous work,'
with an uncertainty of +0.1 eV for the binding energy values.

In both cases, three components were observed for the S 2p;,: S1
at 164.2 eV, S2 at 162.8 eV, and S3 at 161.9 eV. They correspond to
endocyclic sulphur of 2-MBT, exocyclic sulphur of 2-MBT, and
sulphur bonded directly to metallic Cu respectively, with sulphur
from S1 and S2 components not bonded to metallic Cu. This is in
agreement with previous work of 2-MBT adsorption in aqueous and
vapour phase on Cu,'>!7-20-22

The N 1s spectra contain two components: N1 at 399.4 eV
corresponding to nitrogen from the molecule not bonded to metallic
Cu,'>'®2" and N2 at 398.2eV corresponding to a direct bonding
between N and Cu.?® This N2 component is a very small fraction
compared to the N1 component (less than 5% of the overall nitrogen
intensity), indicating that the quantity of nitrogen atoms of the
molecule bonding to the metallic substrate is negligible for quanti-
tative analysis. However, this does show that nitrogen, even though
only a very small fraction, does bond directly to metallic Cu.

As for the C 1s spectra, they were decomposed into three peaks:
C1 at 286.6 eV corresponding to C=S bonds, C2 at 285.6 eV for C-S
and C-N bonds, and C3 at 284.8 eV corresponding to C-C and C-H
bonds.?*?® The C1:C2:C3 intensity ratio was determined to be 1:2:4
indicating that the 7 carbon atoms fitted the 2-MBT molecule
stoichiometry.15 20 However, this was not the case for the
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Figure 5. Cu LMM Auger spectra for copper exposed to 0.1 M NaOH+ 1 mM 2-MBT solution at the (a) reduced state, (b) anodic state after cathodic pre-
treatment in the absence of 2-MBT followed by 1 h of exposure to 2-MBT, and at the (c) reduced state, (d) anodic state after cathodic pre-treatment in the

presence of 2-MBT.

experiment performed after pre-treatment in absence of 2-MBT
followed by 1h exposure to the inhibitor solution, for which we
observed an increased intensity at the binding energy of the Cl
component (286.6eV) attributed to an additional C4 component
with an FWHM of 13 = 0.1 (+0.2eV compared to the Cl1
component). The presence of this C4 component is likely due to
the formation of alcohols and/or ethers during the 1-hour exposure to
the 0.1 M NaOH +1mM 2-MBT electrolyte. Since their binding
energies are very close to each other, 286.5eV for alcohols and
286.4 eV for ethers,**** it is difficult to distinguish which group is
formed.

Three components were observed from the decomposition of the
O 1s spectrum for both sets of experiments. The O1 component at
532.9eV was assigned to oxygen adsorbed on the surface from
water.>1?>*® The 02 component at 531.4 eV corresponds to hydro-
xides formed on the surface.*** Lastly, the O3 component at
530 eV was assigned to the Cu(l) oxide present.”'***¢ A positive
shift in BE of 0.5eV is observed for the O2 and O3 components
after pre-treatment in presence of 2-MBT. Several authors have
reported varying values of binding energies for the oxygen peaks in
the O 1s spectrum relating to the oxide and hydroxide components,
ranging from 529.6 to 530.6 eV for the oxide (O3) component and
between 530.8 to 531.5eV for the hydroxide (0O2)
component,' 7182022434647 It j¢ found that there is a correlation
between the thickness of the oxide layer and the BE values reported,
i.e. when the oxide is very thin (~0.2 nm) the BE is lower and
increases with the oxide thickness (up to 1.5 nm). Additionally,
previous work shows that when the oxide thickness was between 0.2

to 0.4 nm, the BE for the oxide component was 530.2 + 0.1 eV."
Hence, we can make the argument that the positive shift in BE for
the O2 and O3 components here are most likely due to the presence
of a thicker oxide layer/islands in this case (pre-treatment with 2-
MBT), as evident from the differences in intensity between the O3
peaks of the O 1s spectra. While the shift can also be due to a change
in the structure of the oxide layer and its composition, we do not
have any evidence of the phenomenon, both experimentally and
from literature.

