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1. Introduction

Nanoscale zero-valent iron (nZVI) has great potential as a cost-
effective and highly reactive material for groundwater remedia-
tion due to its large surface area and strong reductive capability.[1–4]

Its performance for specific contami-
nants is strongly related to surface
hydrophobicity.[3,5–10] However, nZVI has
limitations regarding its reactive lifetime,
contaminant selectivity, and mobility in
subsurface environments, as water can eas-
ily oxidize nZVI through a side reaction of
H2 evolution.[2,3,9,11–17] One solution to
address this issue is the sulfidation of
nZVI to form sulfidated nanoscale zero-
valent iron (S-nZVI). In previous studies,
S-nZVI has enhanced selectivity toward
contaminants, improved reactivity, and
extended the reaction lifetime.[16,18–20]

This is because the H2 evolution side reac-
tion can be suppressed by inhibiting the
Fe/water interface.[4,9,11,12,21–23] In addi-
tion, sulfidation can make the surface more
hydrophobic,[1,14,17] which favors the selec-
tive adsorption of hydrophobic contaminants,
such as chlorinated organic compounds.[20,24]

The addition of sulfur to the Fe surface also
increases charge redistribution, leading to a
more reactive surface with a small bandgap

that facilitates efficient electron transfer from the Fe core to the sur-
face of the particles.[1,3,9,12,21] In contrast, when nZVI is oxidized, the
bandgap increases, resulting in less efficient electron transfer.[12]

Two methods can be used to produce S-nZVI: the one-step
cosulfidation method and the two-step postsulfidationmethod.[3,11,19]

In the one-step cosulfidation method, dissolved iron is reduced
by sulfur species (such as Na2S or Na2S2O4), forming S-nZVI. In
contrast, the two-step postsulfidation method involves first syn-
thesizing nZVI and then sulfidation is carried out. The main dif-
ference between these two methods is that the one-step method
forms sulfur species in the Fe0 core and, to a lesser extent,
throughout the surface layer of the S-nZVI particles.[11,12] In con-
trast, the two-step method of producing S-nZVI involves sulfida-
tion of presynthesized nZVI. The core Fe0 structure remains
unchanged, indicating that sulfur is only adsorbed onto the sur-
face of the particles.[11,12,25] Numerous studies have been carried
out to investigate the distinctions and resemblances between
one-step and two-step S-nZVI production methods. One of the
primary differences between these methods is related to hydro-
phobicity. One-step synthesized S-nZVI has a higher ratio of sul-
fur, which results in a hydrophobic surface.[4] In contrast, the
two-step method produces S-nZVI with a more hydrophilic in
comparison with the one-step S-nZVI surface shown by the mea-
sured water contact angle.[4] This difference in hydrophobicity
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Nanoscale zero-valent iron (nZVI) has demonstrated high potential for the
remediation of contaminated groundwater. Its lifetime is directly related to the
hydrophobicity of nZVI. A promising approach to enhance the lifetime of nZVI is
through sulfidation. Herein, the density functional theory (DFT) is applied to
understand the impact of sulfidation on the hydrophobicity of stepped Fe sur-
faces. Adsorption properties of sulfur (S) at different coverages on the flat Fe(110)
and stepped Fe(210) and Fe(211) surfaces are investigated. Sulfur has the
stronger adsorption at a low surface coverage due to limited S–S repulsion. At the
highest coverage (⊖= 1ML) on Fe(210) and Fe(211), the atoms at the step edges
catalyze the formation of iron sulfides. The DFT results show surface hydro-
phobicity is mainly determined by the S coverage. At the low S coverage, the
surface may become more hydrophilic due to the enhanced adsorption strength
of water on the surface. However, an increase in the S coverage can efficiently
block water adsorption, which is further evidenced by ab initio molecular
dynamics (AIMD) results. The findings show that controlling S coverages is
essential to engineer the hydrophobicity of nZVI surfaces for practical water
remediation applications.
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has implications for the reactivity of S-nZVI toward hydrophilic
and hydrophobic contaminants, as well as the reactive lifetime of
the particles. Thus, the coverage of sulfur on the Fe surface is
critical depending on the target contaminant.[4,5,24,26]

