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ABSTRACT

The optimal surface pre-treatment conditions for improved adsorption of 2-mercaptobenzimidazole (MBI) and octylphosphonic acid (OPA) on copper and aluminium
substrates are presented. For this purpose, mechanical and chemical pre-treatments were employed, which included grinding/polishing and etching/desmutting,
respectively. In addition, organic films for both pre-treated samples were prepared by liquid-phase deposition from ethanol or an aqueous solution containing MBI
and OPA inhibitors. The mechanism of formation and degradation of the films on Cu and Al samples in 3 wt.% NaCl were investigated by electrochemical methods,
whereas morphology and bonding of inhibitors were studied by scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy and X-ray
photoelectron spectroscopy. It was shown that the surface pre-treatment did not significantly influence the chemistries of Cu and Al. However, the method of film
formation, including the use of two different solvents, was crucial. The inhibitor films on Cu and Al were not formed in an ethanol solution but only deposited from
aqueous solutions. A significant reduction in corrosion current density revealed that MBI is an effective inhibitor for Cu, while this characteristic is absent for Al. On

the other hand, OPA behaves the other way around.

1. Introduction

The lightweight aluminium alloy (AA) 2024-T3 and other AAs con-
taining Cu are paramount in the aerospace industry due to their high
strength-to-weight ratio. However, the heterogeneous nature of the
surface microstructure, which consists of alloying elements such as Cu,
Mg, Fe, Mn, etc., decreases the alloy’s intrinsic corrosion resistance and
makes it susceptible to localised corrosion, especially in chloride (C1™)
containing aqueous solutions. The corrosion initiation was reported to
be mainly related to the electrochemical activity of Cu-containing
intermetallic particles (IMPs), such as S-phase (Al,CuMg), 6-phase
(AlyCu), Al;CugFe(Mn) and the surrounding Al matrix [1-5].

To better understand the corrosion processes occurring at IMPs, it
would be relevant to monitor the changes that appear on individual
metals, aluminium and copper, being the main constituents of AA2024.
For this reason, different strategies for replacing carcinogenic chromates
have been investigated on aluminium and copper substrates, including
environmentally acceptable compounds such as organic inhibitors [6,7].
These organic molecules possess functional group(s) with heteroatom(s)
(N, S, P and O) containing lone pair of electrons and/or delocalised =
electrons due to the presence of multiple bonds or aromatic rings [8,9],
thus enabling chemical adsorption onto metal surfaces.
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Azole molecules and their derivatives are some common effective
organic inhibitors that are often used to protect copper [10-15]. Ben-
zotriazole (BTA) has been widely known and used in industry due to its
unsurpassed efficiency [16]. However, Zerjav and Milosev showed that
BTA is an inefficient inhibitor under acidic conditions (pH = 5) [17]. In
the past few decades, 2-mercaptobenzimidazole (MBI) has been estab-
lished as a promising candidate for copper protection that provides a
high level of inhibition not only in near-neutral chloride solutions [10,
13,15,18-20], but also in acidic conditions (below pH 5) [21]. The high
corrosion inhibition efficiency of MBI for copper in 3 wt.% NaCl aqueous
solution and its bonding mechanism were reported by Finsgar [13,19]
and Milosev et al. [10,15], where MBI acts as a mixed type (anodic and
cathodic) inhibitor with a stronger anodic effect. In addition, our group
recently reported that MBI in binary combination with octylphosphonic
acid (OPA) synergistically boost corrosion inhibition of copper [21].
Chiter et al. [22] showed that MBI also has the ability to enhance the
barrier properties of de-passivated or incompletely passivated copper
surfaces by healing the damaged oxide surface. Izquierdo et al. inves-
tigated metal—inhibitor interactions wusing localised scanning
micro-electrochemical techniques. They revealed that MBI forms thicker
and more insulating organic films on copper in sodium chloride solution
than in neutral sodium sulfate solution [23], which is most likely
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attributed to the involvement of Cl™ ions in the formation of Cu-MBI
inhibitory film. Our recent paper confirmed this effect by a detailed
XPS and ToF-SIMS investigation [24]. Results showed that the chloride
ions act simultaneously as a promoter and a reactant, thus revealing
their dual role in forming polymerised Cu-Cl-MBI chains.

Other compounds, such as alkylphosphonic acids [25-30] have been
used to form well-ordered self-assembled monolayers (SAMs) on
oxide-covered metal surfaces. Such SAMs increase hydrophobicity [31]
of metal surfaces and exhibit the advantages of high coverage, few de-
fects, and high inhibition efficiency [32,33]. Phosphonic acids increase
the hydrophobicity of metal surfaces and offer high inhibition efficiency.
They have been used due to their stability and ability to form complexes
with metal cations. Maege et al. [34] reported that adsorbed octade-
cylphosphonic acid (ODPA) on an aluminium substrate formed orien-
tated layers proved by polarised external reflectance FTIR
measurements. Schwartz’s group established the growth of an ODPA
monolayer on mica as a model system where atomic force microscopy
(AFM) observations showed that growth proceeded via nucleation,
growth, coalescence, etc., of densely packed molecular aggregates
(islands) [35-37]. Furthermore, they showed that ODPA could form
dense SAMs on the sapphire (corundum) surface, which have a good
inhibition effect on overall corrosion [38]. Hoque et al. [25] reported
denser packing and better orientation of the alkylphosphonic acid
molecules with longer chain lengths on copper oxide surfaces. A quan-
tum chemical density functional theory (DFT) investigation has pro-
vided insight at the atomic level regarding the molecular adsorption
probabilities and corresponding bonding energies of six different anchor
groups (carboxylic, benzoic, amino, imidazole, phosphonic and thiol) on
hydroxylated oxidised aluminium surfaces and showed that among
these anchor groups phosphonic groups adsorb the strongest. In
contrast, thiol group does not adsorb [30].

The main point of interest in this work is the influence of surface pre-
treatment before applying corrosion inhibitors. Surface pre-treatments
of metal surfaces, either mechanical and/or chemical, usually target
improved bonding ability with inhibitor molecules, conversion coatings,
primers or paints and increased corrosion resistance in corrosive envi-
ronments [39-44]. The mechanical pre-treatment, including grinding
and/or polishing, is usually based on SiC sandpaper and produces a
macro-rough surface [45,46]. The chemical pre-treatment typically in-
volves several steps: (i) degreasing, (ii) etching and (iii) desmutting.
Effective cleaning produces a contaminant-free surface. The main sur-
face contaminants that require removal with degreasers (acetone) come
from the processing and shaping of metals and alloys (lubrication oils).
Alkaline etching, usually performed using sodium hydroxide, generates
complex oxides and hydroxides of aluminium, and removes any organic
residue and several micrometres of the metal/alloy. Some of these re-
action products, including intermetallic compounds, are insoluble in the
etch solution. These remain on the surface of the aluminium parts in the
form of "smut". The etching step is followed by applying acid deoxidiser
(also called desmutting or pickling), such as nitric acid, to remove any
residue, i.e., dissolve the surface oxide or smut, from — or caused by — the
previous alkaline step [40,46]. The studies showed that the aluminium
(hydr)oxides with large amounts of active surface sites (high surface
area and low-crystalline) are more active than the well-crystalline
(hydr)oxides with lower surface area [31,39]. Abd-El-Naby et al. re-
ported that the lupine extract is more effective as an inhibitor for
non-etched than the etched aluminium [42]. The adsorption of car-
boxylic acids and, consequently, the effect on corrosion protection was
more efficient on the acid-etched copper surface [47] than on the ground
surface. Similar behaviour was observed for alkaline-etched aluminium,
where the adsorption of carboxylic acids and other organic inhibitors
required a micrometre-level rough surface [31]. On the ground Al sur-
face, the adsorption was unsuccessful.

Herein we report the influence of surface pre-treatment of Al and Cu
on the adsorption of MBI and OPA on the metal substrates. In addition, a
different method of preparation to facilitate the adsorption of inhibitors
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was also examined. To this end, organic layers were prepared by simple
liquid-phase depositions, i.e., by immersion of individual Al and Cu
samples either directly in chloride-containing inhibitor aqueous solution
or prepared by immersion in a non-aqueous inhibitor solution [17,31,
48]. The corrosion inhibition effectiveness was investigated utilising
potentiodynamic polarisation curves, whereas cyclic voltammetry (CV)
was employed to study the film formation and degradation processes on
the metal substrate. In addition, the surface characterisation of the
pre-treated surfaces before and after formed films was performed by
X-ray photoelectron spectroscopy (XPS) and scanning electron micro-
scopy combined with energy-dispersive X-ray spectroscopy (SEM-EDS).

2. Experimental
2.1. Materials, substrate preparation and chemicals

Working electrodes were prepared from a 2 mm thick copper and
aluminium sheet (Goodfellow, Cambridge, UK, purity of 99.9% and
99.0%, respectively) and cut out in the form of discs 15 mm in diameter.

