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Local Effects of Organic Inhibitor Molecules on Passivation of
Grain Boundaries Studied In Situ on Copper

Sagar B. Sharma,® Vincent Maurice,”® Lorena H. Klein, and Philippe Marcus™”
'PSL University, CNRS-Chimie ParisTech, Institut de Recherche de Chimie Paris (IRCP), Physical Chemistry of Surfaces

Group, 75005 Paris, France

The effects of two organic corrosion inhibitors, 2-mercaptobenzothiazole (MBT) and 2-mercaptobenzimidazole (MBI), on grain
boundary passivation was investigated on copper at the nanometer scale in NaOH solution using electrochemical scanning
tunneling microscopy (ECSTM). Global electrochemical analysis by cyclic voltammetry showed that the organic surface layers,
pre-formed after reductive dissociation of the native oxide in the presence of the inhibitors, block the formation of a Cu(I) surface
oxide and thus passivation, but do not entirely suppress residual reactivity. Local ECSTM analysis in initial metallic, subsequently
oxidized, and final reduced states confirmed residual intergranular reactivity except for coherent twins. On coincidence site lattice
(CSL) and random boundaries, residual dissolution with accumulation of corrosion products or residual passivation was observed,
depending on the barrier effect of the pre-formed inhibitor layer on oxide formation. For low £ CSLs, no difference of barrier
effect was observed between MBT and MBI. For more reactive high £ CSLs and random boundaries, pre-adsorbed MBT formed a
stronger barrier against passivation by oxide growth than pre-adsorbed MBI. The results provide deeper understanding of how
passivation is altered by a pre-formed surface layer of organic corrosion inhibitor, including locally at different grain boundary
types.
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Grain boundaries (GBs) play a crucial role for the durability of
polycrystalline metallic materials. Their surface terminations are the
sites of initiation of intergranular corrosion, which, if not mitigated
by corrosion inhibitors or by formation of a passivating surface
oxide, propagates into the sub-surface region and eventually leads to
failure of the entire microstructure.

From grain boundary engineering studies, it is established that,
among the two main classes of GBs, only high angle GBs,
characterized by a misorientation angle larger than 15°, are
susceptible to intergranular corrosion because of their higher energy
than low angle GBs.'™° High-angle GBs can be sub-divided into
two classes: (i) coincidence site lattices (CSL) boundaries denoted
by a Zn index, where 1 n~! refers to the fraction of lattice sites
shared by the two crystals at the interface, and (ii) random
boundaries for which the value of n exceeds®' Some CSL bound-
aries are also called “special boundaries” when they have compara-
tively lower reactivity, owing to their lower boundary energy, than
random or other CSL boundaries. Coherent twins (CTs), which are
CSL Z3 boundaries having a GB plane of {111} orientation, are
most common in fcc materials such as copper and have better
resistance to corrosion than any other CSLs.

Early-stage intergranular dissolution of copper in the active state
and transient dissolution during passivation have been studied in situ
at the nanometric scale using electrochemical scanning tunneling
microscopy (ECSTM).>*7¢ Surface GB terminations assigned to
coherent twins showed weaker dissolution, both in active and
passive states, than GB edges assigned to other CSL or random
boundaries. Combining ECSTM with electron back-scatter diffrac-
tion (EBSD) characterization of the same local GB sites, the
passivation behavior of coherent twins was found to depend on
the deviation angle of the GB plane from its perfect {111}
orientation with a transition from more to less efficient passivation
for a deviation angle of 0.4°-0.5°*® For random boundaries,
passivation in the Cu(l) oxidation range was characterized by a
decrease of the depth of GB edge region due to the formation of a
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passive film locally thicker than on the adjacent grains, and thus to
anodic oxidation being locally less efficient since consuming more
copper at the grain boundaries®

A practical approach to mitigate and control metals and alloys
corrosion in aggressive environments is by using corrosion inhibi-
tors. Organic molecules such as azole derivatives are frequently
used as corrosion inhibitors for copper and its alloys.>"*’ Two
such molecules are 2-mercaptobenzothiazole (MBT, C;HsNS,) and
2-mercaptobenzoimidazole (MBI, C;H¢N,S), which have shown to be
very efficient inhibitors for copper systems.’*>* Being classified as
mixed-type inhibitors mitigating both the anodic and cathodic
activity,”’***3153 MBT and MBI have been reported as efficient
inhibitors in neutral, acidic, or alkaline conditions.27-2%-36-41:43:4546.50-52
‘What makes MBT and MBI very efficient inhibitors is that they include
sulfur and nitrogen atoms within their heterocyclic structure, two S and
one N atom in MBT and one S and two N atoms in MBI. These atoms
can, simultaneously or individually, strongly bond to the copper atoms of
the surface, either in metallic or oxidized state. Thus a stable molecular
film forming a barrier that protects the cogger surface from its
environment is stabilized by chemisorption,?-3#30-39:40:43:45:48.50.52.55-64

For MBT, a Cu-MBT surface film would form with thickness
depending on the pH of the medium,***’ ranging from only a
monolayer film in conditions where a stable Cu,O oxide is formed
(pH > 4) to the formation of multilayers in acidic conditions where
no stable Cu,O film can be formed (pH < 3).**2 The proposed
formation mechanism is one where surface ions of Cu(I) react to
adsorbed MBT.***?> However, if MBT pre-adsorption occurs on the
copper in the metallic state, in that case, the MBT monolayer
prevents the formation of a surface oxide as observed in alkaline
conditions®™** or gaseous phase™>"° For MBI, several studies
have proposed the formation of a polymeric film,>¢3%#34647 with
Cu reaction products included in the film and depending on the
initial surface state of copper, metallic or oxidized, before the
formation of the protective film** Cu-MBI*° or Cu,-MBI*® organo-
metallic complexes have been suggested. MBI also blocks surface
oxidation as observed in the gas phase.®*

The local effects of these two organic corrosion inhibitors on the
dissolution of copper in the active state at the surface termination of
different types of grain boundaries were recently studied in situ in
acid solution by ECSTM.®>®® Global electrochemical analysis
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confirmed efficient corrosion inhibition by a MBT surface layer,
pre-adsorbed before the corrosion test and protecting the grains by
blocking Cu(I) anodic dissolution. Local analysis showed that while
the pre-formed MBT layer perfectly protects the low ¥ CSL GBs,
the more reactive random GBs are subject to local accumulation of
reaction products resulting from preferential intergranular dissolu-
tion. MBI inhibition was less efficient than MBT inhibition. Cu(I)
reaction products were generated on the grains to form a protective
surface film, and their preferential local accumulation was observed
more frequently in the analyzed population of intergranular sites
than with MBT.