The density functional theory (DFT) simulations have been
used in a number of studies to reveal the atomic properties of
S-nZVI. Cao et al. undertook a DFT study to investigate the effect
of sulfur on the Fe(110) surface.[9] Studies have shown that when
sulfur is adsorbed onto Fe(110), it leads to a more hydrophobic
surface, which is indicated by an increase in the distance between
the surface and water molecules. The presence of surface sulfur
atoms blocks the adsorption sites of hydrogen atoms in water,
slowing down the H2 evolution side reaction. In a study by
Xu et al.,[17] computational methods were used to investigate
water and hydrogen adsorption on pyrite (FeS2) and mackinawite
(FeS) surfaces and compare them with experimental results.
They found that the pyrite surface was more hydrophobic due
to the higher ratio of sulfur on the surface. On both surfaces,
hydrogen was unable to be adsorbed onto the sulfur atoms
and instead migrated from the S atom to the Fe atoms. This find-
ing supports the idea that sulfur has a hydrophobic effect, which
affects water adsorption and can also sterically hinder hydrogen
adsorption on the Fe surface. Cao et al. employed DFT calcula-
tions to investigate the effect of sulfur on and in the Fe(110)
surface.[11] In their study, S-in-Fe(110) represents the “one-step”
S-nZVI, where sulfur is incorporated into the Fe bulk structure,
whereas S-on-Fe(110) represents the “two-step” S-nZVI, where
sulfur is only adsorbed onto the surface without affecting the
Fe bulk. The Fe(110) surface was highly hydrophilic, with water
molecules adsorbing very favorably onto the Fe surface.
However, both S-in-Fe(110) and S-on-Fe(110) were found to
be hydrophobic. S-in-Fe(110) was observed to block the highest
number of hydrogen adsorption sites, mainly due to its effect on
the Fe surface atoms. In contrast, S-on-Fe(110) blocked fewer
hydrogen adsorption sites, acting mainly as steric hindrance.

In our previous research, we discovered that stepped surfaces
can significantly influence water adsorption and dissociation
processes.[27–29] Specifically, we used Fe(210) and Fe(211) as
model systems and found that stepped surfaces are more reactive
andmore susceptible to corrosion by water than flat Fe(110).[27,28]

However, our current understanding of S-covered stepped nZVI
surfaces are limited. To address this knowledge gap, we con-
ducted DFT simulations with van der Waals correction to inves-
tigate S-doped Fe(211), and Fe(210) surfaces with either high or
low S coverage. Our findings indicate that stepped nZVI surfaces
are more readily sulfidized at high S coverage (⊖= 1ML).
Moreover, high sulfur coverage changes the hydrophilic Fe sur-
faces to a hydrophobic one.

2. Computational Details

All DFT computations were performed using the Vienna
Ab initio Simulation Package (VASP) based on the projector aug-
mented wave (PAW) method with consideration of spin polari-
zation.[30,31] Vaspkit was used to build atomic models and
postprocess the data.[32] The optPBE exchange-correlation energy
was employed with the consideration of vdW interaction
correction.[33–36] OptPBE was chosen as the method of choice

as it has shown in our previous papers to accurately represent
Fe. The electron–ion interaction was described using the PAW
pseudopotentials, with the 3s23p63d74s1, 2s22p4, 1s1, and
3s23p4 treated as valence electrons of Fe, O, H, and S, respec-
tively.[37] A plane-wave basis set with a cut-off kinetic energy
of 520 eV was used. The gamma-centered k-point meshes with
a reciprocal space resolution of 2π� 0.04 Å�1 and 2π� 0.02 Å�1

were utilized for structural optimization and static self-consistent
calculations, respectively. The convergence criteria for the self-
consistent electronic and structural optimization loop were set
to 1� 10�5 eV and 1� 10�3 eV Å�1, respectively.