The surface of the samples was either mechanically or chemically
pre-treated. First, using a rotating plate polisher, the samples were
successively water-ground with P1000 and P2400-grit SiC emery papers
(provided by Struers, Ballerup, Denmark), followed by polishing with a
polish nap (MD, Mol, Struers, Ballerup, Denmark) using water diamond
suspension up to 3 um (DiaDuo, Struers, Ballerup, Denmark) to obtain a
uniform, mirror-like surface appearance. These samples were denoted as
mechanically (mc) pre-treated. Then, another set of aluminium and
copper samples was chemically (ch) pre-treated, i.e., aluminium was
etched in 0.01 M NaOH for 10 min at 60 °C followed by desmutting in
10% HNOj3 for 3 min at room temperature, while copper was slightly
etched in 10% HNO3 for 3 min at room temperature. After any pre-
treatment, the surfaces were subject to ultrasonic cleaning in absolute
ethanol (Panreac AppliChem, Germany, purity of 99.8%) for 3 min,
double-rinsed with Mili-Q water (Millipore, Billerica, MA, USA, re-
sistivity 18.2 MQ cm at 25 °C) and blown dry with nitrogen gas.

The chemicals utilised for Cu and Al modification were sodium
chloride (NaCl, purity 99.5%, supplied by Fisher Scientific), 2-mercapto-
benzimidazole (MBI, purity 98%, supplied by Sigma Aldrich) and
octylphosphonic acid (OPA, purity of 98%, supplied by Ark Pharm, Inc.).
All the reagents were used as received without further modification.

2.2. Preparation of organic films

Organic films for both types of pre-treated samples were prepared by
liquid-phase deposition either from ethanol (et) or aqueous (aq) solution
containing MBI (S) and OPA (P).

1 Liquid-phase deposition from EtOH inhibitor solution: Mechanically
or chemically pre-treated copper and aluminium samples were
immersed for 30 min in an ethanol medium at a concentration of 1
mM. After immersion, samples were rinsed with water, dried in the
stream of nitrogen and then subject to electrochemical and surface
characterisation. Electrochemical measurements were conducted in
3 wt.% NacCl solution.

2 Liquid-phase deposition from aqueous NaCl + inhibitor solution:
Mechanically or chemically pre-treated copper and aluminium
samples were immersed for 24 h in an aqueous aggressive chloride
medium (i.e. 3 wt.% NaCl) with the addition of individual MBI or
OPA organic compounds at a concentration of 1 mM. After denoted
immersion period (24 h), the samples were removed from the solu-
tion, double rinsed gently with deionised water, dried in the stream
of nitrogen and then subject to electrochemical and surface charac-
terisation. Electrochemical measurements were conducted in 3 wt.%
Nacl solution containing 1 mM inhibitor MBI or OPA.

The same surface pre-treatments were used for both Cu and Al
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(mechanical and chemical) and the same preparation methods (etha-
nolic and NaCl aqueous and solutions). The time of immersion, however,
differed: it was 30 min in the former and 24 h min in the latter. Although
the inhibition effect in NaCl was already evident after 30 min, the im-
mersion was prolonged to get relevant results on the stability of the
formed layer for 24 h. In contrast, the prolongation of immersion in
ethanolic solution was not of interest since this method was meant as a
fast pre-preparation of the layer. Our previous study [30] showed that
prolonging immersion time did not significantly contribute to more
efficient layer formation.

All the utilised solutions and their as-prepared pH and shorthand
labels are summarised in Table S1. The pH values of the solutions used
for immersion of Cu and Al samples were not adjusted to match that of
NaCl but were used as-prepared. The pH values of solutions used for
surface modification of Al samples were adjusted to 7 since aluminium
undergoes dissolution in aqueous solutions below pH 4.

2.3. Electrochemical measurements

Electrochemical measurements were carried out in an open-to-air
conventional three-electrode cell assembly using PGSTAT M204 Auto-
lab (Metrohm Autolab, Utrecht, Netherlands) multichannel potentio-
stat/galvanostat controlled by NOVA software. The working electrodes
(WE) were copper and aluminium discs pressed against a Teflon O-ring
with a 1 cm? exposed surface area. A Pt mesh and an Ag/AgCl/KClgeq.
(0.197 V vs. standard hydrogen electrode) were employed as the counter
electrode and the reference electrode, respectively. The latter was used
with a Luggin capillary to minimise IR drops at the WE surface. In the
text, potentials are given with respect to Ag/AgCl/KClg,¢q. electrode.

Once the measurement started, specimens were allowed to rest for
approximately 1 h until a near steady-state of open circuit potential
(OCP), denoted as Egcp, was established. A steady state is assumed to be
reached when the Eocp changes less than 5 mV over 10 min [49].
Electrochemical measurements for organic films prepared by
aqueous-phase deposition were carried out in NaCl solution containing
inhibitor, except the blank solution contained only 3 wt.% NaCl. In
contrast, measurements for the films obtained by ethanol-phase depo-
sition were performed only in NaCl solution. Reported results were
based on at least three experiments to ensure reproducibility. Mea-
surements were carried out at ambient temperature (23 °C). Represen-
tative curves were chosen to be presented in the figures. In tables, values
for Ecorr and jeorr are given as mean =+ standard deviation.

2.3.1. Potentiodynamic polarisation curves

Through the DC polarisation technique, information on the corrosion
rate, pitting susceptibility, passivity, and cathodic behaviour of an
electrochemical system may be obtained [50]. The potentiodynamic
polarisation curves were recorded starting in the cathodic range 250 mV
below Egcp and increasing the potential in the anodic direction up to 1 V
at a scan rate of 1 mV s~ .

The application of the mixed potential theory allows the determi-
nation of the corrosion rate using the Tafel extrapolation method. Due to
the contribution of the back reaction to the forward reaction at lower
overpotentials, extrapolation of the linear portions of the polarisation
curve was performed at potentials well away from the corrosion po-
tential (Ecorr), i.e. in the range of 60 to 120 mV [51]. The corrosion
current density (jeorr) Was estimated from the intersection of the anodic
and cathodic Tafel slopes at Ecq. It should be emphasised that some
polarisation curves with not well-defined anodic Tafel region were
extrapolated by inspecting only a linear fit of the cathodic Tafel curve,
which intersects Ecorr.

2.3.2. Cyclic voltammetry
The cyclic voltammograms were recorded through a linear potential
sweep in the potential range from —0.6 V to 1 V with a scan rate of 1 mV

s7!. Gaussian peak function was used for fitting the cyclic
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Fig. 1. Potentiodynamic polarisation curves recorded for copper samples in 3
wt.% NaCl solution. The copper surface before measurements implies me-
chanical pre-treatment and chemical pre-treatment. The difference between mc
(ch) and mc-aq (ch-aq) samples is only immersion time; the former was
immersed for 1 h and the latter for 24 h in chloride solution. The area around
E o is shown at the enlarged scale in the inset.

voltammogram. To access the adsorption mechanisms, one set of ex-
periments included measurements with different scan rates, i.e., 1, 5 and
10 mV s~ L. The results are based on at least three experiments to ensure
reproducibility.

2.4. Surface characterisation

2.4.1. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to determine the
presence of the oxide and organic layers and the elemental composition
in the first few nanometres of a surface [26]. XPS analysis was performed
on a TFA Physical Electronics Inc. spectrometer equipped with a hemi-
spherical analyser. All the spectra were acquired utilising a mono-
chromatic Al Ka X-ray source (1486.6 eV) with an analysed area of 400
um. Survey scan spectra were obtained at a pass energy of 187.9 eV,
while the core level single peaks were measured at pass energy of 29.4
eV with an energy step of 0.1 eV. The take-off angle, defined as the
emission angle normal to a sample surface, was 45° The binding energies
(Ep) were calibrated by reference to the C 1 s photoelectron peak at
284.8 eV. The uncertainty in the binding energy scale is estimated to be
0.2 eV. The linear method was used for the Cu 2p line and the iterative
Shirley method for the Cu LMM, followed by smoothing using a
Savitzky-Golay algorithm [52]. The quantitative analysis of the species
at the surface was derived from the peak area intensities. Quantification
was carried out using the MultiPak processing software. The estimated
relative error for all XPS data used for elemental quantification is 4 2%.

2.4.2. Scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy

Scanning electron microscopy combined with energy-dispersive X-
ray spectroscopy (SEM-EDS) was applied to reveal the morphology and
semi-quantitative composition of the surface at areas of interest, with an
analysis depth of about 1 um. SEM images were recorded in secondary
electron (SE) and back-scattered electron (BSE) imaging modes at beam
energies of 5 keV and 15 keV, respectively, using a field emission (FE)
SEM JSM 7600F, JEOL, Japan, equipped with EDS (Inca Oxford 350 EDS
SDD). Before analysis, Al and Cu samples were coated with a thin carbon
layer to reduce the charging effect.



