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The dissolution of MnS inclusions could induce pitting corrosion in stainless steels, but its dissolution

mechanism is poorly understood at the atomic scale. With the help of ab initio molecular dynamics
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calculations, one inevitable step in the dissolution of MnS is studied by simulating the process of one
Mn ion leaving the surface. The reaction mechanism is determined to contain three steps with two
large barriers and a small one, leading to two slow steps in the Mn ion dissolution. Comparing to the

Na ion dissolution from NaCl, the barriers of the Mn ion dissolution are much larger, which is a
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1. Introduction

The pitting corrosion of stainless steels causes huge losses in
industrialized economies. The initiation of pitting corrosion
starts from the dissolution of MnS inclusions in almost all
cases.'"® The dissolution of MnS inclusions may form crevices
between MnS inclusions and the steel matrix and expose the
fresh steel matrix to the corrosive environment, forming pits at
these areas.'* The dissolution products of MnS inclusions may
adsorb on the passive film nearby and thus destroy the passive
film.">™*” Due to the dissolution of MnS inclusions, the areas near
the inclusions become more sensitive to the pitting corrosion.”’

Because of its importance in the pitting corrosion of stain-
less steels, the mechanism of MnS dissolution has been studied
extensively during the last several decades. Eklund carried out
potentiostatic experiments and found that the dissolution
products are sulfur and sulfate.® The suggested reactions are
presented as follows:

MnS — Mn*" + S + 2e” (1)
MnS + 4H,0 —» Mn*' + SO, + 8H" + 8e~ (2)
MnS + 2H" — Mn*" + H,S. (3)

Lott and Alkire anodically polarized 304 stainless steel and
observed the electrochemical dissolution of MnS inclusions.'*
Contrast to the results of Eklund, they found that the only
dissolution product was thiosulfate. The related reactions are
written as follows:
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reflection of their different electronic structures.

2MnS + 3H,0 — 2Mn”" + 5,0;>” + 6H" + 8¢~ (4)
MnS + 2H" — Mn*' + S + H,. (5)

As stated above, there are several proposed reaction mechanisms
for the dissolution of MnS. A common point in all these
mechanisms is that manganese appears as Mn>" in the
products. Thus, the dissolution of Mn ions is an inevitable
step of the MnS dissolution. In this work, we studied the
process of a Mn ion on the surface of the MnS crystal leaving
its lattice site, entering the solution, and forming a hydrated
Mn ion. This study could provide fundamental information
about the dissolution of MnS.

The dissolution behaviors of different materials remain
the objects of endless fascination by scientists in chemistry,
geology, and pharmaceutics."®° Many computational methods
were developed to describe the dissolution processes,> >’
but most of them are based on force fields. To describe the
dissolution processes more accurately, density functional
theory calculations are needed. Recently, Michaelides and
co-workers studied the dissolution of NaCl in water by ab initio
molecular dynamics (AIMD) and obtained a clear picture of the
dissolution processes.’**> Thackeray and co-workers studied
the dissolution of Li, Mn, and O ions from LiMnO, by con-
strained density functional theory within the Blue Moon
ensemble.®® The successes of these works demonstrate the
feasibility of density functional theory calculations on the
dissolution processes. In this paper, we use density functional
theory calculations to study the dissolution process of Mn ions.

This paper is organized as follows: the second section
describes the models and methods used in this paper; the
third and forth parts present the results and discussion; and
the last section summaries the main conclusions.
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2. Computational details

All the calculations, including the AIMD, structure relaxation and
transition state search, were performed using the VASP code.****
The Perdew-Burke-Ernzerhof (PBE)*® exchange-correlation
functional with gradient correction (GGA) was used with the
projector-augmented wave (PAW) method.?” The plane wave
cutoff energy was 500 eV. Spin-polarized calculations of bulk MnS
give the optimized lattice constant of 5.10 A, an error of —2.3% from
the experimental value. In AIMD calculations, the Nosé-Hoover
chain thermostat was used with the temperature 360 K and
the time step 0.5 fs. This elevated temperature was utilized to
accelerate the motion of H,0O molecules so that the system could
be equilibrated quickly. The TS of each elementary reaction was
searched using the constrained minimization approach.***°

Considering that MnS and NaCl possess the same crystal
structure, we constructed a defective MnS-H,O interface model
according to the defective NaCl-H,O interface model used in
the work of Michaelides and co-workers.*> Three atom layers
(3 X 4 unit cell) and a defective layer of MnS (001) surface were
cleaved to form the defective MnS-H,O interface model with
46 H,0 molecules and a vacuum layer of 15 A. The interface
model is an orthogonal box which is shown in Fig. 1. The bottom
layer of MnS was fixed in its optimized crystal lattice. The other
Mn and S ions and all H,O molecules were allowed to relax.