The (110), (211), and (210) surfaces were modeled using the
slab models, separated by a vacuum region of 15 Å to avoid inter-
action between the surfaces of neighboring slabs along the
z-direction. The interlayer distance determined the choice for
the number of atomic layers. The (210) surface has the smallest
interlayer distance of a0/

ffiffiffiffiffi

20
p

, where a0 is the lattice constant. As
such, 21 atomic layers were used here. The (211) surface has a
slightly larger interlayer distance with a0/

ffiffiffi

6
p

, hence 13 atomic
layers were used. As a comparison, the interlayer distance of
the (110) surface is a0/

ffiffiffi

2
p

. Thus, only seven atomic layers were
used as previous studies have demonstrated that calculated sur-
face properties could be converged when the layer number is
higher than five.[38] When the surface structures were optimized,
the bottom 3, 5, and 7 layers were fixed at the bulk position for
the (110), (211), and (210) surfaces, respectively. The positions
of the atoms in the other topmost layers and the adsorbates were
allowed to relax.

The adsorption energy for sulfur (ΔES) and molecular water
(ΔEH2O) was calculated using the formulas:

ΔES ¼ 1
N

EFe=S surf � EFe surf � NES
� �

(1)

ΔEH2O ¼ 1
N

Ead H2O � Esurf � NEH2O
� �

(2)

where N is the number of adsorbate molecules per unit cell.
EFesurf , Esurf , and Ead H2O are the energies of the intrinsic Fe sur-
face, the Fe surface with or without the adsorbed sulfur, and the
surface with adsorbed water, respectively.

In the ab initio molecular dynamics (AIMD) simulations, the
(1� 1� 1) gamma-centered k-point mesh was applied with a
(2� 2) supercell. To build the initial configuration of the
AIMD calculations, PACKMOL in Winmostar was used.[39]

The canonical ensemble (NVT) was used with the Andersen ther-
mostat to simulate the dynamic behavior of the water molecules
at 350 K. The simulations were run for 4 ps with a step of 1 fs
applied. The Fe–O radial distribution function (RDF) was calcu-
lated based on the distance between the oxygen in water and the
iron surfaces.

3. Results and Discussion

3.1. Sulfur-Doped Fe Surfaces

First, different sulfur (S) adsorption sites were investigated on
Fe(110), Fe(210), and Fe(211). Various S coverages (θ) were con-
sidered on each surface to determine the coverage effect on their
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adsorption properties. The coverage is defined as the ratio between
adsorbed S and the topmost surface Fe atoms in each surface cell.
For Fe(110) and Fe(211), the coverages of 1, 1/2, and 1/8ML were
investigated. While on Fe(210), four different coverages at 1, 2/3,
1/3, and 1/12ML were considered. All the adsorption sites inves-
tigated along with the coverages, adsorption energy, and bond
length are listed in Table S1–S3, Supporting Information.

Figure 1 shows the stable adsorption configuration of S
on Fe(110) at the different coverages. At the lowest coverage
1/8ML, our DFT results reveal that the fourfold hollow site is
the energetically preferred adsorption site, which is consistent
with data reported by Spencer et al.[40] There are two short
Fe─S bonds with a length of 2.19 Å, which is almost identical
to the reported Fe─S bond length at the GGA level.[40] And
two long Fe─S bonds with a length of 2.50 Å. When the coverage
increases from 1/8 to 1/2ML, the S─S bond length decreases
from 5.66 Å to 2.83 Å when S adsorbs at the 4fh sites, which leads
to the weakened adsorption energy of S atoms. Consequently, the
S atoms prefer to adsorb at the threefold hollow (3fh) sites with
longer S─S distances, while the coordinate number of S in terms
of Fe changes from 4 to 3. This indicates that the S─S repulsion
can greatly affect the adsorption strength of S on Fe(110) surfa-
ces. This is further demonstrated by the weaker adsorption
strength when the S coverage increases to 1ML. The adsorption
energy is only about 2/3 of that when the coverage is 1/8ML due
to the shorter S–S distance and strong S─S repulsion.
Accordingly, the shortest S─Fe bond length also increases from
2.19 to 2.34 Å at the coverage of 1ML.