Here, we report the in situ nanometric characterization of the
effects of organic layers of MBT and MBI, pre-formed on the
metallic surface, on the local passivation properties of copper at GB
surface terminations. The study was conducted in alkaline NaOH
(aq) aqueous solutions in the potential range of Cu(I) anodic
oxidation where, in the absence of inhibitor, a stable Cu,O passive
film is formed®***2%7-80 [ ocal ECSTM in situ analysis at the
nanometer scale was combined with global electrochemical analysis
performed by cyclic voltammetry (CV). Although MBT and MBI
are well established as corrosion inhibitors for polycrystalline
copper, copper alloys and other materials, and further substantiated
by our work on early-stage intergranular corrosion in acid
solution,*>®® there are no studies, to the best of our knowledge,
that have addressed the impact of MBT and MBI on copper
passivation at grain boundaries terminations. This work brings
new insight on alterations of copper passivation properties brought
by pre-adsorbed organic inhibitor molecular films and on local
effects at surface terminations of different types of GBs.

2. Experimental

The experiments were performed with microcrystalline samples
obtained by cryogenic rolling after freezing in liquid nitrogen of high-
purity cast electrolytic tough pitch copper.zz’%’ 668183 1 order to
ensure the relatively smaller grain size necessary for the microstruc-
ture to be included in the STM field of view, the annealing treatment
for full recrystallization of the samples was limited in time and
temperature of 1 min and 200 °C, respectively. The resulting samples
showed no preferential grain orientation, i.e. nearly random texture, as
confirmed by EBSD.®* 66% of GB length corresponded to ¥3 CSL
boundaries, while the remaining 34% were, for the most part, random
boundaries. The surface preparation was done following the protocol
previously reported®® starting with mechanical polishing with dia-
mond spray from 6 ym down to 0.25 um which was followed by
electrochemical polishing in 66% orthophosphoric acid for 15s at 3 V
versus a copper counter electrode to remove the cold work layer.

The ECSTM analysis was carried using an Agilent Technologies
system ((PicoSPM base, Keysight STM S scanner, PicoScan 2100
controller, PicoStat bi-potentiostat and Picoscan software). The
ECSTM cell, homemade from Kel-f, can contain ~350 pul of
electrolyte. The working electrode area was delimited to 0.16 cm?
by using a VITON® O-ring. The counter electrode and the pseudo
reference electrode (4+0.20 V/SHE) were made from two 0.5 mm
diameter Pt wires. The ECSTM cell, with counter and reference
electrodes pre-mounted, was cleaned using the previously estab-
lished procedure and tips were prepared using an electrochemical
etching of a 0.25 mm diameter tunﬁsten wire and were covered with
Apiezon wax except at the apex.8

A non-deaerated 0.1 M NaOH(aq) electrolyte solution (pH 13)
was prepared from ultrapure NaOH (Sigma-Aldrich) and Millipore
water (resistivity > 18 M{2 cm). Solutions of MBT and MBI in the
concentration of 1 mM were prepared by dissolution in the
electrolyte from 99% and 98% pure powders, respectively (Sigma-
Aldrich). The sample was exposed to the electrolyte to the open
circuit potential (Egcp = —0.03 V/SHE). The air-formed surface
oxide was reduced by cathodic reduction of the sample (scanning at
20 mV s~ ') down to E = —1.20 V/SHE at the onset of hydrogen
evolution and upward to E = —0.75 V/SHE, remaining in the Cu(0)

potential range. Three such cycles were applied to reduce the native
oxide fully. The ECSTM images of the microcrystalline copper
surface were first taken in the Cu(0) metallic state at E = —0.75 V/
SHE in a local area rich in different types of grain boundaries.
Surface imaging in the metallic state was followed by imaging the
surface in the Cu(I) oxidation range. This was done by polarizing the
sample anodically up until E = —0.08 V/SHE at the scan rate of
1 mV s ' The tip was always kept engaged (but not scanning)
during the potential scan so as to not lose the previously observed
area of interest. The surface was imaged again in the Cu(I) oxidation
range at E = —0.08 V/SHE. Following this, the surface was imaged
again in the reduced state. This is done by sweeping the sample’s
potential down to E = —1.20 V/SHE, followed by upward to E =
—0.75 V/SHE at 1 mV s~'. Again the tip was kept engaged but not
scanning. Images of the surface in the initial metallic, subsequently
oxidized and final reduced states were recorded in constant current
mode without the usage of any filters. The recorded images were
processed with Gwyddion software.®

The topography across the GB regions was measured by line
profile analysis. For analysis, a GB site was selected and 30 adjacent
line scans covering a local distance of ~170 nm along the boundary
were drawn across the grain boundary. The GB depth was taken as
to be the local difference in topographic height between the bottom
of the GB regions and the surface level of the corresponding grains
on either side of the GB. Each such selected site was subject to ten
different measurements and the standard deviations of these ten
measurements are reported in the form of an error bar.

Results and Discussion

Macroscopic MBT and MBI effects on passivation.—Before
discussing the ECSTM data, it is important to understand the global
electrochemical behavior of the surface. For this, cyclic voltam-
metry was applied using the same protocol as for the ECSTM study
in order to understand the effect of the presence of MBT and MBI in
the NaOH alkaline electrolyte on passivation at the macroscopic
scale. The CVs were obtained in the ECSTM cell after the cathodic
reduction of the native oxide and recorded starting from —0.75 V/
SHE up to the anodic apex of —0.08 V/SHE, in the domain of Cu(I)
anodic oxidation, then down to the cathodic apex of —1.2 V/SHE, at
the beginning of the hydrogen evolution region, and back to the
starting point. The recorded macroscopic electrochemical response
can be assigned to the properties of the grains since, for the total
exposed surface, the surface fraction of the grains is much larger
than that of the GBs.