D.K. Kozlica and I. Milosev

10 R DA LA, LA IR, IR LA ALLL B A b T
s mc u (MBI ]
0.8 X mc-S-Et N 1
r mec-P-Et >=s 1
0.6 N ]
5 i o (OPA ]
S 04l I (PR .
3 : \/\/\/\/AIOH ]
< [ ]
= o02f 1
> r 1
E L mc-S-Et ]
5 0.0 : ]
0.2 F ]
04 [ a) .
SEEEETTTT EETEERRTTT BT AR T TSR TS WE T BT BT ETERTTT BETErETTTT SRRt
10" 107 10° 107 10 10° 10% 10° 107 10"
j(Acm?)

1~0 R I LA LA LELL LR B LAY LR §'h IR
—— mc-aq

0.8+ ——mc-S-aq 11.0
r mc-P-aq ]

E (V) vs. Ag/AgCI

-10 -9 -8 7 6 5 2

107 10 10° 10° 10° 107 10

j(Acm?®)

100 10

E (V) vs. SHE

Electrochimica Acta 431 (2022) 141154

l.O [ MERARLLL BERELELLLY | LELRRALL LERRLLLL :
[ Ch ]
0.8 3 ch-S-Et ]
[ ch-P-Et b
0.6 F .
S o04f ]
< i ]
g r ]
S 02F ]
> [ 1
) 3 h-S-Et ]
o 00} c :
02 b ch-P-Et E
f ch ]
-0.4 | b) ]
RN ETTT EETETETTT AR RTTT B SR T T BRI BRI BETETETITT BETATETITT BETA Rt |

10" 107 10® 107 10 10° 10* 10° 107 10"

j(Acm?)

1‘0 AR IR, IR B IR B LY DL o 4 T
ch-aq
0.8 ch-S-aq 3
[ ch-P-aq ]
0.6 F ]
S 04l ]
< [ . ]
B r pit 1
< 02F ]
b Eui. :
S\ : crit \ :
< 00F ;
-0.2F .
-0.4 [ d) ]
RN RTTT EETECETTT B AR RTTT BT BRI SRR TTI BENETETITT BT AR TITT BETERETIT, |

10" 107 10° 107 10° 10° 10* 10° 107 10"

j(Acm?)

Fig. 2. Potentiodynamic polarisation curves recorded for copper in (a and b) 3 wt.% NaCl solution and (c and d) 3 wt.% NaCl with the addition of 1 mM OPA or MBI
The copper surface before measurements implies: (a) mechanical pre-treatment + deposition of inhibitors from ethanol solution, (b) chemical pre-treatment +
deposition from ethanol solution, (c) mechanical pre-treatment + deposition from aqueous solution, and (d) chemical pre-treatment + deposition from

aqueous solution.

3. Results and discussion
3.1. Copper

3.1.1. Potentiodynamic polarisation curves

Fig. 1 shows the potentiodynamic polarisation curves for mechani-
cally (mc) and chemically (ch) pre-treated copper samples without in-
hibitor (i.e., control samples) in 3 wt.% NaCl solution open to the air.
Utilising the Pourbaix (E vs. pH) diagram of copper in chloride-
containing aqueous solution [53], it can be assumed that at the mean
Ecorr (—250 mV) and more positive potentials (to approximately 1000
mV), Cu reacts to form chloride species such as CuCl and CuCl;, and
Cu?* jons. It is generally accepted that the anodic dissolution of copper
in neutral NaCl solutions is a mass transfer rather than an activation
controlled process in which the diffusion of soluble CuCl; species from
copper to the bulk of the solution is the rate-determining step [53-55].
As long as the salt film is present, the dissolution process is governed by
diffusion kinetics [56].

The related anodic polarisation curve recorded for the control sam-
ple (mc) after 1 h at OCP demonstrates apparent Tafel behaviour with a
slope of 61 mV/dec, which corresponds to 2.3 RT/F, i.e., 59 mV/dec

(Fig. 1) [53,54]. In addition, it should be noted that the ch curve shows
similar electrochemical characteristics as mc.

Considering the potentiodynamic polarisation response of Cu
measured after 24 h immersion in chloride solution (mc-aq), a small
passivity at lower overpotentials was noticed that is barely observed for
mc (Fig. 1). This makes determining the anodic Tafel slope difficult. It is
more appropriate to determine it from the cathodic branch and inter-
section with E¢qy (Fig. 2¢). The mc-aq sample was immersed in chloride
solution for 24 h at OCP before the polarisation measurements. In
comparison, mc was immersed for 1 h at OCP before the potentiody-
namic polarisation testing in 3 wt.% NaCl. Prolonged exposure to NaCl
solution may indicate a thicker barrier layer of CuzO on the porous and
poorly protective CuCl layer [54,57,58]. The layer formed during pro-
longed immersion results in the appearance of the narrow passivation
region due to the existence of a CuCl/Cuy0 film. The abrupt increase of
the current density at the corresponding pitting potential (Ep;;) may
suggest the occurrence of pitting corrosion [58]. The pitting behaviour is
caused by the ease of penetration of chloride ions at some insufficiently
protected sites on the surface of Cu, which are weak spots where the
localised attack begins.

Although anodic behaviour is the area of primary interest, it is
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necessary to note a few observations regarding cathodic polarisation
behaviour. The only oxidants (i.e., reducible species) in near-neutral
chloride solutions open to the air (pH = 5.5) were dissolved oxygen
and hydrogen ions. Examination of the cathodic polarisation curve for
mc-aq (Fig. 2¢) shows that the E.q,, is higher than the equilibrium po-
tential of H'/Hy, i.e., Ey+ i, = —0.0591 (pH) vs. Vgyg at 25 °C (2H" +
2e” — Hy); therefore, at potentials immediately below the Ecor,
cathodic behaviour is governed by the oxygen reduction reaction (ORR)
[53]. In practice, the limit of 2H" 4+ 2e~ — H, has been moved towards
more negative values because the cathodic polarisation, initiated 250
mV below the E.o; and then gradually increased towards more positive
values, caused the rise of pH in local regions. If the solution is stationary
and/or when the pH is higher in the presence of dissolved O, diffusion
of H" ions will be slow, and concentration polarisation can shorten the
linear Tafel region in the cathodic branch. For a scenario like the mc-aq
case, linearity disappears altogether, with the cathodic reaction now
under combined activation and diffusion control at E.q; the contribu-
tion of mass transport is predominant based on the high cathodic slope
[53,59]. Also, at higher cathodic overpotentials (i.e., at lower potentials,
near the region of polarisation initiation), the activation polarisation
and concentration polarisation co-occur; the O, reduction is under
diffusion control, and the H" reduction is under activation control [51].
All the results taken together lead to the conclusion that at Ec,r, the ORR
is under mixed kinetic control.

Another interesting feature is that at a potential of —0.33 V, a
cathodic current peak was observed (especially for the ch-aq), which
may be attributed to the reduction of Cuy0O film. The surface composi-
tion of the ch-aq (Table 3) revealed the presence of CupO, so it is
reasonable to expect its reduction during cathodic polarisation. This
conclusion is consistent with the results of Benzbiria et al. [59], obtained
by rotating disk electrode (RDE), where the cathodic peak at —0.29 V
independent of the electrode rotation rate was reported. Given that
anodic and cathodic curves (mc-aq and ch-aq) do not show a clear Tafel
region, we suggest that the most appropriate procedure to determine the
corrosion current of the system would be the extrapolation of the
cathodic pseudo-limited-current density (p-j.) back to the zero over-
voltage (Fig. 2¢ and d). The term ,,pseudo* was introduced to denote a
deviation from the conditions of pure mass transfer. The p-j, was
determined as the halfway point of the potential limits of the linear
cathodic region and was estimated to be 25 pA cm~2 under stagnant
electrolyte conditions, which is close to the literature value of 20-30 pA
cm 2 in neutral solution, as reported by Vukmirovic et al. [60] using
RDE set-up. The more accurate j;, or the contribution of charge transfer
could be derived from the Koutecky-Levich equation [61] in the RDE
measurements. Because the net rate of the anodic reaction (i.e., copper
corrosion) must equal the net rate of the cathodic reaction (i.e., mainly
oxygen reduction), and given that the slowest reaction controls the rate
of corrosion, it can be concluded that ORR kinetics determine the gen-
eral corrosion rate of copper at the OCP because the ORR is slower than
the anodic dissolution of copper [49,51]. Since the corrosion of copper is
under cathodic control (predominantly controlled by concentration
polarisation), it is, therefore, crucial for reducing the rate of ORR.