On the Fe(211) surface, a similar trend was observed
(see Figure 2). At the lower coverage of 1/8ML, S atoms prefer
to adsorb at the fourfold hollow (4fh) site to maximize the coor-
dination number to the surface Fe atoms. When the coverage
increases to 1/2ML, the threefold hollow (3fh) is energetically
preferred to minimize the S–S repulsion. Different from S
adsorption on Fe(110) at the coverage of 1ML, half of the S atoms
are 3.87 Å higher than the topmost layer of the surface on the
Fe(211) surface. The rest of the S atoms adsorb at the 4fh site.
The strong S–S repulsion can be ascribed to the smaller S–S dis-
tance on Fe(211). At the coverage of 1ML, the S–S distance along

the y direction is 2.45 Å on Fe(211), which is 16% shorter than on
Fe(110). Interestingly, the S adsorption strength on Fe(211) is
slightly weaker than that on Fe(110) when the S coverage is
low. However, the S atoms more tightly interact with the
Fe(211) surface at the coverage of 1ML, which may be due to
the reduced S–S repulsion by elevating half of the S atoms
above the surface. Again, the adsorption properties on Fe(211)
confirm the importance of S–S repulsion at high coverage.

Four sulfur coverages were investigated on the Fe(210) surface
at 1, 2/3, 1/3, and 1/12ML. The most stable adsorption config-
urations are shown (see Figure 3). At the low coverage of
1/12ML, the most stable adsorption site is a sixfold hollow
(6fh) site at the edge. When the S coverage increases to 1/3
and 2/3ML, S atoms adsorb onto both 6fh and 3fh sites. At
the highest coverage of 1ML, S atoms adsorb on 6fh, 3fh, and
a top bridge site. These sites are associated with the surface Fe
atoms with the lowest coordination number of 4 (CN4) at the
edge. Consequently, the CN4 Fe atoms in the stepped (210) sur-
face dissociate from the rest of the surface atoms, which may fur-
ther cause the formation of surface sulfides, e.g., FeS and FeS2, as
observed in experiments.[8,11] Our DFT results, therefore, suggest
that the sulfidation of nZVI may start at the stepped facets of
nanoparticles. These findings also support the occurrence of iron
dissolution during the formation of iron sulfides. This is consis-
tent with previous experimental observations that suggest the
initial dissolution of iron during iron sulfide formation.[9]

Additionally, it agrees with a separate investigation that highlights
the increased iron dissolution observed when comparing S-nZVI
to pristine nZVI.[41] The iron dissolution can be ascribed to the
Kirkendall effect, where outward diffusion of iron is faster than
the inward diffusion of sulfur. This phenomenon leads to the for-
mation of hollow structures under conditions of high sulfur con-
tent and prolonged sulfidation time.[25] However, the theoretical
understanding of the Kirkendall effect is beyond the scope of this
study and will be the subject of future investigations.

At higher coverage, the adsorption energies increase on all
Fe surfaces, which means weakened adsorption, as sulfur
adsorption depends on the distance between the sulfur atoms.
The larger S─S distance may strengthen the adsorption of S