Figure 1 shows the superimposed CVs of microcrystalline copper
obtained in 0.1 M NaOH(aq), in 0.1 M NaOH(aq) + 1 mM MBT,
and in 0.1 M NaOH(aq) + 1 mM MBI. The analysis of the anodic

A;: Cu(0) —=Cu(l) + ¢

Baseline

100 41 m™ MBI
-150 A

-200 4 0.1MNaOH Cy: Cu(I) + & — Cu(0)
-250

14 12 1.0 -08 -0.6 -04 -02 -0.0
E / Vvs SHE

Figure 1. Cyclic voltammograms in the ECTM cell for microcrystalline
copper in 0.1 M NaOH(aq) with and without MBT and MBI as indicated,
scan rate = 1 mV s\,
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and cathodic reactions for all three cases is made according to the
drawn baseline. The baseline was drawn for 0.1 M NaOH(aq) so that
it is well centered in the potential region of —0.9 to —0.7 V/SHE,
where the measured current is minimum. The same procedure was
used for the two cases with inhibitors, and the current offsets were
adjusted so that the baselines superimpose with that in the pure
electrolyte.

In pure 0.1 M NaOH(aq), during the anodic scan, a shallow anodic
peak is observed at —0.42 V/SHE followed by a sharp and intense A;
peak at —0.2 V/SHE. The latter is characteristic of the anodic oxidation
of copper as labeled in Fig. 1,5 and the former is likely related to
the adsorption of hydroxide groups 1n the underpotential range of
oxidation, as studied on single crystals.”*”® During the cathodic scan
and with respect to the baseline, the reaction remains anodic until
—0.38 V/SHE and is cathodic afterwards. A sharp C; cathodic peak is
observed at —0.52 V/SHE corresponding to the reductive decomposi-
tion of the Cu(I) oxide to Cu(0) metal as labeled in Fig. 1, after which
the cathodic current decreases to a stable plateau till the onset of
hydrogen evolution. The measurements are in good a%reement with
those from previous work in the same electrolyte >*2%¢76877-79

In 0.1 M NaOH(aq) + 1 mM MBT, during the anodic scan, the
CV does not show any A; anodic peak of formation of the Cu(I)
passive oxide film, but instead a continuous although attenuated
increase of positive current from about —0.75 V/SHE up until the
anodic apex at —0.08 V/SHE. During the cathodic scan, the current
remains anodic down till —0.51 V/SHE, after which it is cathodic with
a small peak observed at —0.62 V/SHE. The C; peak observed in pure
0.1 M NaOH(aq) at —0.52 V/SHE, and characteristic for the reduction
of the Cu(l) passive oxide film to Cu(0) metal, is suppressed. These
measurements confirm the inhibiting effect of the presence of a pre-
formed layer of MBT on a reduced copper surface on the formation of
the Cu(I) surface oxide, like previously observed in alkaline aqueous
solution®®* and in gaseous phase.’®>">

In the presence of 1 mM MBI in the 0.1 M NaOH(aq) electrolyte,
no Aj anodic peak is observed on polarizing the sample anodically
and the Cj reduction peak is also suppressed in the cathodic scan.
Thus, the pre-formed layer of MBI also inhibits the formation of the
Cu(Il) surface oxide, like observed after exposure to gaseous
oxygen.®*** The measured currents are lower than in the presence
of MBT with an increase of positive current from about —0.60 V/
SHE and slow and continuous till the anodic apex. During the
cathodic scan, the current remains anodic down till —0.40 V/SHE,
after which it is cathodic with a small peak observed at —0.54 V/
SHE. Note that, with both MBT and MBI, the negative current
measured at the cathodic apex is strongly decreased, showing that
the pre-formed organic layers also inhibit the cathodic activity in the
potential range of hydrogen evolution.

Unlike in strongly and weakly acidic conditions (pH < 5), Cu
exibits passivity in the alkaline conditions of the present experiment
(pH = 13). This means that, in the absence of the inhibitors, when
the surface is swept anodically, a stable Cu,O oxide is formed in the
Cu(I) oxidation range that protects the surface against dissolution.
The cathodic peak C; observed in pure 0.1 M NaOH(aq) confirms
the formation of the surface oxide and corresponds to the decom-
position of this Cu(I) oxide to Cu(0) metallic copper.(ﬁ'80 It is
important to keep in mind that in 0.1 M NaOH(aq), during anodic
passivation, there is a competing reaction occurring between the
dissolution of copper into the electrolyte and the formation of the
stable oxide. Both reactions consume metallic copper but the first
one is minority and irreversible whereas the second one is largely
dominant and reversible.

On integrating the measured current densities over time, we obtain
charge densities for the anodic and cathodic reactions as qa; =
2357 x 1072 C.cm 2 and q¢y = 2.168 x 1072 C.cm ™2, respectively,
confirming a partially reversible behavior consistent with some copper
being irreversibly consumed during anodic polarization since qa; >
qcr- The electric charge density q associated with the irreversible
reaction of copper is 1.89 x 107* C.em™2 (@ = qa1 — qcp- The

equivalent thickness of irreversibly dissolved copper (dcyar)) can be
calculated using Eq. 1, where V), is the molar volume of reacting

material (VG = 7.1 cm’mol™" for Cu metal), z the number of

exchanged electrons (z = 1 for Cu(I) anodic oxidation) and F the

Faraday constant.

q9Vu
Z

5= (1]