An AIMD calculation was carried out for this structure. After that,
several geometries along the AIMD trajectory were selected to relax.
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Fig. 1 The model of the defective MnS-H,O interface. The purple and yellow
balls represent the Mn and S ions. Those in the defective layer are colored in blue
(Mn) and green (S). Mn, is shown as a bigger ball. It has three chemical bonds
with its neighboring S ions, one normal bond (along the z axis) and two parallel

bonds (in the xy plane). The H,O molecules are shown in the stick style. This
notation is used throughout the paper.
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The one with the lowest total energy was adopted as the initial state
(IS). The transition, intermediate and final states were determined in
a two-step scheme. Firstly, several H,O molecules were placed at the
periphery of the Mn ion at the corner site (Mn,. for short) and the
reaction states in the dissolution process of Mn, were located. This
step could be considered as the low-accuracy location of reaction
states. Secondly, several dozens of H,O molecules were added
into the supercells to let the total number of H,O molecules in
each supercell be 46. AIMD calculations were performed to
equilibrate the H,O molecules for each of the reaction states
with the constraint that all Mn and S ions were fixed. Then,
several geometries along the AIMD trajectories were chosen to do
further relaxation or transition state search calculations to find
the accurate reaction states. This step could be considered as the
high-accuracy locations. For each structure, the AIMD time was
10 ps. For the initial state, a test run of 14 ps of AIMD was
performed and the result was found to be the same as that of
10 ps. In our previous work, this approach was shown to be
adequate, comparing to the free energy method.>®

3. Results
3.1 IS of the defective MnS-H,O interface

Along the total 14 ps of the AIMD calculations, five geometries
were chosen to relax in the last 10 ps and the one with the
lowest total energy is shown in Fig. 2. As can be seen from the
figure, the surface Mn ions tend to form hydrogen bonds with
O atoms in H,O molecules and the surface S ions tend to form
hydrogen bonds with H atoms. The average height of S ions in
the top layer is 0.37 A higher than that of Mn ions. This
difference can be understood from the fact that the number
of S-H hydrogen bonds (the hydrogen bonds less than 3 A are
counted) is larger than that of Mn-O hydrogen bonds (9 vs. 4).
The coordination number (CN) of Mn.. is two, i.e. there are two
H,0 molecules which form hydrogen bonds with Mn.. It is
interesting to find that the two H,O molecules are always
around Mn. during the AIMD calculation and the distances
between the Mn. and the two O atoms are in the range of
1.90-2.80 A. This is the unique property of the IS. In other
states, the Mn-O hydrogen bonds can be broken during the
AIMD calculations.

3.2 The process of the Mn ion entering the solution

As shown in Fig. 1, Mn, has three chemical bonds with its
neighboring S ions. It should be interesting to know which one
will break preferentially. To this end, two series of calculations
were performed on the surface model without any H,O mole-
cules. The surface model was fully relaxed except the ions in the
bottom layer and the energies of the surface model is set to be
zero (the reference state). Then, the y coordinate (see Fig. 1) of
Mn, was gradually changed to produce a series of structures.
Each structure was relaxed with the constraint that the y
coordinate of Mn,. was fixed. This series of calculations was
used to simulate the breaking of one of the parallel bonds.
Another series of calculations was used to simulate the break-
ing of the normal bond. In these calculations, the z coordinate
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Fig. 2 Side (a) and top (b) views of the structure of the initial state. The two molecules forming hydrogen bonds with Mn. are shown in the ball style. The black lines in

(b) show the lattice of the supercell.

! —&— normal
1.2 4 — @ -parallel

-~
0.8

0.6

Energy (eV)

0.4

0.2

0.0

02 T . * & & 1 ¢ ' 1% & * T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 12 14 16

v,z (A)

Fig. 3 The energy changes when dragging Mn. in the normal and parallel
directions from the MnS surface without water.

of Mn, was gradually changed to produce a series of structures
and each structure was relaxed with the constraint that the z
coordinate of Mn. was fixed. The two energy curves are shown
in Fig. 3. From this figure, we can see that to break one parallel

bond, Mn. has to overcome a higher energy barrier. Namely,
the normal bond may break preferentially.