Figure 1. The top (up) and side (down) views of the most stable atomic configurations of Fe(110) surface with adsorbed S atoms at different coverages
with the distances between adsorbed S atoms (brown= Fe, yellow= S).
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atoms, as evidenced by the S adsorption on (110) and (211) sur-
faces at the coverage of 1/2ML. This demonstrates that the S─S
repulsion has a high impact on the adsorption properties of S.
According to our previous research, the strength of oxygen atom
adsorption on the Fe surface is dependent on the number of asso-
ciated Fe atoms, the coordination number of surface Fe atoms,
and Fe─O bond length. Conversely, these factors have little
impact on adsorption strength at low S coverage. Specifically,
the adsorption energies for S on all three surfaces are compara-
ble, with a minimal difference of 0.1 eV, while for oxygen, the
difference is greater than 0.5 eV. This disparity could be attrib-
uted to the weaker interaction between S and the surfaces. The
partial crystal orbital Hamilton population (-pCOHP) analysis
was conducted at the most favorable adsorption sites on
the three Fe surfaces at the lowest coverage to understand the
bonding mechanism between the atomic sulfur and the
associated Fe atoms. The bonding and antibonding mechanisms
can be characterized based on the positive and negative overlap
populations. The covalent bond strengths between Fe and
S atoms are quantitatively determined by taking the integral
of -pCOHP (-IpCOHP) up to the Fermi level. The trend follows
(110) > (211) > (210), which is further supported by the partial
density of states (pDOS) shown in Figure 4. The covalent

bonding can be related to the hybridization between the Fe
3 d states and S 4p states at the bonding energy range from
�6 to �4 eV. On the (110) surface, the hybridization between
states is the strongest, as suggested by the largest overlap.
Such hybridization is weakest on the (210) surface, which
matches the COHP conclusion. This covalent bonding strength
trend is the same as the corresponding S─Fe bond lengths,
which are 2.17, 2.30, and 2.36 Å on the (110), (211), and (210)
surfaces, respectively. This trend is different from the COHP
analysis result between O and surface Fe atoms, which follows
(211)> (210)> (110).[28] This may be ascribed to the strong cova-
lent S─Fe bonding characteristics. As a result, the bond length
becomes the dominant factor in determining the covalent bond-
ing strength, as suggested by the -IpCOHP values and pDOS
patterns.

3.2. Water Adsorption on Sulfur-Doped Fe Surfaces

Our previous study demonstrated that nZVI is hydrophilic
and water adsorption and dissociation processes occur spontane-
ously.[27] The surface atoms mainly catalyze the water dissocia-
tion with low CNs at stepped Fe(210) and Fe(211) surfaces. To
explore the sulfidation impacts on the hydrophobicity of nZVI,

Figure 2. The top (up) and side (down) views of the most stable atomic configurations of Fe(211) surface with adsorbed S atoms at different coverages
with the distances between adsorbed S atoms (brown= Fe, yellow= S).

Figure 3. The top (up) and side (down) views of the most stable atomic configurations of Fe(210) surface with adsorbed S atoms at different coverages
with the distances between adsorbed S atoms (brown= Fe, yellow= S).
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we conducted a comprehensive investigation to examine the
effect of adsorbed S atoms on the highly reactive steps of
Fe(210) and Fe(211) compared to the thermodynamically stable
Fe(110) surface (Table S4 and S5, Supporting Information).

Two sulfur coverages at 1/8 and 1/2ML were considered for
molecular water adsorption on the Fe(110) surface. On the
1/8ML coverage, the water was found to be �0.45 eV, which
is similar to the pristine Fe(110) surface with adsorption energies
of �0.43 and �0.47 eV. In contrast, it was found that the water
adsorption was very weak at 1/2ML coverage when water is
adsorbed near the S. This is because the Fe─O interaction
was significantly weakened, as evidenced by Fe─O bond distance
of 4.65 Å at an S coverage of 1/2ML. For comparison, the bond
distance between Fe─O on the pristine Fe(110) surface was 2.25
and 2.77 Å at the water coverage of 1/8 and 1/2ML. This suggests
that an increase in the adsorption of S atoms on the Fe(110) sur-
face can effectively reduce hydrophilicity. At 1/2ML S adsorp-
tion, the adsorption strength of molecular water is mainly due
to hydrogen bonding between H atoms and adsorbed S atoms,
as shown in Figure 5. The H─S bond lengths. Our results agree
with the reported results of Li et al. and Cao et al. that sulfur

adsorption on the Fe(110) surface can lead to a more hydrophobic
Fe(110) surface.[11,42]