From this, we get a dcyqr) value of 0.14 nm. This low value amounts
to 0.67 equivalent monolayers (ML) of copper being irreversibly
consumed by dissolution. Indeed, one {111 }-oriented ML of copper
is 0.208 nm thick from the bulk fcc structure of copper. To calculate
the equivalent thickness of the Cu(I) passive oxide film formed on
the surface, we use the value qc; of the reductive electric charge
density in Eq. 1. If one assumes the formation of Cu(I),O oxide and
using V;;2° = 23.9 cm>.mol ! and z = 2 for the reduction of 2 Cu(l)
in Eq. 1, we obtain the value of J,,4, = 2.68 nm. This obtained value
is in agreement with the greviously obtained thickness values for
Cu(D) oxide films.2*2%:67-7

Regarding the effect of MBT and MBI, we have seen in Fig. 1
that the distinct anodic peak A is absent when the CV is recorded in
the presence of the inhibitor. This implies that the pre-formed MBT
and MBI layers block passivation of the surface by inhibiting the
formation of the surface oxide. The residual activity measured both
during the anodic and cathodic scans in the presence of inhibitor
may be due to the oxidation and reduction of those copper atoms
that are dissociated from oxygen during the initial cathodic reduc-
tion pretreatment of the air-formed native oxide. Indeed, the
cathodic pretreatment is applied in the presence of the inhibitors
and it is most likely that the free Cu atoms, dissociated from oxygen
by electrochemical reduction, are unstable, react with the adsorbed
organic molecules and are thus captured in the molecular inhibitor
layer formed on the surface. So, we can expect the inhibitor film,
pre-formed before the CV treatment, to include copper atoms
originating from the native oxide and trapped in the organic film
as illustrated by the model shown in Fig. 2. The residual activity
recorded during anodic and subsequent cathodic polarization of the
surface can thus be that of the Cu atoms initially trapped in the pre-
formed inhibitor surface layer.

Since surface oxide formation is blocked by the inhibitor layer
pre-formed before electrochemical testing, the equivalent thickness
Opass Of the Cu(I) passive oxide film is not calculated since it is not
physically meaningful. Instead, the value dcy), calculated from the
cathodic charge density, is assigned to the amount of copper that is
reversibly reacting during the electrochemical polarization. This
value estimates the amount of copper presumably trapped in the pre-
formed inhibitor layer and reversibly reacting during the CV
treatment. The other quantity, dcyar), calculated from the difference
between anodic and cathodic charge density, estimates the amount
of copper that is irreversibly consumed due to the residual
dissolution occurring during the electrochemical polarization.

With MBT, the values of the charge density cumulated durin, Zg the
anodic and cathodlc polarization scans are 1.807 x 107> C.cm ™~ and
1.746 x 10> C.cm ™2, respectively. From the cumulated cathodic
charge density, we get dcyr) = 1.28 nm (6.17 Ml) of copper trapped
in the pre-formed inhibitor film and reversibly reacting during
electrochemical polarization, meaning that several equivalent mono-
layers of copper would be trapped in the pre-formed MBT surface
layer as a result from the dissociation of the native oxide. The non-
zero difference between the anodic and cathodic charge densities is
consistent with an irreversible loss of copper due to residual
dissolution. From the difference of 6.1 x 10> C.cm 2, Ocuary 18
calculated from Eq. 1 using V" = 7.1 cm®mol ™" and z = 1, and we
get dcyary) = 0.045 nm corresponding to a fraction of a monolayer
(0.22 M) of copper irreversibly consumed due to residual dissolution.
This quite small value is consistent with efficient macroscopic
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Figure 2. Schematic illustration of the inhibitor layer formed after cathodic pre-treatment of the surface: the reduction of the native oxide pre-covered by the
inhibitor film leads to trapping of the copper atoms dissociated from the oxygen atoms in the organic inhibitor layer.

inhibition of irreversible dissolution and residual dissolution being
localized in the most active sites such as grain boundary surface
terminations. With MBI, the values of the anodic and cathodic charge
densities are 8.47 x 107* C.em ? and 842 x 107* C.em 7,
respectively. For dcyr), we get a value of 0.62 nm (2.98 Ml) from
the cathodic charge density, meaning that the pre-formed MBI
inhibitor layer would contain about twice as less reacting copper
atoms than the pre-formed MBT inhibitor layer. The difference
between anodic and cathodic charge densities is within the uncertainty
range, which suggests that the pre-formed MBI inhibitor layer would
more efficiently mitigate irreversible dissolution than the pre-formed
MBT inhibitor layer in the most reactive surface sites.

In summary, these CV data show that the organic inhibitor
layers, pre-formed before electrochemical testing, behave similarly
and block the formation of a Cu(I) oxide film and thus surface
passivation. However, the electrochemical reactivity is not fully
suppressed. The observed residual activity is assigned for its most
part to the copper atoms dissociated from the native oxide during the
cathodic pretreatment and trapped in the pre-formed inhibitor
surface layer. These trapped copper atoms amount to the equivalent
of a few monolayers of copper metal and react reversibly upon
anodic and cathodic polarization. Irreversible anodic charge transfer
is assigned to the residual anodic dissolution of copper contributed
preferentially from the most reactive sites of the surface such as GB
surface terminations. Although blocking passivation may seem
detrimental to corrosion protection, this is efficiently compensated
by the barrier property of the pre-formed organic layers efficiently
mitigating dissolution upon anodic polarization in the Cu(I) oxida-
tion range.

ECSTM images and classification of grain boundaries by their
morphology.—Figures 3a and 3b show in situ ECSTM images of
the topmost surface of microcrystalline copper obtained in the
presence of MBT or MBI in the 0.1 M NaOH(aq) electrolyte,
respectively. For each inhibitor, the same local microstructure could
be imaged in the initial metallic state, after reduction of the native
oxide (Figure Sla in Supplementary Information (available online at

stacks.iop.org/JES/168/061501/mmedia)), in the Cu(I) oxidation
range (Figure S1b in Supplementary Information) and in the final
metallic state, after reduction of the oxidized state (Figure Slc in
Supplementary Information). The selected areas of interest show the
typical copper microstructure exhibiting grains and sub-grains. The
difference in measured topographic height amongst different grains
is attributed to differences of local surface reactivity during the
surface preparation by electrochemical polishing. The GB surface
regions correspond to the surface termination of the GB planes and
their adjacent vicinity. Some of these GB surface regions are
measured higher than others, which is again assigned to differences
in local surface reactivity during the surface preparation.