Although observed for both experiments, the O1 component after
pre-treatment in the absence of 2-MBT followed by 1 h exposure to
the 2-MBT + NaOH solution was much higher (blue curve). This
phenomenon correlates to the C4 component of the C 1s spectrum of
the same experiment, as mentioned above. However, in this case too,
the binding energies of the two functional groups are too close to
decorngose, 532.9 £ 0.2¢eV for alcohols and 532.7 = 0.2eV for
ethers.***8 Therefore, the atomic ratio of the C4 component from the
C 1s spectrum and the Ol component of the O 1s spectrum was
determined to give a more accurate representation of the species
observed here. The atomic ratio for the C4/O1 intensities was found
to be 2.54 + 0.03, indicating that other than the adsorbed oxygen,
this species also corresponds to one oxygen atom bonded to either
two carbon atoms and/or three carbon atoms. Hence, the C4
component for the reduced state after pre-treatment in the absence
of 2-MBT followed by 1h exposure to 2-MBT is assigned to the
formation of ethers due to an interaction of the hydroxide ions with
carbon from either the 2-MBT molecule or from contamination.
Angle resolved measurements confirmed that this species is formed
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Figure 6. XPS S 2p, N 1s, C Is, and Ols core level spectra of copper exposed to 0.1 M NaOH +1 mM 2-MBT solution in reduced state after pre-treatment in
presence of 2-MBT (red curves), and pre-treatment in absence of 2-MBT followed by 1 h exposure to 2-MBT (blue curves).

on the top-most surface above the 2-MBT layer. Nonetheless, we quantity of alcohols (oxygen bonded to one carbon atom) or a
cannot completely exclude the possibility of formation of a low slightly increased oxygen adsorption on the surface.
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Regarding the line shape of the N 1s and S 2p spectra shown in
Fig. 6, they are similar after either pre-treatment method which
indicates resembling structures of the 2-MBT layers formed, despite
the differences in thickness and in oxide quantities on the surface
discussed above. In both cases, it is mostly the sulphur atoms that
bond to metallic copper, as evidenced from the S3 peak in the S 2p
spectrum and the ToF-SIMS depth profiles, like observed in acidic
environment.'> Only a tiny fraction of the nitrogen atoms bonds
directly to the metallic copper here, which is shown by the presence
of a peak at 398.2 eV in both N 1s spectra.”’

Interface structure and composition.—In order to quantify the
effect of the pre-treatment methods on the reduction of the native
oxide film and formation of the 2-MBT barrier layers on the surface
before and after anodic polarization, the photoelectron intensities of
the elemental components obtained by spectral decomposition of the
Cu 2p, N 1s, S 2p, and O 1s core levels were used as inputs in a
model of Qhotoelectron intensity attenuation (Fig. 7) previously
developed'” in order to estimate the thickness and coverage of Cu,O
oxide remaining at the interface and the thickness of the covering 2-
MBT organic layer. In this model, detailed in Supplementary
Information (SI), the oxide islands are assumed to have uniform
thickness, and the covering organic layer to have the same surface
flatness as the substrate. The values are estimated by numerically
solving the system of equations given in SI, as well as calculation
details. Despite the limitations of the model regarding the assump-
tions listed in SI and the high uncertainties on the coverage (+10%)
and thickness (+0.2 nm) estimates, determined by the propagation of
uncertainty, it remains an effective tool for comparison since
enabling us to quantify differences between the differently prepared
interfaces. The results for the present work are compiled in Table II.
The equivalent thickness of the oxide was calculated by weighing its
thickness with its coverage, and the equivalent thickness of the 2-
MBT layer was calculated by combining the products of thickness
and coverage of the 2-MBT layer on the metallic surface and on the
oxidized surface, for ease of comparison.

Table II shows that the pre-treatment in absence of 2-MBT
followed by 1 h exposure to the inhibitor results in low amounts of
oxide remaining on the Cu surface. This is in agreement with the
electrochemical CV data, ToF-SIMS depth profiles and Cu LMM
Auger spectra. The coverage of the oxide islands is relatively high,
77% for the reduced state, and the thickness is estimated to be
approximately 0.3 nm. The 2-MBT layer here is approximately
1.2 nm in equivalent thickness. In the anodic state of the surface, the
coverage of oxide islands decreases marginally with their thickness
remaining constant. It is proposed that during polarization, the ultra-
thin Cu,O oxide islands decompose, thus providing Cu atoms for the
2-MBT molecules to then bond with and thus increase the coverage
of metallic Cu. The other hypothesis is that in the reduced state,
there are regions of the surface not covered by the 2-MBT layer at
all, which oxidize when in contact with air during sample transfer,
thus giving a higher apparent coverage of oxide islands in this state.
Upon anodic polarization, these uncovered regions would be
oxidized to Cu(l) state, as suggested by the CV data, masking the
artefact effects of air transfer. Regarding the 2-MBT layer, we
observe a slight increase in the thickness after anodic polarization of
the surface. This is discussed in detail later.