Organic films for both types of pre-treated samples were prepared by
liquid-phase deposition either from ethanol (et) or aqueous (aq) solution
containing MBI (S) and OPA (P) inhibitors. The current density re-
sponses of the me-S-Et and mc-P-Et (Fig. 2a), but also the ch-S-Et and ch-
P-Et (Fig. 2b), seem to be very similar to the control sample mc and ch.
The only difference is that the OCP of both samples modified with MBI,
S-mc-Et and S-ch-Et, is shifted towards more positive values for ca. 40
mV. This could mean that the possibly pre-formed Cu-MBI layer in
ethanol immediately falls off the electrode when immersed in NaCl so-
lution. Moreover, the chemical composition (see below, Table 3) of the
copper surface, derived from the XPS spectra, revealed the absence of
sulphur and phosphorus, indicating that neither Cu-MBI nor Cu-OPA
films were present after the functionalisation step in the ethanolic so-
lution of MBI and OPA followed by immersion in NaCl solution for 24 h,
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Table 1

Electrochemical parameters - corrosion potential (E.y,), corrosion current
density (jeorr), pitting potential (Ep;), passive range (AEpass= |Epit — Ecorr|),
passive current density (jpass), anodic Tafel slope (b,) and cathodic Tafel slope
(b.) deduced for Cu from the potentiodynamic polarisation curves (Figs. 1 and
2). Values for E.oyy and jeorr are given as mean + standard deviation.

Cu Ecorr Jeorr (A Epit AEpass Jpass (A ba —be
samples  (mV) cm?) (mV) (mV) em?) mv/  (mV/
dec) dec)
mc-aq —243 (2.22 -200 50 4.67 64 384
+6 +0.10) x107°
x 107°
me-S-aq 133 (6.12 160 280 3.86 74 103
+10 +0.93) x 1077
x 1077
mc-P-aqg  —165 (2.23 - - - 48 204
+5 + 0.08)
x 107
ch-aq —233 1.70 -172 70 8.98 61 295
+29 +0.32) x107°
x107°
ch-S-aq  —94 (2.36 200 290 6.50 105 120
+4 +0.84) x 1077
x 1078
ch-P-aq 174 (1.68 - - - 31 164
+17 +0.62)
x 107°

respectively (see below).

In contrast to the inhibitor deposition from the ethanol solution,
mechanically (S-mc-aq) and chemically (S-ch-aq) pre-treated copper
specimens were prepared by 24 h immersion in aqueous NaCl+MBI,
followed by potentiodynamic measurements in NaCl+MBI solution.

For such prepared specimens, the current densities of both corrosion
reactions are diminished together with the shift of E.o more positive
than the control sample (mc-aq) (Fig. 2c and d). This can be attributed to
the Cu(I) complexation with MBI and subsequent adsorption of the
complex formed on the copper surface. Because there is a significant
reduction in the jeor by almost four orders of magnitude, MBI is
considered a very effective corrosion inhibitor for copper in an aqueous
chloride-containing solution. In the Tafel region, only a small portion of
the anodic Tafel slope is available, which is considered not well-defined.
The linearity between E and log j is interrupted after the primary
passivation potential, Epp, is reached, whereby significant passivity oc-
curs. The improved resistance to localised corrosion is reflected by
increased pitting (breakdown) potential, as shown in the polarisation
curves of Fig. 2c.

Regarding the cathodic polarisation curve for me-S-aq, an evident
change in kinetics relative to the control sample was observed. The Tafel
region with a corresponding slope of approx. 100 mV/dec was estab-
lished with a significant decrease in current density, indicating a charge-
transfer controlled process, i.e., the rate of oxygen reduction is
controlled by the potential across the interface, not by the rate at which
dissolved oxygen diffuses to the metal surface. It is believed that the
adsorption of MBI molecules on the surface of copper minimises the
number of active sites where oxygen is expected to adsorb.

The same is true for the ch-S-aq. The anodic current density increases
as an exponential function of potential until reaching a critical passiv-
ating current density, jerir, at Epp, at which point a large decrease in
current density is observed in an upward scan (Fig. 2d). Moreover, ch-S-
aq shows somewhat more positive Ecor and broader AEy;g, but larger
Jjeorr Dy a factor of 5 with respect to mc-S-aq. It is difficult to decide which
of these two samples has an advantage in corrosion protection because
their electrochemical parameters are comparable (Table 1). In summary,
the polarisation curves in Fig. 2c and d (red curves) showed that MBI is a
mixed-type inhibitor for copper in aqueous chloride solutions. It reduces
the rate of the anodic reaction more strongly than the cathodic reaction
rate and makes the OCP of copper more positive. Unlike MBI, the OPA
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Fig. 3. Cyclic voltammograms recorded for copper in 3 wt.% NaCl solution with and without the addition of 1 mM OPA or MBI at a scan rate of 10 mV s~'. The
copper surface before measurements implies: (a) mechanical pre-treatment + deposition of inhibitors from aqueous solution and (b) chemical pre-treatment +

deposition of inhibitors from aqueous solution.

induces only a slight reduction of charge transfer on Cu (Fig. 2c and d).
Interestingly, the contribution of mass transfer for the cathodic reaction
is significantly smaller than the control sample.

Moreover, the jcorr for me-P-aq is smaller than for mc-aq by 5 times,
but without any significant impact since pitting occurs immediately (i.e.,
at the OCP). Generally, at Ep;;, the current density rises due to the active
dissolution within developing corrosion pits. The same is true for the ch-
P-aq relative to the control ch-aq Cu sample. Inferior inhibitory prop-
erties of OPA have been confirmed by the absence of phosphorus content
on the copper surface for both samples, mec-P-aq and ch-P-aq (Table 3).

3.1.2. Cyclic voltammetry

Fig. 3 shows cyclic voltammograms for copper-based samples: mc-
aq, mc-S-aq, mc-P-aq, ch-aq, ch-S-aq and ch-P-aq, recorded in 3 wt.%
NacCl solution with and without added MBI and OPA inhibitors after 24 h
of immersion at a scan rate of 10 mV s~ *. For mechanically pre-treated
copper sample immersed in 3 wt.% NaCl solution (mc-aq), two anodic
peaks at 0.29 V (peak A;) and 0.52 V (peak Ay) in the forward scan, and a
single cathodic peak at —0.31 V (peak C;) in the reverse scan, are
observed (Fig. 3a). Peak A; can be attributed to the formation of CuCl
salt via Cu + CI” — CuCl) + e~ [53,62]. The shoulder peak A, ac-
counts for the electro-oxidation of Cu(I) to soluble Cu?' followed by a
limiting current in the plateau region, the equilibrium between CuCl and
CuCly (CuClg) + CI” — [CuClp] ™) [11,53,62-64]. The intensity of the
limiting current indicates a poorly protective and porous film. The only
cathodic peak, Cy, is ascribed to the reduction of Cu(I) to Cu(0), i.e.,
CuCl to Cu [11,53,62-64].

Chemisorbed MBI on the Cu substrate, mc-S-aq, retard electron
transfer across the electrode interface so that the peak A; disappears
completely, suggesting an excellent inhibition efficiency (Fig. 3a). Such
behaviour coincides with the existence of passivation observed in
polarisation curves measurements (vide supra, Fig. 2a). The current
suddenly rose sharply at potentials above 0.4 V, reaching the maximum
at 0.82 V (peak A*). The position of this prominent peak is at more
positive potential than expected to be attributed to a simple transition
from Cu(I) to Cu(Il). We reported previously [24] that the enlarged
current densities of the peak A* could be assigned to the film degrada-
tion caused by oxidative dimerisation of Cu(I)-MBI according to:

2Cu-MBI — 2Cu®*"+ (MBI), + 4e” ¢

The overall oxidation reaction consists of the two competing half-cell
reactions:

2CuT—2Cu>* + 2e” (2

2MBI —(MBI), + 2¢~ 3)

It is striking to note that, indeed, the peak A*(inset of Fig. 3a) may be
deconvoluted into two Gaussian peaks: (a) the smaller peak labelled Aj,
which could be attributed to the anodic oxidation of Cu(I) to Cu (II) ions
(Eq. (2)), and (b) a broader and larger peak labelled A3, which could
correspond to the oxidative dimerisation of MBI™ (Eq. (3)). The peak Ay
becomes noticeable at higher sweep rates such as 10 mV s~ *. This is why
we did not notice it earlier, where all measurements were performed at a
scan rate of 1 mV s~ ' [24]. The interpretation of observed phenomena
coincides with the results of XPS and ToF-SIMS investigation of the
products collected after cyclic voltammetry run, which is discussed in
detail in our recent publication [24].

Using the Gaussian peak function to fit the cyclic voltammogram
does not provide information on the actual Ay/A3 peak ratio but quali-
tatively shows the components comprising the larger A* peak.

It is noteworthy that the oxidation of Cu(I) to Cu(Il) is an irreversible
process since the soluble Cu?* species diffuse away from the electrode
surface and thus cannot be reduced in the cathodic scan. On the other
hand, the transition from Cu(0) to Cu(I) is a partially irreversible system,
where the cathodic peak is not as pronounced as the anodic one (I,/I c
# 1) and the peak-to-peak separation is greater than 59 mV at 25 °C (AE,
> 0.059 V). There is a high barrier to electron transfer, i.e. slow electron
transfer at the electrode surface, so the more positive (negative) po-
tentials are required to observe oxidation (reduction) reactions, giving
rise to larger AE, [65].