On the (211) surface, two sulfur coverages at 1/8 and 1/2ML
were investigated for molecular water adsorption (see Figure 6).
On the pristine Fe(211) surface, the water adsorption energy is
�0.60 eV. At the low sulfur coverage of 1/8ML on the (211) sur-
face, the water adsorption is more favorable with �0.66 eV. The
enhanced water adsorption strength can be ascribed to the
synergetic interactions between water and the S-doped Fe(211)
surface. The O in H2O can still interact with active surface Fe
atoms with a low coordination number on the pristine surface.
In contrast, the H atom in water can form a hydrogen bond with
S atoms, as evidenced by the short H─S distance of 3.13 Å. Such
strong water adsorption was not observed on the S-doped Fe(110)
surface. This may be ascribed to the flat Fe(110) surface without
active surface atoms with low coordination numbers and specific
stepped configurations. When the S coverage increases to
1/2ML, all the active surface Fe atoms have been effectively
blocked by the S atoms. Consequently, the shortest distance
between the O atom in water to surface Fe atoms increases to
4.48 Å. Similar to that on the S-doped Fe(110), the adsorption

Figure 4. Partial crystal Hamilton population (-pCOHP) analysis between the bond of the adsorbed sulfur atom and the surface with the lowest CN at the
most favorable adsorption site of three Fe surfaces. The bonding and antibonding states are positive and negative, respectively. The upward and
downward arrows indicate spin up and down states, respectively.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2023, 2300055 2300055 (5 of 10) © 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advenergysustres.com


of molecular water is mainly through S─H bonding. The shortest
S─H bond length is 3.15 Å. As a result, the adsorption energy of

molecular water on the S-doped (211) surface is �0.16 eV at the
S coverage of 1/2ML, which is almost identical to that on the
S-doped (110) surface.

The adsorption properties of molecular water on the Fe(210)
surface were investigated at three different coverages (1/12, 1/3,
and 2/3ML). Figure 7 shows the most stable adsorption config-
urations at different coverages. At 1/12 and 1/3ML sulfur cover-
ages, the water adsorption energies are �0.68 and �0.77 eV,
respectively, which are even lower than that of molecular water
adsorption on the pristine Fe(210) surface of �0.63 eV. This is
because the O atom in water can still interact with the surface
Fe atoms. The shortest Fe─O bond lengths are 2.51 and
2.74 Å at a coverage of 1/12 and 1/3ML, respectively. At the same
time, the H atoms in water can form bonds with the surface S
atoms when the coverage of water is low. The shortest S─H bond
lengths are 2.57 and 2.01 Å at 1/12 and 1/3ML coverage, respec-
tively. At 1/3ML coverage, both hydrogens on the water molecule
interact with the preadsorbed sulfur atoms, resulting in even
more favorable adsorption. The Fe─O distance was 2.21 Å at
1/12 coverage and 3.07 Å at 1/3ML coverage. A higher S cover-
age of 2/3ML was investigated on the Fe(210) surface to assess
its impact on the water and Fe interaction. It was found that at
this higher coverage, the adsorption was weaker (�0.25 eV), with
the Fe–O distance increasing to 3.78 Å. All the considered sites,
coverage, adsorption energy, and bond lengths can be found in
Table S4 and S5, Supporting Information.

In summary, our DFT results demonstrate that a low S cover-
age on the stepped surface has a minor impact on hydrophobic-
ity. The existence of S─H bonding can even increase the
hydrophilicity of the stepped surface. However, when the S cov-
erage increases moderately to 1/2 and 2/3ML on Fe(211) and
Fe(210), respectively, water adsorption on the surface can be
greatly weakened. As a result, the stepped surface can become
hydrophobic at relatively high S coverages. S-nZVI is a special
material that can incorporate sulfur either into the bulk of the
iron or exclusively on the surface. Two methods, namely cosul-
fidation, and postsulfidation, are commonly employed for this
purpose.[6,11,42] In the cosulfidation method, sulfur reacts with
the ZVI core, resulting in the formation of iron sulfides, such
as mackinawite and pyrite.[11,17] In contrast, the postsulfidation
method involves the adsorption of sulfur exclusively onto the sur-
face of the pristine nZVI.[11,25] In our study, we specifically

Figure 5. The top (up) and side (down) views of the most stable water
adsorption atomic configurations on S–Fe(110) (brown= Fe, yellow= S,
red=O, white=H).