Having obtained the results without H,O molecules, TS
searches were carried out in the presence of H,O molecules.
The first TS (TS1) is reached when the normal bond is 3.17 A
(0.73 A longer than that in the IS, Fig. 4a), which is 0.80 eV
higher than the IS. The bond lengths of the two parallel bonds
are 2.40 and 2.73 A, respectively, a little longer than those in the
IS. After overcoming the TS1, an intermediate state (IM1) was
found, where Mn, is on the bridge site of the two S ions. The
bond length of the normal bond is 4.35 A (about 2 A longer than
that in the IS). The two parallel bonds are 2.50 A and 2.66 A,
respectively, and they are now tilted, as can be seen in Fig. 4b.
The total energy of the IM1 is 0.49 eV lower than that of the TS1.

Then the second TS (TS2) was searched. It was found that
the process of Mn. overcoming the TS2 is the stretching of the
longer one of the two tilted bonds. In the TS2, this Mn-S bond
is 3.22 A, 0.56 A longer than that in the IM1. This state is only
0.02 eV higher than the IM1. After overcoming this small
barrier, Mn. would reach the IM2 where Mn. is on the top site
of one S ion. The IM2 is more stable than the IM1 by an energy
difference of 0.13 eV. In the TS3 and the FS, the bond lengths of

HO: ¢ &
Mn: @ & @
S: @& @

Fig. 4 The states during the Mn. dissolution process. (a—f) are the structures of different states as labeled.
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Table 1 The energy barriers and the stretchings of the specific Mn-S bonds of
the three TSs

E,/eV Dyu/A
TS1 0.80 0.73
TS2 0.02 0.56
TS3 0.89 1.05

the Mn-S bond are 3.39 A and 5.00 A, respectively. The barrier
from the IM2 to the TS3 is 0.89 eV and the reverse reaction
barrier from the FS to the TS3 is 0.66 eV. All the states of the Mn
ion dissolution process are shown in Fig. 4. The energy barriers
(E.) and the stretchings (D) of the specific Mn-S bonds of the
three TSs are given in Table 1. It can be seen that the barrier of
the TS3 is the largest and that of the TS2 is very small, which
will be analysed in the next section. The trend of the energy
barriers is qualitatively consistent with that of the stretchings.
For each TS, the stretching is the difference of the specific
Mn-S bond in the TS and the previous state.

4. Discussion
4.1 The energy profile of the Mn ion dissolution

Fig. 5 shows the energy profile of the whole dissolution process.
It can be seen that the TS1 and the TS3 are the two peaks and
their shapes are similar to each other. The barriers of the two
TSs are also similar (see Table 1), which indicates that there are
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two important steps in the Mn ion dissolution. The effective
barrier of the Mn ion dissolution is 1.07 eV. It means that the
dissolution of MnS in water is difficult, which coincides with
the fact that MnS is an insoluble material in water.

An interesting feature of this energy profile is that the energy
barrier of TS2 is very small compared with those of TS1 and
TS3. The reason for this very small energy barrier may be due to
the existence of a repulsive Mn-Mn interaction. Fig. 6 illustrates
the local bonding around Mn, in the IM1 and the TS2, which
shows the Mn-Mn distance being only 3.43 A, shorter than the
nearest equilibrium distance (3.61 A) between Mn ions in bulk
MnS. This repulsive interaction is reduced (3.43 A in the IM1,
3.63 A in the TS2) when Mn, reaches the TS2. The reduction of
the repulsive interaction will lower the energy of the TS2,
resulting in the very small energy barrier of the TS2.

Because of the small energy barrier of the TS2 and the fact
that the energy of the IM1 is higher than that of the IM2, the
IM1 can be considered an unstable state. To further confirm
this suggestion, an AIMD calculation was performed for the
optimized structure of the IM1 with fixing the bottom layer only.
The IM1 is transformed into the IM2 only after 3 ps: Fig. 7 shows
the length changes of the two Mn-S bonds in the IM1 along the
AIMD trajectory; one Mn-S bond breaks after about 3 ps.

4.2 The comparison between MnS and NacCl dissolution

Our results appear to be reasonable: in the IS, Mn. bonds with
three S atoms and there are three bonds to be broken during
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Fig. 5 The energy profile of Mn ion dissolution. The three inserts shows the local structures of the three TSs. The Mn-S bonds to be broken are shown as dashed lines.