The voltammogram in Fig. 3b for the chemically pre-treated copper
sample shows similar redox trends as mechanical pre-treatment. How-
ever, a few significant differences should be highlighted. First, the in-
tensities of the peaks A; and A, for ch-aq in chloride solution are greater
than for the mc-aq. This can be explained based on the SEM image (see
below Fig. 6), which suggests that the chemical treatment caused an
increased surface roughness, increasing the surface area and thus, cur-
rent densities. Second, the iy, of the A* for ch-S-aq is also higher than
the iy, for the mc-S-aq, indicating that more Cu-MBI film was degraded,
which is a simple consequence of an immense amount of adsorbed in-
hibitor during the process of organic film formation. XPS surface anal-
ysis revealed (Fig. 5, Table 3) a higher elemental ratio between N and S
for ch-S-aq compared to mc-S-aq (Table 3), which is consistent with a
larger surface area caused by chemical etching (Fig. 6).

Another interesting feature of the copper samples protected with MBI
(i.e., mc-S-aq and ch-S-aq) is that the cathodic peak C; exists in the
reverse scan, although the corresponding anodic peak A; does not
appear at all in the forward scan. This should be no surprise given that
Cu-MBI film formation was accompanied by the formation of CupO
underlayer during the preparation of samples mc-S-aq and ch-S-aq. Such
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Fig. 4. Cyclic voltammograms recorded for copper in 3 wt.% NaCl solution with and without adding 1 mM OPA or MBI at different scan rates; 1, 5 and 10 mV s,

The copper surface before measurements implies: (a) mechanical pre-treatment, control sample, (b) chemical pre-treatment, control sample, (c) mechanical pre-
treatment + deposition of MBI from aqueous solution, and (d) chemical pre-treatment + deposition of MBI from aqueous solution, (e) mechanical pre-treatment +
deposition of OPA from aqueous solution, and (f) chemical pre-treatment + deposition of OPA from aqueous solution.
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Table 2

The relationships between the peak current (j,), peak potential (E,), and the
square root of the scan rate (v'/2) for redox reactions that obey the passivation
model deduced from the cyclic voltammograms for Cu (Fig. 4).

Samples (A1) E(Ap) j(A2) E(A2)
(mA cm’z) (mV) (mA cm’z) (mV)
Passivation model
jp:x-v”Zer Ep:X’~l/l/2+ ijX'b1/2+ EPZX"I/I/2+
y y y
me-aq jp=418-v*  E,=6956-v j,=570-v" E,=110.68-
+ 4.41 2 4+ 61.65 2_272 V2 +147.28
(R =0.9889)  (R? = 0.9989) R? = (R? = 0.9988)
0.9946)
ch-aq jp=6.41-4* E,=012-/7* j,=594-4" E, =011 -2
+3.16 +0.01 2_223 +0.15
(R2=0.9986) (R?=0.971) ®R?= (R? = 0.9615)
0.9964)
meS-aq  jp=11.22-47  E,=102.37-
241337 v'2 1 501.67
(R2=10.9990)  (R? = 0.9946)
ch-saq  j,=17.76-v" E,=182.42.
241275 V2 1 360.95
(R2=0.9752) (R?=0.9717)
mePaq  j,=7.05-v*  E,=12512- jp=613-vY E,=125.12-
+3.57 V2 4+ 46.49 2 _ 247 V12 +136.49
(R?=0.9976)  (R? = 0.9994) (R = (R? = 0.9994)
0.9981)
chP-ag  j,=7.11-vY2 E,=140.00- jp=7.01-v" E,=139.55-
+ 4.53 V12 4+ 28.09 2_3.25 V12 4+ 115.69
(R%2=0.9960)  (R? = 0.9885) R2= (R? = 0.9951)
0.9886)

a finding was previously published by our group [24]. When such a
sample is anodically polarised, the A; peak, corresponding to the
oxidation of Cu(0) to Cu(l), is suppressed entirely due to the high inhi-
bition efficiency of the Cu-MBI layer. Furthermore, after the Cu-MBI film
decomposes at higher potentials, the remaining CupO and possibly
CuCl/CuCl3, formed upon doping of cuprous oxide, could be reduced to
metallic Cu at sufficient negative potentials during the reverse scan.
Based on this, it can be assumed that the C; peak would not appear if the
degradation of the inhibitor did not occur. This is confirmed for the Cu
substrate covered with the polymerised Cu-MBI film [24].

Another set of experiments, including the influence of the potential
scanning rate (Fig. 4, Table 2), was performed over the 1-10 mV s~?
range. Peak A; was well-defined, and peak A, appeared like a shoulder,
whatever the scan rate. The intensities of peaks Aj, Ay and Ag, and C; fit
a linear relationship vs square root of sweep rate (ul/ 2) for all samples
(Supplementary Figs. S2-S7), with a slight deviation of the intercept
from the origin.

Such deviation may be related to electrode roughness or adsorbed
species on the surface. The potential of peaks A;, Ay, Az and C; also
linearly increases with v*2. Since both Ej and I, change linearly with el
2, we report that copper corrosion in 3 wt.% NaCl solution, but also the
formation of the metal-inhibitor layer (Cu-MBI), obeys the Miiller-

Table 3
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Casandra passivation model [66]. This is very likely because Cu in
chloride solutions forms a layer of insoluble CuCl salt (mc-aq), while
MBI forms an insoluble complex with Cu(l) ions forming Cu-MBI
(mc-S-aq). It should be noted that mc-P-aq also follows the passivation
model, but compared to MBI, OPA does not mitigate copper corrosion
but accelerates it, which can be inferred from the increased currents of
peaks A; and A,.

3.1.3. X-ray photoelectron spectroscopy

The chemical composition (Table 3), deduced from the survey
spectra, showed that control samples (mc-aq and ch-aq) contain high
content of Cu and O, which can be attributed to the formation of the
oxide layer. Upon exposure to MBI containing aqueous chloride solution
(mc-S-aq and ch-S-aq), the concentration of Cu and O at the surface layer
diminished together with the trend of increasing concentration of C, N
and S. In contrast, phosphorus was not detected on the surface of mc-P-
aq and ch-P-aq, which is in line with the electrochemical performance.
Table 3 also reveals that the metal-inhibitor complexes did not form on
samples modified with inhibitors in EtOH solution.

Fig. 5a displays high-resolution XPS spectra of the Cu 2p core level
and the Cu LMM Auger transition for all ten non-inhibited and inhibited
copper samples. Results reveal a general tendency for CuyO formation,
following other reports where preferably Cu(I) oxide was produced on
the surface of copper in the chloride solutions [10,58,67]. The Cu 2ps,2
peak at 932.5 eV could be assigned to CuyO, but it is essentially
impossible to distinguish between Cu and CuyO based on Cu 2p3/»
photoelectron line measurements because the binding energy for the
two is too close to be distinguished within the measured uncertainty
[68]. To this end, the intense peak at 570.1 eV in the Auger Cu LMM
bands (Fig. 5b) of all samples is an indication that Cuy0 is present on the
surface, whereas the contribution of metallic Cu is well-separated by a
shift in binding energy (Ep) of 2 €V, i.e., it is at 568.1 eV [69-71]. Copper
(II) was not detected in any of the samples due to a lack of strong satellite
peaks that would appear in the range 942-947 eV [68] (Fig. 5a). In the
Auger spectra of me-S-aq and ch-S-aq samples, the peaks are broadened,
indicating an extra component at about 570.4 eV, probably arising from
the formation of a complex between Cu(I) and MBI.

Furthermore, the presence of inhibitor film was corroborated by
inspection of N 1s and S 2p spectra (Fig. 5c¢ and d). Nitrogen was
detected in all samples treated with the inhibitor (Fig. 5¢) but with a
significant amount only in mc-S-aq and ch-S-aq. This is consistent with
the sulphur content detected only for these two samples. The atomic
ratio of N/S is between 2.6 and 2.7 for mc-S-aq and ch-S-aq, which is
greater than the stoichiometric ratio of N/S, being 2 for an MBI mole-
cule. The N 1s spectra comprise pyridine (C=N—C) peak at 398.9 eV and
pyrrole (C—-NH-C) peak at 400.1 eV. The intensity ratio of I,yridine/
Ipyrrole is almost 1:1 (with a slightly higher pyridine peak) for mc-S-aq,
whereas the pyrrole peak is larger than the pyridine peak for ch-S-aq.
Such a difference in the ratio between nitrogen components suggests
that the MBI bond to copper surfaces differently.

Chemical composition (at.%) of the copper surface after 24 h of immersion in: 1) 3 wt.% NaCl with and without the addition of 1 mM 2-mercaptobenzimidazole (S),
octylphosphonic acid (P), and 2) ethanolic solution containing S and P followed by immersion in 3 wt.% NaCl. The copper surface before measurements implies: (a)
mechanical pre-treatment + deposition of inhibitors from ethanol solution, (b) chemical pre-treatment + deposition from ethanol solution, (¢) mechanical pre-
treatment + deposition from aqueous solution, and (d) chemical pre-treatment + deposition from aqueous solution.