For the surface in reduced state after cathodic pre-treatment in the
presence of 2-MBT, the initial coverage of the residual oxide islands
is found lower, but their thickness approximately three times
compared to the previous case due to either incomplete reduction
of the native oxide film, as discussed earlier, or further oxidation of
those regions during transfer of the samples through air. Although
the coverage of the oxide islands in the reduced state is only around
54% of the surface, their thickness is estimated to be approximately
0.9 nm, indicating 3D oxide islands partially covering the Cu
substrate. The 2-MBT organic layer is markedly thicker compared
to the oxide islands, with an equivalent thickness of approximately
2.8 nm. This confirms our hypothesis of the formation of thicker

2-MBT layer
BN «—— Cu,0 Islands

«—— Cu substrate

Figure 7. Schematic of the bi-layer model used to estimate the thickness and
coverage of the thin-layers covering the copper substrate.

organic multilayers as inferred from the ToF-SIMS data, and in
agreement with previous work in acidic environment.'

Upon polarization, a moderate fraction of the surface is further
oxidized, resulting in a higher coverage of the oxide islands while
thickness is unchanged considering the experimental uncertainty.
This supports residual anodic oxidation occurring mostly in the more
reactive local areas of the interface initially with no subsisting native
oxide film after pre-treatment. The trend for the thickness increase of
the 2-MBT layer in the anodic state is observed in this case as well,
from 2.77 to 2.97 nm (Table II). It is proposed that during anodic
polarization, the 2-MBT molecules interact with the Cu(l) ions
released in the solution to form Cu-2-MBT complexes that deposit
on the surface and thus form a thicker organic layer, as evidenced in
the ToF-SIMS depth profiles (Fig. 4). An indication of this is the
difference between the anodic and cathodic charge densities during
the cyclic voltammetry tests. As evidenced from Table I, there is a
positive difference between the anodic and cathodic charge densities
for all 4 experiments. Therefore, it is indisputable that there is some
reacting Cu (from anodic charge) that is not involved in the growth
of the oxide layer subsequently reduced (from cathodic charge).
These excess Cu ions likely interact with the 2-MBT molecules to
form the complexes and thus increase the thickness of the 2-MBT
organic layer on the surface. In their work on corrosion inhibition of
copper by 2-MBT, Ohsawa et al. concluded that it was indeed the Cu
() ions that form complexes with the 2-MBT molecule.'® This
would also explain why we observe a thicker 2-MBT layer when
there are more oxides on the copper surface in an alkaline
environment (pre-treatment with 2-MBT) and why it increases
upon polarization.

PH effects on interface.—Several authors have hypothesized that
the formation of the 2-MBT layer on copper differs based on the
environment and the initial surface oxidation state.'®***! Since we
have studied the adsorption of the 2-MBT inhibitor on Cu in acidic
conditions in previous work,'*> we can now make a comparison with
alkaline environment and discuss the differences in interface oxide
layers and 2-MBT organic layers and try to understand why the
changes in barrier layer formation occur.

It has been determined that in both environments, acidic and
alkaline, the cathodic pre-treatment performed in absence of 2-MBT
results in a nearly metallic state, whereas the pre-treatment
performed in presence of 2-MBT results in a significant quantity
of oxides unreduced. This indicates that in both environments there
is an interaction between the 2-MBT molecules and copper oxide
which then hampers the complete reduction of the native oxides
present on the surface. Additionally, in both cases, the remaining
oxides are trapped between the 2-MBT layer and the metallic
substrate in the form of islands, instead of a fully covering layer.

Despite these similarities in the two environments, it was
revealed that the thickness of the 2-MBT organic layer is larger on
a relatively oxide free surface in the acidic environment, whereas it
is the other way around in the alkaline environment, with a thicker 2-
MBT layer observed in case of larger oxide quantities. Moreover,
upon anodic polarization, a decrease in the thickness of the 2-MBT
layer was observed in the acidic environment, whereas the present



Table II. Coverage and thickness of the copper oxide islands and thickness of 2-MBT organic layer estimated from quantitative analysis of the XPS data. The uncertainty on the coverage was
estimated to be +10% and the uncertainty on the thicknesses was estimated to be +0.2 nm.