Figure 6. The top (up) and side (down) views of the most stable atomic
configurations of S–Fe(211) surface (brown= Fe, yellow= S, red=O,
white=H).

Figure 7. The top (up) and side (down) views of the most stable molecular water adsorption on S–Fe(210) (brown= Fe, yellow= S, red=O, white=H).
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focused on the postsulfidation S-nZVI variant, where sulfur is
solely present on the surface. The cosulfidation method, as inves-
tigated by Kolos et al.,[2] involves the formation of iron sulfides
within the nZVI, resulting in materials such as mackinawite
and pyrite. Their findings align with our research. Both studies
revealed that the introduction of sulfur does not necessarily
increase the hydrophobicity of the surface. Our study demonstrated
that only a high coverage of sulfur resulted in weaker adsorption.
This is consistent with their observations regarding mackinawite,
where water is repelled, and hydrogen and sulfur bonds are
formed. In the case of pyrite, their study observed stronger water
adsorption compared to the plain Fe(111) surface, primarily due to
the bonding between oxygen and Fe, as well as hydrogen and sulfur
interactions. Interestingly, the higher sulfur content in pyrite led to
stronger adsorption, indicating that the structure of sulfides also
plays a subtle role in determining hydrophobicity.

3.3. Water Adsorption on Clean and Sulfur-Doped Fe Surfaces
using Ab Initio Molecular Dynamics

Since the above DFT studies largely ignore the interaction
between the water molecules, these results can only be used
to understand the adsorption properties of individual water mol-
ecules on S-doped Fe surfaces. To better understand the Fe/water
interface, atomic models of the interface with the explicit water
molecules on the surfaces were built. AIMD calculations were
completed for both the pristine Fe surfaces and the sulfur-doped
surfaces at S coverages of 1/2ML on Fe(110) and (211). On the
Fe(210) surface, both 1/3 and 2/3ML coverages were considered.
The snapshot structures during AIMD are shown in Figure 8. To
quantify the hydrophobicity of each surface, the radial distribu-
tion function (RDF) was investigated to measure the water mole-
cule placement toward the Fe surfaces (Figure 9).

Figure 8. Screenshots of the atomic structures of Fe/water interface without or with adsorbed S atoms at the specific ML coverage (⊖) after 4-ps AIMD
simulations.
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On the pristine surfaces, Fe─O bonds have been formed dur-
ing the simulation, as shown in Figure 8. It is noted that the O in
water mainly interacts with the surface Fe with the lowest CN on
the stepped (211) and (210) surfaces. Again, this matches our
previous study showing that surface Fe atoms with low CN
are active for molecular water adsorption. After the sulfidation
at 1/2ML S coverage, there are almost no Fe─O bonds formed
on the Fe(110) and Fe(211) surfaces, which suggests that the sur-
face changed from hydrophilic to hydrophobic—this is consis-
tent with the DFT results on the molecular water adsorption
properties. On the Fe(210) surface, we can still observe Fe─O
bonding at 1/3ML coverage, which suggests that the S coverage
is still too low to completely block water adsorption on this
stepped surface. However, unlike single molecular water adsorp-
tion, there is no bonding between S and H in the adsorbed water
molecules. In contrast, the H atoms in the adsorbed water can
form hydrogen bonds with O atoms in other water molecules.
This can be understood because H─O hydrogen bonding is
stronger than the S─H bond. Additionally, the S─H bonding
is the main contribution to the molecular adsorption on the three
S-doped Fe surfaces at high S coverage in our DFT results. As a
result, water adsorption can be further weakened due to the
stronger O─H hydrogen bonding in the water solution as shown
by the AIMD simulations. It was found that the high sulfur cov-
erage on Fe(210) surface led to the breakdown of the Fe surface
due to the migration of the sulfur into the Fe bulk. This is
because at a high coverage sulfur atoms form strong bonds with
the Fe atoms in the surface. This can cause a surface reconstruc-
tion leading to changes in the arrangement and stability of the
surface atoms.