Sample mechanical pre-treatment chemical pre-treatment

Solution NaCl -+MBI (S) +OPA (P) NaCl +MBI (S) +OPA (P)

Inhibitor medium aq EtOH aq EtOH aq aq EtOH aq EtOH aq

Elements (at.%) Cu 45.3 35.8 7 30.8 43.4 40.2 28.2 6.4 28.9 35.1
(0] 26.4 25.2 6.5 25.3 19.4 25.5 25.3 8.2 25.2 21.1
C 27.8 36.2 69.7 40.3 35.4 29.6 42.7 68 42.8 41.5
Cl 0.5 0.8 - 1.7 - 1.5 - - - -

- 2 12.1 1.9 1.8 3.2 3.8 12.7 3.1 2.3

- - 47 -

o wnZ

- - - 47 - -
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Fig. 5. High-resolution XPS spectra of (a) Cu 2p, (b) Cu LMV, (c) N 1s, and (d) S 2p recorded after immersion of copper in: 1) 3 wt.% NaCl solution for 24 h with and
without the addition of 1 mM OPA or MBI, and 2) ethanolic solution containing MBI and OPA followed by immersion in 3 wt. NaCl. The modification of copper
surface before XPS measurements implies: mechanical or chemical pre-treatment and deposition of MBI or OPA from ethanol or aqueous solution.

In our previous publications [10,15,21], we showed, by DFT calcu-
lations, that the MBI molecules adsorb on the copper surface either as
thione or thiolate, with the preference between the two depending on
surface details. Furthermore, our XPS results [21] suggested that when
the ratio of Ipyridine/Ipyrrole = 1, the MBI molecules adsorb on the copper
surface as deprotonated thiolates due to the equal peak contribution of
the two chemical states. On the other hand, when the pyrrole peak
predominates over pyridine, it indicates that some MBI molecules, in
addition to being adsorbed as thiolate, also adsorb as thione [21]. To
conclude, in the mc-S-aq sample, the MBI was adsorbed on the copper
surface as thiolate, whereas in ch-S-aq, MBI is adsorbed as thiolate and
thione. It seems that chemical etching with HNO3 altered the copper
surface.

The sulphur 2p spectra consist of S 2p3/5 and S 2p;/5 spin-orbit
components that differ by only 1.1 eV with 2p3,2/2p; - intensity ratio
of about 2. Both peaks, S 2p3/» at 162.5 eV and S 2p; » at 163.6 eV, are
attributed to a single chemical state of metal-mercapto compounds, i.e.,
Cu-S-C bonding [10,19,72].

3.1.4. Scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy

The surfaces of mechanically and chemically pre-treated samples
were examined by FE-SEM coupled with EDS to determine the
morphology, structure, and composition of the surface layers (Fig. 6).
The surface of the mechanically abraded copper immersed in chloride
solution (mc-aq) appears to have corroded uniformly (Fig. 6a). More-
over, large chloride-containing aggregates were observed along with the
SiC inclusions originating from sandpaper. Deposition of MBI and OPA
from ethanolic solution followed by immersion in chloride solution (mc-
S-et and mc-P-et) caused significant damage to the copper surface
(Supplementary Fig. S8). The compositional analysis showed the pres-
ence of chloride-containing corrosion products (Fig. 7a). The copper
oxide layer was detected for all five samples that had been mechanically
pre-treated (Fig. 7).

In contrast, the deposition of MBI from an aqueous solution con-
taining NaCl (mc-S-aq) leads to significant corrosion protection, which
can be inferred from a smooth surface on which traces from the grinding



D.K. Kozlica and I. Milosev

©

MBI cluster

process are still visible (Fig. 6b). In addition, some small clusters may be
noticed at higher magnification (the inset in Fig. 6b), which can be
attributed to corrosion products at first glance. However, the BSE image
and EDS analysis revealed that the cluster originates from an inhibitor
since it contains nitrogen and sulphur (Fig. 7b). Also, the cluster con-
tains chlorine which correlates with the polymerised [Cu-Cl-MBI],
structure observed in our previous publication [24] for copper samples
treated with an aqueous chloride solution containing a synergistic
combination of MBI and OPA. Another inhibitor, OPA, dissolved in an
aqueous solution (mc-P-aq), caused severe corrosion of copper (Fig. 6¢).
Interestingly, chlorine was not detected on the surface of this sample
(Fig. 7c). On the other hand, the surface of copper chemically etched
(ch-aq) seems to become much rougher (Fig. 6d) than mc-aq. The visible
large aggregates marked with green arrows are attributed to the chloride
corrosion products.

The chemically pre-treated copper surface after exposure to MBI and
OPA solutions, either ethanolic (Supplementary Figs. S8 and S10) or
aqueous (Figs. 6 and 8), behave similarly to their counterparts, i.e.,
mechanically prepared copper samples treated with inhibitors (Figs. 6
and 7, Supplementary Figs.8 and S9). Only ch-S-aq showed the inhibi-
tion of corrosion in chloride solution.

The surface of ch-S-aq (Fig. 6e) was less rough than the surface of the
control sample (ch-aq), with no visible corrosion products. However, the
EDS detected clusters corresponding to MBI (Fig. 8b), as described in the
case for me-S-aq. The oxygen was not detected on the surface covered
with the thin Cu-MBI film. Since the surface composition of ch-S-aq is
the same as mc-S-aq, the somewhat more pronounced corrosion
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Fig. 6. SEM secondary electron images for copper
immersed in 3 wt.% NaCl solution for 24 h with and
without adding 1 mM OPA or MBI. The copper surface
before recording the images implies: (a) mechanical
pre-treatment, (b) mechanical pre-treatment + MBI
deposition from aqueous solution, (c) chemical pre-
treatment + OPA deposition from aqueous solution, (d)
chemical pre-treatment, (e) mechanical pre-treatment
+ MBI deposition from aqueous solution, (f) chemical
pre-treatment + OPA deposition from aqueous
solution.

inhibition of ch-S-aq compared to mc-S-aq can be attributed to a more
favourable morphology, i.e., ch-S-aq has a larger surface area. Such
observations are consistent with XPS and electrochemical
measurements.

3.2. Aluminium

3.2.1. Potentiodynamic polarisation curves

Fig. 9 shows the potentiodynamic curves recorded in 3 wt.% NaCl
solution for mechanically and chemically pre-treated aluminium sam-
ples. Anodic dissolution of the control sample (mc) occurs without any
sign of passivation. The pitting is likely near the E.qr (Table 4) due to the
interaction of Cl~ with the oxide film [73]. Moreover, the constant
perturbations in the anodic curve are probably due to the metastable
pitting phenomena [74]. In contrast, a small pseudo-passive region
(AEpass = 70 mV) was observed for ch. The cathodic polarisation curve of
mc exhibits a higher contribution of mass transport than that of ch. Fig. 9
also shows the corrosion behaviour of a chemically etched Al sample
immersed for 24 h in NaCl. The ch-aq underwent immediate pitting, but
the cathodic currents were slightly decreased with no change in OCP
compared to the mechanically pre-treated sample, mc-aq (Table 4).
These results strongly suggest that the surface morphology and
composition of aluminium were modified after chemical pre-treatment
by NaOH and HNOs;, as presented by XPS and SEM-EDS results (see
below).

Organic films for both pre-treated samples were pre-formed by
liquid-phase deposition either from non-aqueous (ethanol) or an
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Fig. 7. SEM images recorded in backscattered electron (BSE) mode for copper immersed for 24 h in 3 wt.% NaCl solution with and without adding 1 mM OPA or MBI
The copper surface before recording the images implies: (a) mechanical pre-treatment, (b) mechanical pre-treatment + MBI deposition from aqueous solution, (c)
mechanical pre-treatment + OPA deposition from aqueous solution. Locations denoted by a cross mark indicate the spots where EDS analysis was conducted (charts

to the right of the SEM images).

aqueous solution containing MBI and OPA. Polarisation curves of the
MBI and OPA-modified surfaces in the ethanol solution, mec-S-Et and mc-
P-Et, show that both samples behave similarly, i.e., there is no decrease
in the current densities compared to mc (Fig. 10a, Table 4).

Such behaviour is explained by the fact that neither MBI nor OPA
were adsorbed on the surface of the aluminium substrate, as confirmed
by XPS (see below, Table 5). This is in line with the study by Hauffman
et al., who reported that ethanol was an unsuitable solvent for the
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deposition of n-octylphosphonic acid [75]. The authors suggested that
the reaction of the phosphonic acids with the aluminium hydroxyls
creates a local aqueous environment, which is, in combination with
dissolved acids, hazardous to the oxide surface. However, only the
ch-P-Et counterpart showed a slight decrease in the corrosion current
rate (i.e., a pronounced decrease in the ORR rate) by order of magnitude
compared to the control sample, ch (Fig. 10b, Table 4). It is unclear how
the OPA affects the surface of an aluminium substrate because the
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chemical composition obtained from the XPS surface measurements
showed no phosphorus content. Since neither OPA nor MBI induced
passivity in any of the samples (mc-S-Et, mc-P-Et, ch-S-Et and ch-P-Et),
they are considered ineffective inhibitors when ethanol is used to de-
posit the layers.