Fig. 6 The local bonding of Mnin the IM1 (a) and the TS2 (b). To show the local bonding more clearly, only the top two layers of MnS and the H,O molecules forming
hydrogen bonds with Mn. are displayed. The arrows indicate the Mn—Mn distances.
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Fig. 7 The bond lengths of the two Mn-S bonds of Mn. in IM1 as a function
of the AIMD simulation time, averaged in 0.5 ps. One Mn-S bond breaks after
about 3 ps.

the dissolution process. Therefore, three TSs located in our
work, corresponding to the breaking of three S-Mn. bonds,
make chemical sense. However, comparing our work with that
of Michaelides and co-workers,*® a major difference can be
found: in the process of NaCl dissolution, Michaelides and
co-workers reported only two TSs during the dissolution pro-
cess of the Na ion. This may seem to be odd because the two
materials possess the same crystal structure and the atomic
model used in this work is almost the same as that about NaCl
dissolution, although the methods used in these two works are
different (total energy calculations in MnS vs. free energy
calculations in NacCl).

Comparing the atomic structures of these states in the Mn
ion dissolution to those of the Na ion carefully, it is found that
the two TSs in the Na ion dissolution are almost the same as the
TS1 and the TS3 in the Mn ion dissolution and the IM in the Na
ion dissolution is similar to the IM2 in the Mn ion dissolution.
As already shown in Section 4.1, the IM1 in the Mn ion
dissolution is kinetically very unstable, which may not exist
in the free energy landscape. Hence, the calculation results of
the two systems are in fact in accordance with each other.
The similarity of the calculation results of the two systems
shows the effectiveness of our calculation method.

1 2.200e-1
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-3.587e-1
-5.516e-1

© =
phn
(€))

View Article Online

Table 2 The z coordinates of ions in the corner sites for NaCl and MnS in the
models with and without H>O molecules and their differences. The unit is A

Na Cl Mn S
w/o H,0 2.50% 2.80% 7.76 8.13
w/ H,0 2.90% 3.30¢ 7.93 8.22
Difference 0.40 0.50 0.17 0.09

% These numbers are estimated from Fig. 3 of ref. 32.

The general pictures of the dissolution processes of the Na ion
and the Mn ion can be considered almost the same, but there are
also some differences in the detail. The two barriers of the Na ion
dissolution are 0.30 eV and 0.22 €V,* respectively, and the corre-
sponding barriers of the Mn ion dissolution are 0.80 eV and
0.89 eV, respectively. The difference in dissolution barriers can be
understood from their different electronic structures. Fig. 8 shows
the electronic charge density difference diagrams of the two
materials. From these two diagrams, we can see that the bonds
between Na and Cl ions are almost ionic while the bonds between
Mn and S ions are partially ionic and partially covalent. There exists
charge accumulation between Mn and S ions. A Bader analysis*'
shows that the effective charges of Mn and S in bulk MnS are +1.1 e
and —1.1 e, differing considerably from their formal charges, while
the calculated effective charges of Na and Cl in bulk NaCl are +1 e
and —1 e, respectively. This means that the Mn-S bonds are more
difficult to break by H,O molecules than the Na-Cl bonds. It
explains the higher barriers of the Mn ion dissolution.

Another difference in the detail is the structures of the two
ISs. Table 2 shows the z coordinates of the ions in the corner
sites of the two ISs. It can be seen that the z coordinates of both
Na and Cl ions are heightened in the presence of H,O mole-
cules compared to those without H,O molecules while the
changes in MnS are much smaller (Na: 0.40 A, Cl: 0.50 A, Mn:
0.17 A, S: 0.09 A), illustrating that the solvation effect of H,O
molecules on the z coordinates of ions in the corner site is more
obvious for NaCl than MnS.

5. Conclusions

This work combines ab initio molecular dynamics, structure
relaxation and the transition state search to study the dissolu-
tion process of the Mn ion at the corner site on the (001) surface
of MnS. The total energy profile and an understanding about

Mn: @
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Fig. 8 The charge density difference diagrams of MnS (a) and NaCl (b). The unit is e A~ and the slices are obtained by cutting the (001) planes.
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this process is obtained. The main conclusions are summarized
as follows:

(1) For the dissolution of the Mn ion at the corner site on the
(001) surface of MnS, there are three transition states and two
intermediate states between the initial and final states. The
three barriers are 0.80, 0.02, and 0.89 eV, respectively. It
indicates that there are two slow steps in the Mn ion dissolution.
The effective barrier of the whole process is 1.07 eV.

(2) In the two IMs, the IM1 is kinetically unstable. One
S-Mn. bond in the IM1 can easily break, leading to the
transformation from the IM1 to the IM2.

(3) The general pictures of the dissolution processes of the
Na ion and the Mn ion are very similar, which originates from
the same crystal structure of MnS and NaCl.

(4) The barriers of the Mn ion dissolution are much larger
than those of Na, which is due to the difference in the bonding
nature of NaCl and MnS. The former is a pure ionic crystal and
the later is partially ionic and partially covalent.
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