The adopted classification of the observed grain boundaries is
based on their morphology in the surface plane and is consistent
with our previous work.®®® GBs appearing in parallel pairs and
separating sub-grains are assigned to 23 coherent twins, i.e. with a
GB plane of {111} orientation. Short and straight GBs are assigned
to low £ CSL boundaries (including other ¥3 CSLs than coherent
twins). Straight segments observed along a GB with locally straight
or curved morphology are assigned to high ¥ CSL boundaries.
Finally, curved GBs or locally curved segments are assigned to
random boundaries. A summary of grounds used for this classifica-
tion is given in Table I.

Local MBT and MBI effects on passivation of grain boundary
network.—The analysis of the two series of images displayed in
Figure S1 resulted in two populations of local GB sites where the
depth of the GB surface regions could be measured geometrically in
the initial Cu(0) metallic state of the surface, in the oxidized state
upon anodic polarization in the Cu(I) potential region, and back in
the Cu(0) metallic state following reduction of the oxidized state.
These two populations of 101 GB sites for MBT and 100 GB sites
for MBI are indexed in Fig. 3 and color-coded according to the
locally observed GB behavior. Indeed, for both inhibitors, compara-
tive analysis of the variations of the measured depth of all GB sites
resulted in five distinct types of local topographical evolution of the
grain boundary network that are: (i) no variation of the GB depth

Table I. Summary of criteria used for classification of grain boundaries based on their morphology in the surface plane.

GB morphology

Class of GBs

Two parallel GBs separating a sub-grain
Short and straight GBs

Straight GB segments

Curved GBs or curved GB segments

Y 3 coherent twins (with a {111}-oriented GB plane)
Low ¥ CSL boundaries

High ¥ CSL boundaries

Random boundaries
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Figure 3. Topographic ECSTM images of microcrystalline copper obtained
in 0.1 M NaOH(aq) with (a) MBT or (b) MBI: (a) AZ = 10.2 nm, E¢, =
—0.75 V/ISHE, Ey, = —0.30 V/SHE, I; = 0.5 nA; (b) AZ = 9.8 nm, E¢, =
—0.75 V/ISHE, E;, = —0.60 V/SHE, I; = 0.5 nA GB sites are color-coded
according to their behavior: (white) no depth variation in metallic, oxidized
and reduced surface states; (yellow) continuous depth increase; (dark blue)
continuous depth decrease; (black) depth decrease and subsequent increase;
(light blue) depth increase and subsequent decrease.

(sites indexed in white in Fig. 3), (ii) repeated increase of the GB
depth (sites indexed in yellow in Fig. 3), (iii) repeated decrease of
the GB depth (sites indexed in dark blue in Fig. 3), (iv) decrease
followed by an increase of the GB depth (sites indexed in black in
Fig. 3), and (v) increase followed by a decrease of the GB depth
(sites indexed in light blue in Fig. 3). For each type of local GB
behavior, one example of the line profile evolution is presented in
Fig. 4 for the GB sites indexed in Fig. 3a.

These five types of local topographical evolution are similar to
those observed when studying the early intergranular corrosion in
acidic conditions (10 mM HCI, pH 2) in the presence of the
inhibitors.%>%° However, their mechanistic interpretations differ as
one must take into account the inhibitor effect on surface oxidation
and formation of the passive film. These five types of GB local

behavior show that both inhibitors block surface oxide formation
and thus passivation in the GB regions in agreement with the global
CV data, but that residual intergranular reactivity of dissolution or
oxide formation, i.e. passivation, is not suppressed in the GB
regions. Hereafter, we organize the discussion according to the
type of GB behavior locally observed.

Intergranular passivation blocked with no residual preferential
reactivity at GBs.—The local GB sites that show no variation of the
GB depth upon anodic oxidation and subsequent reduction are
labeled 1 to 4 in Figs. 3a and 3b. The depth values measured across
these GB sites are reported in Figure S2a and b in Supplementary
Information for MBT and MBI, respectively. In these local sites, the
absence of depth variation indicates no preferential reactivity of the
GB surface regions as compared to the adjacent grains. This
behavior is illustrated by the model shown in Fig. Sa.

All the sites that displayed this behavior are located along two
parallel GBs separating a sub-grain, a configuration typical of
coherent twins. Even in the absence of inhibitors, CTs have been
reported to have no Ereferential reactivity compared to adjacent
grains, both in acidic?>? and alkaline®**° media. Thus, since there
is passivation in the absence of the inhibitor as confirmed above, the
absence of preferential local reactivity in these sites can be assigned
to the pre-formed organic film of inhibitor equally blocking surface
oxide formation and thus passivation in the GB region and on the
adjacent grains, but also equally mitigating the residual reactivity,
anodic dissolution or passivation, that may occur in the Cu(l)
potential range. This absence of preferential GB reactivity for
coherent twins, also observed in acid medium in the presence of
inhibitor,>% is interpreted as an intrinsic property of CTs rather
than as an inhibiting effect of MBT or MBI.

Intergranular passivation blocked with residual preferential
dissolution at GBs.—The local GB sites that showed preferential
reactivity compared to adjacent grains characterized by an increase
of the depth of the GB surface region upon anodic polarization and
after subsequent reduction are labeled from 5 to 25 in Fig. 3a and
from 5 to 23 in Fig. 3b for MBT and MBI, respectively. The
corresponding histograms of the measured GB depth values are
presented in Figure S3a and b in Supplementary Information,
respectively. The model in Fig. 5b can help us understand this
case of a continuous increase of the GB depth assigned to residual
intergranular dissolution.