On the other hand, functionalisation of the Al surface with
OPA-+NaCl in an aqueous solution, mc-P-aq (Fig. 10c), shows a passiv-
ation response (i.e., pseudo-passivation because there is no sharp tran-
sition between the active-passive region) [21,48,76] consistent with the
suppression of the anodic reaction and with the positive shift in Ecqpr,
compared to the control sample, mc-aq. In contrast to mc-S-et, mc-S-aq
adsorbed MBI on the Cu surface induced a two-fold reduction of
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corrosion rate (Fig. 10c, Table 4). Only the ORR was influenced by slight
inhibition, whereas immediate pitting occurs already at E.,,, which is in
line with the surface characterisation results, XPS and EDS (see below).
In the presence of MBI (ch-S-aq), the corrosion was accelerated. In
contrast, the OPA induces a reduction of corrosion current density
(ch-P-aq) relative to the control sample but has almost the same AE,ss
range and the same slope of the pseudo-passive region as for the mc-P-aq
(Table 4). The identifiable Ep;; for ch-P-aq shifts to less active values (i.e.,
more noble potentials) compared to mc-P-aq. This result may indicate
that the role of OPA in mitigating corrosion of aluminium is predomi-
nantly as a pitting corrosion inhibitor. It should be noted that although
OPA is recognised as a potential corrosion inhibitor for aluminium, it
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Fig. 9. Potentiodynamic polarisation curves recorded for aluminium samples in
3 wt.% NaCl solution. The aluminium surface before measurements implies
mechanical pre-treatment and chemical pre-treatment. The difference between
mc (ch) and mc-aq (ch-aq) samples is only immersion time; the former was
immersed for 1 h and the latter for 24 h in chloride solution.

offers only moderate inhibition efficiency due to its relatively short octyl
chain, which can also be inferred from the pseudo-passive behaviour of
the polarisation curve. This observation agrees with the results of
Milosev and co-workers [30], which showed that the backbone of the
inhibitor molecules is responsible for lateral cohesive interactions, i.e.,
the elongation of the alkyl chain is beneficial and results in the estab-
lishment of a broader pseudo-passivity region.

3.2.2. X-ray photoelectron spectroscopy

Table 5 shows that the surface composition of mc-aq differs signifi-
cantly from ch-aq; during chemical etching, a large portion of adventi-
tious organic compounds is removed, i.e., the content of C is reduced
from 39% to 26%, followed by an increase in the content of Al and O.
The characteristic peak located at 72.6 eV was assigned to the metallic
Al [31,72]. This peak is much more pronounced and shifted by almost 1
eV (i.e., at 71.7 eV) for ch-aq, compared to mc-aq. The Al 2p core-level
spectra also present a peak at 74.7 eV assigned to the aluminium oxide
and/or hydroxide component [77,78]. Aluminium oxides and hydrox-
ides (Al;0O3, Al(OH)3 and AIOOH) are extremely difficult to differentiate
by XPS because their corresponding E}, values overlap each other [79,
80]. However, different hydroxides formed by different pre-treatments
could be deduced from the O/Al ratio. This assumption shows that
some difference exists between mechanical and chemical pre-treatment.
The O/Al ratio for mc-aq is 2.8, compared to the O/Al ratio of 2 for
ch-aq. This may indicate that the surface after mechanical pre-treatment
consists mainly of AI(OH)s and that the chemical pre-treatment modi-
fied the surface in a way that led to the formation of AIO(OH) or a
combination of AI(OH)3 and Al;Os. It can be seen from Fig. 11a that all
spectra corresponding to the chemical pre-treatment were shifted

Table 4
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towards higher Ej, values.

After immersion of the pre-treated Al samples in an ethanol solution
of OPA, no significant changes can be observed. The most important
result is that phosphorus was detected only on the surfaces of the sam-
ples exposed to the OPA containing aqueous solution, i.e., mc-P-aq and
ch-P-aq (Table 5). Moreover, the organic film of the ch-P-aq contained a
higher amount of phosphorus (7.4 at.%) than mc-P-aq (6.2 at.%). The
peak maximum at 133.6 eV (Fig. 11b) was related to the metal-
phosphonate (P-O-Al) bonding as reported previously [21,25,78,81].

The adsorption of OPA is confirmed by a significant decrease in Al
and O content and an increase in the content of C. It is well-known that
the presence of oxide/hydroxide on the Al surface is required for the
condensation reaction; P-OH + OH-Al* — P-O-Al* + H30, where Al*
stands for surface Al ion [30]. Apart from the recorded signal for
phosphorus, no sulphur content was detected in any of the samples
(Table 5). The adsorption of phosphonate was corroborated by the
broadening of the O 1s core-level peaks for mc-P-aq and ch-P-aq
(Fig. 1lc), indicating the presence of the new component(s), as
demonstrated by deconvolution of the high-resolution spectra in our
previous work [21]. The peaks centred at 532 eV are ascribed to
aluminium oxide/hydroxide species [29,77], whereas the new compo-
nent(s) between 533 eV and 534 eV correspond to Al-O-P and/or H-O-P
[26,78,81].

Fig. 11d shows the C 1s spectra with the peaks at 284.8 eV and
around 289 eV attributed to C-H/C-C and C=0/0-C=0 groups,
respectively, which generally arise from airborne carbonaceous con-
taminants [29,77,82]. Upon adsorption of OPA inhibitor on Al substrate,
the major peak corresponds to the methylene groups of OPA molecule,
whereby the signal for oxidised carbon contaminants disappeared. The
alkyl chain length strongly influences the molecular packing during film
formation. The longer chains adsorb stronger due to an increase in van
der Waals attractive forces; the strength of the van der Waals in-
teractions increases with the number of methylene units in adsorbate.
Hoque et al. [29] reported that longer chain molecules such as dode-
cylphosphonic acid (DP) and octadecylphosphonic acid (ODP) formed
more densely packed phosphonate self-assembling monolayer on Al
surface, unlike octylphosphonic acid. This agrees with the electro-
chemical results where the mc-P-aq and ch-P-aq did not reach complete
passivity or broad pseudo-passivity as in the work of Milosev et al. [30].

Furthermore, Kokalj and Costa [83] analysed, with the aid of
computational modelling, the mechanism by which organic
self-assembled-monolayers hinder the penetration of Cl™ ions from
aqueous solution toward the metal substrate. Their scheme describes the
activation barrier for Cl™ penetration into SAM as a function of the
electrode potential and shows that the activation barrier decreases as the
electrode potential increases. Still, for thick SAMs, the barrier remains
sizable, even at more positive potentials. The authors suggested that this
might be one of the reasons why dense and sufficiently thick SAMs
efficiently inhibit corrosion.

3.2.3. Scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy

First, the ground (mechanically pre-treated, mc-aq) and etched
(chemically pre-treated, ch-aq) surfaces are compared to get insight into

Electrochemical parameters — corrosion potential (Ecor), corrosion current density (jeor), pitting potential (Ep;;), passive range (AEp,ss), passive current density (jpass),
anodic Tafel slope (b,) and cathodic Tafel slope (b.) — deduced for Al from the potentiodynamic polarisation curves (Figs. 9 and 10). Values for E o, and jeo,r are given

as mean =+ standard deviation.

Al samples Ecorr (MVag/agcl) Jeorr (A cm™2) Epic (mV) AEp,ss (mV) b, (mV/dec) —b. (mV/dec)
mc-aq —640 + 21 (3.13 £ 0.90) x 1077 - - - 243
mc-S-aq —664 +7 (7.70 + 0.41) x 1078 - - - 186
mc-P-aq —570 + 24 (1.52 £ 0.51) x 1078 —220 330 134 188
ch-aq —795 + 4 (1.95 +1.73) x 1077 - - - 295
ch-S-aq —800 + 11 (6.52 4+ 0.67) x 1078 - - - 137
ch-P-aq —477 £15 (2.53 + 0.77) x 1078 -120 350 144 150

13
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Fig. 10. Potentiodynamic polarisation curves recorded for aluminium in (a and b) 3 wt.% NacCl solution and (c and d) 3 wt.% NacCl with the addition of 1 mM OPA or
MBI The aluminium surface before measurements implies: (a) mechanical pre-treatment + deposition of inhibitors from ethanol solution, (b) chemical pre-treat-
ment + deposition from ethanol solution, (c) mechanical pre-treatment + deposition from aqueous solution, and (d) chemical pre-treatment + deposition from
aqueous solution.