Coverage of Thickness of Equivalent thick- Thickness of 2-MBT Thickness of 2-MBT
Cu,0 islands Cu,0 islands ness of Cu,O layer above oxides layer on metallic Cu Equivalent thickness
Electrochemical conditions (%) (nm) (nm) (nm) (nm) of 2-MBT layer (nm)
Pre-treatment w/o 2-MBT, 1 h 77 0.31 0.24 1.11 1.42 1.18
exposure to 2-MBT, reduced
state.
Pre-treatment w/o 2-MBT, 1 h 72 0.31 0.22 1.42 1.73 1.51
exposure to 2-MBT, anodic
state.
Pre-treatment with 2-MBT, re- 54 0.89 0.48 2.36 3.25 2.77
duced state
Pre-treatment with 2-MBT, 72 0.80 0.58 2.75 3.55 2.97

anodic state
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work shows that the 2-MBT layer increases in thickness in the
alkaline environment. This difference is likely due to the conformer
of the 2-MBT molecule that is stable in each environment. In the
alkaline environment, the molecule, of which pK, is 6.9,*° would
predominantly be in the thiolate form due to the excess OH™ ions
present in the solution.>* The deprotonation of the molecule offers an
additional reactive site (N atom) in the molecule which increases the
bonding possibilities with copper metal and copper oxides, as shown
by DFT calculations,”®> and thus could promote the adsorption of
2-MBT molecules on the metallic substrate, increasing its coverage,
and the formation of Cu-2-MBT complexes which then deposit on
the surface, increasing the thickness of the organic layer. However,
this is not the case in acidic environment where the molecule
predominates in its protonated thione form Ref. 24 due to the excess
H ions in the solution, thus not offering an extra reactive site and
limiting the possibilities of adsorbed configurations and bonding
with copper metal and copper oxide. The presence of chloride ions in
the HCI acidic environment could also have effects that are not seen
in the NaOH alkaline environment studied here. The adsorption of
CI™ ions would be rather competitive with the adsorption of 2-MBT
on copper, thus limiting the adsorption of the 2-MBT molecules and
the growth of the organic layer. However, in the alkaline environ-
ment the 2-MBT layer is allowed to grow more freely without the
influence of the aggressive chloride ions, which could possibly be a
reason for the thicker organic layer in this case.

Regardless of the growth mechanism of the 2-MBT layer on the
surface, the bonding between the molecules and the surface remains
largely similar. In both strongly acidic and strongly alkaline
conditions, the 2-MBT molecules bond with metallic copper mostly
via their sulphur atoms. In the strongly alkaline conditions, a small
fraction of N bonds directly to the metallic copper which most likely
occurs due to the additional reactive sites formed by deprotonation
of the molecule in the NaOH solution, as mentioned above.
However, we can neither confirm nor exclude the possibility that
there is an interaction between the copper oxides and the sulphur
and/or nitrozgen atoms of the molecule, like shown by DFT
calculations.”® This remains as one of the major questions yet to
be dealt with.

Conclusions

The adsorption of the 2-MBT organic corrosion inhibitor and its
effects on the anodic oxidation of copper in an alkaline environment
were investigated by electrochemical and surface analytical techni-
ques. It was shown that the formation of the 2-MBT layer on the
surface impedes the growth of anodic oxide in the Cu(I) potential
range. However, the presence of native oxide on the surface plays a
major role in the formation and subsequent effectiveness of the
organic layer as a barrier against anodic activity. Reduction of the
native oxide film by cathodic pre-treatment performed in the absence
of 2-MBT in the solution resulted in a nearly metallic state of the
surface, whereas an incomplete reduction of the native oxide film
was observed in the presence of 2-MBT, owing to the adsorption of
2-MBT on copper oxide and therefore blocking electro-reduction.
The resulting organic barrier layer was substantially thicker com-
pared to a surface with negligible oxides and included metal-organic
complexes. This thicker 2-MBT barrier layer was more effective in
impeding the growth of oxides upon anodic polarisation. Longer
exposure times to the inhibitor of a surface with negligible oxides
increased the efficiency of the organic barrier layer in impeding the
growth of anodic oxide.

The organic barrier layer is multi-layered with the inner layer
bonded to the copper substrate principally via the sulphur atoms of
the molecules, as determined from the XPS spectra and the ToF-
SIMS depth profiles. Additionally, a limited fraction of the nitrogen
molecule is also bonded directly to the metallic substrate. The
interaction between the copper oxides and the sulphur and/or
nitrogen atoms from the molecules could not be resolved. Upon
anodic polarisation, the 2-MBT barrier layer grows in thickness,

with inclusion of Cu-2-MBT complexes. It is proposed that the
thiolate form of 2-MBT, which is the dominant conformer in an
alkaline environment, allows for additional bonding possibilities to
the Cu atoms and Cu(l) ions released from the surface oxide,
forming Cu-2-MBT complexes that deposit on the surface and thus
increase the thickness of the organic barrier layer.
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