As discussed above, in our testing conditions, when the cathodic
pretreatment is applied to the surface to reduce the native oxide, there
is already an organic layer pre-adsorbed on the surface. Upon
reductive decomposition of the native oxide, Cu atoms are released
and most likely trapped in the inhibitor surface film. The reversible
part of the residual electrochemical activity measured during subse-
quent cycling corresponds to these Cu atoms trapped in the surface
organic film and reacting reversibly during the anodic and cathodic
sweeps. Along with the copper reacting reversibly, some copper is lost
due to dissolution, which forms the irreversible part of the measured
electrochemical activity. This residual dissolution in the presence of
an inhibitor layer occurs preferentially from intergranular regions
resulting in a continuous increase of the depth of the measured line
profile. Thus, in the GB sites showing this behavior, the pre-formed
inhibitor layers of MBT or MBI block oxide formation in the Cu(l)
oxidation range, like on the grains. Still, they fail to completely block
residual anodic dissolution in the most reactive sites, resulting in an
increase of the depth of the intergranular regions. The GB depth
further increases when the surface is measured in the reduced state
since, during the reverse scan, there is still polarization in the Cu(l)
anodic region before entering the cathodic region.

For MBT, eighteen of the twenty-one sites in Fig. 3a showing
this type of behavior belong to the class of random boundaries (sites
5, 6, 8-20 and 23-25). The histogram (Figure S3a) shows that the
highest increase in the GB depth, and thus the largest extent of
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Figure 4. Local evolution behavior of the GB network from average topographic line profiles measured across the GBs for sites indexed in figure 3a. Site #1: no
variation of the GB depth; site #19: repeated increase of the GB depth; site #30: repeated decrease of the GB depth; site #48: decrease followed by increase of the

GB depth; site #68: increase followed by decrease of the GB depth.

residual dissolution, is measured for this class of grain boundaries.
Among the three non-random boundaries, site 7 belongs to the class
of CTs. Unlike sites 1-4, also assigned to CTs, this site would not
resist residual anodic dissolution, possibly as a result from a
significant deviation from the ideal geometry of CTs.>>?° Sites 21
and 22 belong to the classes of low X and high £ CSL boundaries,
respectively. For these three non-random boundaries, it can be
observed that the pre-formed MBT layer mitigates the local loss of
Cu from the intergranular region to a greater extent than for the
other eighteen random GBs, in agreement with the expected more
reactive character of random boundaries.

For MBI, we found nineteen sites showing this type of behavior.
Eight of them, sites 6, 11, 12, 14-18, belong to the class of random
boundaries, and another eight of them, sites 5, 7, 13, 19-23, to the
class of high £ CSL GBs. Three GBs, at sites 810, belong to the
class of CTs that probably deviate locally from the ideal geometry.

Intergranular passivation incompletely blocked with residual
formation of non-reducible passivation products at GBs.—Third is
the case of the intergranular behavior characterized by a decrease of
the measured GB depth upon anodic polarization in the Cu(I)
passive range and after subsequent reduction. For MBT, there were
nine sites, labeled 26-34 in Fig. 3a, showing this behavior, and for
MBI, twenty-nine sites, labeled 2452 in Fig. 3b. The corresponding
histograms of the measured GB depth are displayed in Figure S4a
and b in Supplementary Information, respectively. The model in
Fig. 5c illustrates our interpretation of this locally observed
intergranular behavior.

In the GB sites showing this type of behavior, copper is
preferentially consumed upon anodic polarization compared to
adjacent grains to form products that accumulate in the intergranular
region, thus leading to the measured decrease of the depth of the GB
region. The decrease of the measured GB depth can result from local
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passivation during the anodic scan to form Cu(I) oxide like observed
in the absence of inhibitor.***?® This implies that anodic passiva-
tion would be incompletely blocked by a pre-formed organic layer,
more defective in the GB site than on the adjacent grains, and that
Cu(I) oxide would grow where the organic film defectively blocks

Electrolyte

Inhibitor|
layer
Dissolved|

C

Electrolyte

iReducedl
Cu

Reducible
Passivating
Oxide

Electrolyte

o~

Inhibitor|
layer

Figure 5. Schematic illustration of observed
effects of pre-formed MBT and MBI layers on
intergranular passivation: (a) surface passiva-
tion is equally blocked on grains and at GB;
there is no preferential residual reactivity at
the GB; (b) passivation is equally blocked on
grains and at GB; there is residual preferential
dissolution at the GB; (c) passivation is
blocked on grains but incompletely at GB;
there is residual anodic reactivity at the GB
leading to local formation of non-reducible
passivating oxide; (d) passivation is blocked
on grains but incompletely at GB; there is
residual anodic reactivity at the GB leading to
local formation of reducible passivating oxide;
(e) passivation is equally blocked on grains
and at GB; there is residual dissolution at the
GB leading to local accumulation of corrosion
products.

surface oxidation. Local accumulation of corrosion products cannot
be ruled out. They might be complexes formed by the reaction of
locally dissolving copper with the organic molecules present in the
electrolyte and deposited in the intergranular regions. It is a
limitation of the ECSTM analysis as we cannot identify the exact
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nature and composition of these accumulated passivation/corrosion
products. One could expect Cu(I) oxide to be reduced during the
cathodic sweep thus leading to an increase of the GB depth and not
the observed decrease®>**® in the final reduced state. However, it is
unclear if the applied cathodic sweep would be sufficiently reductive
to decompose the Cu(I) oxide formed in the GB sites because of the
effect of the pre-formed inhibitor layer.

For MBT, among the nine sites showing this intergranular
behavior, one, site 28 is classified as a CT that, just like the above
discussed site 7, might be a boundary largely deviated from the ideal
geometry of CTs and thus losing its intrinsically intergranular
resistant character. Sites 33 and 26 are attributed to low % and
high ¥ CSL boundaries, respectively. Six out of the nine sites are
classified as random boundaries with, among them, four sites (sites
27, 29, 30 and 34) showing the largest variation of the GB depth.
This preferential intergranular residual activity is expected for
random boundaries that are more reactive than CTs and most CSL
boundaries. It is here observed even in the presence of corrosion
inhibitor.