Table 5

Chemical composition of the aluminium surface after 24 h of immersion in: 1) 3 wt.% NaCl with and without the addition of 1 mM 2-mercaptobenzimidazole (S),
octylphosphonic acid (P), and 2) ethanolic solution containing S and P followed by immersion in 3 wt.% NaCl. The aluminium surface before measurements implies: (a)
mechanical pre-treatment + deposition of inhibitors from ethanol solution, (b) chemical pre-treatment + deposition from ethanol solution, (c) mechanical pre-
treatment + deposition from aqueous solution, and (d) chemical pre-treatment -+ deposition from aqueous solution.

Sample mechanical pre-treatment chemical pre-treatment
Solution NaCl +MBI (S) +OPA (P) NaCl +MBI (S) +OPA (P)
Inhibitor medium aq EtOH aq EtOH aq aq EtOH aq EtOH aq
Elements Al 16 19.1 139 18.8 7.4 24.3 12,5 16.7 139 4
o 44.4 60.5 43.8 59.2 28.6 49.7 46.6 47.4 47.3 25.6
C 39.1 19.4 41.9 21.6 57.8 26 39.6 35.9 38.3 63
Cl - 1 0.4 0.4 - - 0.5 - 0.5 -
N 0.5 - - - - - 0.8 - - -
S - — - - - - - - - -
P - - - - 6.2 - - - - -

the potential importance of mild surface preparation of aluminium. The
surface of ch-aq (Fig. 12d) was characterised by large roughness with a
hemisphere-like appearance compared to mc-aq, which was flat with
visible inclusions of corrosion products (Fig. 12a). EDS analysis showed
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that both surfaces (Figs. 13a and 14a) contained aluminium oxide. In
addition, impurities such as SiC and iron particles are distributed over
the entire surface. The presence of carbon in all samples originates from
the deposited layer before SEM imaging.
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Fig. 11. High-resolution XPS spectra of (a) Al 2p, (b) P 2p, (c) O 1s, and (d) C 1s recorded after 24 h immersion of aluminium in: 1) 3 wt.% NaCl solution with and
without the addition of 1 mM OPA or MBI, and 2) ethanolic solution containing MBI and OPA followed by immersion in 3 wt.% NaCl. The modification of aluminium
surface before XPS measurements implies: mechanical or chemical pre-treatment and deposition of MBI or OPA either from ethanol or aqueous solution.

After immersion of the mechanically prepared Al sample in an
ethanolic solution of MBI (mc-S-et, Fig. S11a) and OPA (mc-P-et, Sup-
plementary Fig. S11b), no significant changes were observed except that
the particles belonging to the corrosion products were larger compared
to the control sample (mc-aq). Also, when the chemically prepared Al
samples were immersed in the ethanolic solution of MBI (ch-S-et, S11c)
and OPA (ch-P-et, Fig. S11d), the shape and composition (Figs. S12 and
S13) of the hemispheres did not change relative to the control sample
(ch-aq), indicating no inhibition of the corrosion processes which is
consistent with the electrochemical and XPS results.

In contrast, when an aqueous NaCl solution was used as a solvent of
choice instead of ethanol, events on the aluminium surface changed
drastically. To this end, let us compare the SEM micrographs for me-
chanically and chemically pre-treated surfaces immersed in an aqueous
MBI and OPA-containing chloride solution. The mc-S-aq surface is
slightly damaged over the entire surface (Fig. 12b), but galvanic
corrosion and locally attacked sites, appear to occur at the edges of very
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large iron particles', as confirmed by EDS analysis (Fig. 13b). It is
difficult to notice a difference in surface appearance between ch-S-aq
(Fig. 12e) and the control sample (ch-aq) (Fig. 12d), while the clear
difference exist between ch-S-aq and mc-S-aq (Fig. 13b). In addition, it is
evident that ch-S-aq has fewer Fe particles (Fig. 14b) compared to its
counterpart sample mc-S-aq (Fig. 13b). The corrosion inhibition effect
was observed only for OPA inhibitor in aqueous solutions containing
chlorides, such as mec-P-aq and ch-P-aq. The morphology of mc-P-aq
shows that the scratches from the grinding process are not visible due
to the coverage of almost the entire surface by inhibitor particles

1 Iron particles represent metal impurities of low solubility in aluminium
metal. It is the most pervasive impurity element in Al alloys, which stems from
the bauxite ore and steel tools used during primary and secondary production
[84]. In terms of galvanic series, iron is more noble to aluminium and thus these
particles represent electrochemically different sites from Al matrix (sites of
cathodic reaction).
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Fig. 12. SEM secondary electron images for
aluminium immersed for 24 h in 3 wt.%
NaCl solution with and without adding 1
mM OPA or MBI. The aluminium surface
before recording the images implies: (a)
mechanical pre-treatment, (b) mechanical
pre-treatment + MBI deposition from
aqueous solution, (c) chemical pre-treat-
ment + OPA deposition from aqueous so-
lution, (d) chemical pre-treatment, (e)
mechanical pre-treatment + MBI deposition
from aqueous solution, (f) chemical pre-
treatment + OPA deposition from aqueous
solution.

3

(Fig. 12¢). In addition, large OPA clusters were observed, which was
confirmed with EDS analysis where phosphorus was detected (Fig. 13c).
It is imperative to highlight that the phosphorus signal was detected only
at locations where the OPA agglomerates are formed but not at locations
where the thin OPA film was formed. Such a result was expected because
the sampling depth of EDS is within the first few micrometres, while the
XPS allows the measurement of surface composition within a few
nanometres.

The surface of ch-P-aq (Fig. 12f) is even more densely covered with
the OPA inhibitor compared to mc-P-aq, which led to a less rough sur-
face compared to the control sample (ch-aq) (Fig. 12d). It appears that
ch-P-aq (Fig. 14c) contains more OPA clusters than mc-P-aq (Fig. 13c),
as shown by EDS results. The more densely packed OPA on the Al surface
recorded with SEM-EDS is consistent with the higher phosphorus con-
tent detected by XPS and lower corrosion current rates of ch-P-aq
compared to mc-P-aq.

4. Conclusions

The corrosion behaviour of mechanically (mc) and chemically (ch)
pre-treated copper and aluminium samples (i.e., control bare samples)
was investigated by electrochemical and surface-analytical characteri-
sation means in 3 wt.% NaCl solution. The curves recorded for both
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control samples for Cu show similar electrochemical characteristics;
therefore, the influence of the surface pre-treatment on the bare samples
is neglected. On the other hand, the polarisation curves for Al showed
that the ORR was slightly inhibited on the chemically pre-treated sample
compared to the mechanically pre-treated one.

Organic films for both types of pre-treated samples were prepared by
liquid-phase deposition either from ethanol (et) or aqueous (aq) solution
containing MBI (S) and OPA (P) inhibitors. The potentiodynamic mea-
surements, measured in 3 wt.% NaCl, revealed that the current density
responses on the Cu surface for the samples deposited from ethanol
solutions (mc-S-Et and mc-P-Et, ch-S-Et and ch-P-Et) were similar to the
control samples mc and ch. The XPS study confirmed that the inhibitor
films were not formed in ethanolic solutions and that the Cu-MBI films
were formed only after the deposition from an aqueous NaCl solution
containing the MBI inhibitor. The polarisation curves for me-S-aq and
ch-S-aq showed a significant reduction in the jqo. by almost four orders
of magnitude together with the shift of the E., more positive than the
control samples mc-aq and ch-aq. Hence, MBI is considered an effective
corrosion inhibitor for Cu in chloride environments for both mechani-
cally and chemically pre-treated surface. The degradation mechanism of
Cu-MBI was resolved by the peaks fitting of the cyclic voltammogram of
Cu-S-aq, revealing the two peaks within the enlarged peak correspond-
ing to Cu®" and (MBI),.
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Fig. 13. SEM images recorded in backscattered electron (BSE) mode for copper immersed for 24 hin 3 wt.% NaCl solution with and without adding 1 mM OPA or
MBI. The copper surface before recording the images implies: (a) mechanical pre-treatment, (b) mechanical pre-treatment + MBI deposition from aqueous solution,
(c) mechanical pre-treatment + OPA deposition from aqueous solution. Locations denoted by a cross mark indicate the spots where EDS analysis was conducted

(charts to the right of the SEM images).

The inhibition chemistries of aluminium in aqueous solutions were
opposite to those of copper; only the Cu-OPA layer was identified by XPS
and confirmed by potentiodynamic polarisation measurements. The
polarisation curves for mc-P-aq and ch-P-aq showed a pseudo-
passivation response with the shift in Ep; to less active values and a
positive shift in E.or compared to the control sample. Admittedly, the
Epic was slightly higher for ch-P-aq than mc-P-aq. Although OPA is a
potential corrosion inhibitor for aluminium, it offers only moderate in-
hibition efficiency due to its relatively short octyl chain.

Overall, the results showed that the surface pre-treatment did not
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significantly influence the chemistries of copper and aluminium. How-
ever, the film preparation method was crucial, i.e., the inhibitor film was
only formed from inhibitor-containing aqueous solutions due to the
availability of Cu™ ions to form Cu(I)-inhibitor protective layer.
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