For MBI, among the twenty-nine sites showing this intergranular
behavior, a majority of fifteen (sites 25, 26, 29, 30, 32-38, 44, 45, 51
and 52) is classified as random boundaries with preferential
intergranular residual passivation not fully blocked by the pre-
formed organic inhibitor layer. Site 43 is classified as a 23 CT,
likely also deviated from ideal geometry. Sites 27 and 28 are
classified as low Z CSLs, and eleven sites (24, 31, 39-42, 46-50)
belongs to the high ¥ CSLs.

Intergranular passivation incompletely blocked with residual
formation of reducible passivation products at GBs.—Next, the case
of the intergranular behavior characterized by a decrease of the GB
depth measured upon anodic polarization in the Cu(I) passive range
followed by an increase after subsequent reduction is discussed
(Figure S5a and b in Supplementary Information). For MBT, there
are fourteen sites, labeled 35-48 in Fig. 3a where this behavior is
observed, and, for MBI, twenty-six sites, labeled 53—78 in Fig. 3b.
This behavior can be understood using the model shown in Fig. 5d.

Like in the previous case, the decrease of the depth measured in
the GB surface regions is interpreted as due to the formation of Cu
(I) passivation products in the intergranular region when the surface
is anodically polarized in the Cu(I) passive region, as a result of a
locally less poisoning effect of the pre-formed MBT or MBI layer on
formation of Cu(I) oxide. Subsequently, when the surface is
cathodically polarized, the increase of the GB depth might be due
to electrochemical reduction of the Cu(l) passivation products
causing a decrease of thickness. In this case, the applied cathodic
sweep would be sufficiently reductive to decompose the Cu(I) oxide
products formed in the GB sites. The residual dissolution of copper
from the grain boundary region during the cathodic sweep cannot be
excluded since there is still polarization in the Cu(I) anodic region
before entering the cathodic region. This is suggested by the
minority number of GB sites (sites 3741, 44, 47 and 48 in Figure
S5a and sites 53, 54, 60, 64 and 78 in Figure S5b) where the depth is
measured larger after anodic/cathodic cycling than before.

For MBT, among the fourteen sites showing this local behavior,
ten (sites 38-44 and 46-48) are classified as random boundaries.
Site 36 is classified as being a CT, likely deviated from its ideal
geometry. Two sites, 37 and 45, are classified as being low Z CSLs,
and one (site 35) as being a high £ CSL. For MBI, out of twenty-six
sites with this behavior, twelve (sites 53, 54, 56, 60-62, 66, 74, 75
and 77) are random boundaries, fourteen (sites 57-59, 63-65,
67-73, 76) are high ¥ CSLs and two (sites 55 and 78) are attributed
to CTs. None of the measured sites are attributed to low Z CSLs.

Intergranular passivation blocked with residual preferential
dissolution and accumulation of corrosion products at GBs.—
Finally, we consider the case of the intergranular behavior char-
acterized by an increase of the GB depth measured upon anodic

Il Blocked passivation and absence of preferential reaction
Il Blocked passivation with residual dissolution
I 1ncompletely blocked p ion with local ion of lucible passivating oxide
I 1ncompletely blocked passivation with local formation of reducible passivating oxide
I Blocked p ion with residual d ion of corrosion products
100%
90%.
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Figure 6. Percentage of each type of intergranular behavior observed on
various types of grain boundaries for microcrystalline copper in 0.1 M NaOH
(aq) + 1 mM MBI and in 0.1 M NaOH(aq) + 1 mM MBT.

polarization in the Cu(lI) passive range followed by a decrease after
subsequent reduction. For MBT, this behavior is observed in fifty-
two sites labeled 49-101 in Fig. 3a. For MBI, there are twenty-two
grain sites, labeled 79-100 in Fig. 3b, having this behavior. The
corresponding histograms are shown in Figure S6a and b, respec-
tively. Our interpretation of this behavior is illustrated in Fig. Se.

Like in the second case examined, the increase of the depth of the
GB surface regions measured upon polarization in the Cu(l)
potential range is interpreted as due to the pre-formed organic layer
blocking passivation in the GB region but failing to suppress anodic
dissolution. Subsequently, during the cathodic sweep, there is
ongoing dissolution since there is still polarization in the Cu(l)
anodic region before entering the cathodic region, leading in this
case to the accumulation of corrosion products in the GB region that
might be redeposited Cu-MBT(I) complexes.

For MBT, among the fifty-two sites showing this behavior, forty-
two (sites 49, 51, 55-57, 59-77, 81-84, 87-94, 96-99) correspond
to random GBs, seven (sites 50, 52-54, 58, 78, 79) belong to high
2 CSL boundaries, two (sites 80, 100) to low Z CSLs, and one (site
95) to CTs. It has to be noted that data from more sites could be
extracted for the experiment with MBT, all of them showed this
behavior and correspond to random boundaries. For MBI, twenty-
two sites show this local behavior. Among them, fourteen (sites 79,
80, 83 and 85-95) are classified as random boundaries. Two sites
(97 and 98) belong to 23 CTs, also likely deviated from ideal
geometry. Two sites (96 and 99) are attributed to low £ CSLs and
four sites (81, 82, 84 and 100) to high ¥ CSLs.

MBT & MBI effects on local passivation properties according
to GB type.—Table Il summarizes the occurrences of the five types
of intergranular behavior observed upon anodic passivation and
subsequent reduction in the tested conditions. They are sorted
according to GB type as defined in Table I. Figure 6 presents an
overall comparative view of the data. Both inhibitors were observed
to block surface oxide formation and thus passivation on the grains
with residual intergranular dissolution or oxide formation, de-
pending on the local effect of the pre-formed MBT or MBI surface
layers and on the GB type.

Coherent twin is the only GB type for which passivation by
surface oxide growth was blocked as on the adjacent grains and no
residual intergranular activity was detected. With both inhibitors,
this was observed for a majority, absolute or relative, of the analyzed
sites, which we assign to CTs close to ideal geometry 25, and thus
intrinsically resistant to preferential dissolution or preferential oxide
growth. In the CT sites deviated from the ideal geometry and thus
showing preferential reactivity compared to adjacent grains, all other



Table II. Observed occurrences of intergranular behavior types for various types of grain boundaries for microcrystalline copper in 0.1 M NaOH(aq) + 1 mM of MBT or MBI.

Intergranular behavior Inhibitor CTs Low % CSLs High ¥ CSLs Random GBs
MBT 4 — —
Blocked passivation and absence of preferential reaction MBI 4 — — —
MBT 1 1 1 19
Blocked passivation with residual dissolution MBI 3 — 8 8
MBT 1 1 1 6
Incompletely blocked passivation with local formation of non-reducible passivating oxide MBI 1 2 11 15
MBT 1 2 1 10
Incompletely blocked passivation with local formation of reducible passivating oxide MBI 2 - 14 10
MBT 1 2 7 42
Blocked passivation with residual dissolution and accumulation of corrosion products MBI 2 2 4 14
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types of intergranular behavior were observed with a rather uniform
distribution of their occurrences. A larger proportion of reactive CT
sites were observed with the pre-formed MBI layer than with the
pre-formed MBT layer, but this may be due to the site distribution in
the analyzed field of view and not to a lower inhibiting efficiency of
MBI.

The intergranular behaviors observed for all other types of GBs,
low Z CSLs, high £ CSLs and random GBs, in the presence of the
inhibitors belong to two classes depending on the local poisoning
effect of the pre-formed organic layer on the formation of the
passivating Cu(I) surface oxide. If intergranular passivation is
blocked, residual reactivity is associated to dissolution with possible
accumulation of corrosion products. This is color-coded in green
and purple in Fig. 6. Whereas, if intergranular passivation is
incompletely blocked, Cu(I) oxide products (reducible or not) may
form in the intergranular region. This is coded in blue and black in
Fig. 6.

Examining the data for random GBs in Fig. 6 from this
perspective, we can deduce a stronger barrier effect on intergranular
passivation of MBT than of MBI. Random boundaries can be
expected to be the most reactive owing to their defective crystal-
lographic character. With MBI, the residual formation of passivating
oxide products, whether reducible or not, for most of the random
boundaries, is in agreement with previous studies showing that, due
to higher reactivity of these GBs, a locally thicker film of Cu(I)
oxide film is formed in the absence of inhibitor 22,23,25. With
MBT, intergranular passivation would be more strongly poisoned by
the pre-formed organic layer than with MBI and thus the residual
formation of passivating Cu(I) oxide products less frequently
occurring in the analyzed distribution.

For high ¥ CSLs, Fig. 6 also shows that MBT would more
strongly poison passivation than MBI, thus confirming for these
reactive boundaries the trend observed for random GBs. For low Z
CSLs, the distribution that could be analyzed in the field of view is
smaller. However, Fig. 6 shows that the barrier effects of both
inhibitors on intergranular passivation, fully blocking or not surface
oxide growth, are much more balanced. In these GBs, the residual
reactivity would be too low to differentiate the barrier effect on the
passivation behavior, which is in line with the less reactive character
of the low X CSLs that can be expected from their ordered
crystallographic character.

The stronger barrier effect of MBT than MBI for blocking
intergranular passivation is likely to result from the properties of the
pre-formed organic inhibitor layer. As discussed from the analysis
of the global electrochemical data, more Cu atoms would be trapped
in the pre-formed MBT than in the pre-formed MBI surface layer
after reductive decomposition of the native oxide in the presence of
the inhibitor. This increase in trapped Cu atoms could reflect an
increase in thickness and/or a densification of the MBT surface layer
compared to the MBI surface layer, which would improve the
barrier properties against passivation by surface oxide growth,
especially in the more reactive sites such as intergranular bound-
aries. This enhanced barrier properties could result from the
presence in the heterocyclic structure of two S and one N atom in
MBT versus one S and two N atoms in MBI, with S atoms being
able to covalently bond more strongly to Cu atoms than N atoms.

Conclusions

ECSTM was applied to characterize the effects of MBT and MBI
on the local passivation and corrosion properties at the surface
termination of grain boundaries for copper in alkaline aqueous
solution. The macroscopic electrochemical response, characterized
by CV, showed that, in the presence of 1 mM of inhibitor, both MBT
and MBI block surface oxide growth and thus passivation on the
grains. The observed residual activity was attributed to reversible
anodic oxidation of copper atoms that were dissociated from the
native oxide and trapped in the pre-formed organic film and to

irreversible loss of copper due to residual dissolution in the most
reactive sites, including GBs.

In situ ECSTM analysis of the same GB sites in the initial Cu(0)
metallic, Cu(I) oxidized and Cu(0) reduced surface states showed
that coherent twins with close to ideal geometry did not react
preferentially compared to the adjacent grains in agreement with
previous reports. All the other types of GBs, including CTs deviated
from ideal geometry, i.e. incoherent twins, were preferential sites of
reaction compared to grains. Depending on the barrier effect of the
pre-formed organic surface layer, intergranular passivation by sur-
face oxide growth was found to be either completely blocked,
however with residual local dissolution and accumulation of
corrosion products in the GBs regions, or incompletely blocked,
with residual local formation of passivating oxide, likely Cu(I)
oxides.

For the less reactive GBs corresponding to low X CSLs, no
difference of barrier effect of the pre-formed MBT and MBI organic
layers for fully blocking passivation or not was observed. For the
more reactive GBs corresponding to random boundaries and high X
CSLs, the pre-formed MBT surface layer showed a stronger barrier
effect for blocking surface oxide formation than the pre-formed MBI
surface layer as shown by the higher occurrence of blocked
intergranular passivation in the analyzed population of GB sites. It
is proposed that MBT, being able to strongly bond to more Cu atoms
than MBI thanks to two S atoms instead of one in its heterocyclic
structure, would more efficiently trap Cu atoms from the surface,
thus providing improved barrier properties to the pre-formed
MBT surface layer, including in the most reactive surface sites
such as GBs.
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