The Fe-O RDF analysis further supports the impact of sulfi-
dation on the hydrophobicity of three Fe surfaces. As shown
in Figure 9, there is a peak at 2.1 Å on the three pristine Fe sur-
faces. This peak can be ascribed to the molecularly adsorbed
water on the surface with relatively short Fe─O bonds. After
the sulfidation at a relatively high S coverage (1/2ML on
Fe(110) and Fe(211), 2/3ML on Fe(210)), this peak disappears.
Interestingly, the peak around 2 Å still has a much lower height

on the Fe(210) surface when the S coverage is 1/3ML. This con-
firms that the surfaces become more hydrophobic after sulfida-
tion, even though the single water molecule on the S-doped
surface may have stronger adsorption. Such subtle differences
can be explained by the existence of relatively strong hydrogen
bonding between water molecules in the liquid phase. Based
on the AIMD results, the water adsorption can be efficiently
blocked by sulfidation, which could significantly improve the life-
time of nZVI. Our AIMD results also demonstrate that sulfidized
Fe surfaces’ hydrophobicity is linked to the S coverage. This S
coverage-dependent behavior matches reported experimental
observations. The one-step synthesized S-nZVI has a higher S
coverage, which results in a hydrophobic surface.[4] In contrast,
the S-nZVI from the two-step method produces a hydrophilic
surface because the sulfur is only present on the surface and
not incorporated into the particles. The agreement between the-
oretical and experimental results suggests the consideration of
steps in nZVI is essential to provide a holistic understanding
of the impact of sulfidation on the hydrophobicity of nZVI par-
ticles. It is worth noting that The Fe–O PDF patterns of the
Fe(210)/water and S-doped Fe(210)/water interfaces obtained
using a denser (2� 2� 1) k-point mesh exhibit remarkable sim-
ilarity to those obtained using the (1� 1� 1) k-point mesh, as
shown in Figure S1, Supporting Information. This suggests that
the gamma-only k-point mesh used in the AIMD analysis of this
study is sufficient.

4. Conclusion

This study investigated the addition of sulfur on stepped nZVI
surfaces to weaken the molecular water and Fe interaction. It was
found that the addition of sulfur can weaken the interaction at
both low and high coverages. At all surfaces at low coverages,
the water molecule was able to have a weak interaction above
the sulfur atom and a stronger interaction above the uncovered
Fe atom. At high coverages, however, Fe(110) and Fe(211) had
weak molecular water adsorption from any angle. However, at

Figure 9. Radial distribution function (RDF) between the oxygen in the water molecule and the surface Fe atoms at different sulfur ML coverage (⊖).
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1/3ML coverage on the Fe(210) surface, due to uncovered Fe
atoms, strong molecular water adsorption was able to occur (cov-
erage needed to increase to 2/3ML to prevent this interaction).
AIMD calculations were also conducted to investigate the impact
of water liquid (in comparison to just one for the DFT calcula-
tions). It was found that the surface became even more hydro-
phobic with the consideration of a greater number of water
molecules as the water molecules formed O─H bonds between
themselves instead of forming S─H bonds. This study demon-
strates that the ratio of sulfur is important and changes the prop-
erties of the nZVI surface. Our results support the experimental
studies that a higher ratio of sulfur leads to a more hydrophobic
surface. Our results also reveal that the addition of sulfur at the
low S coverage can lead to more favorable water adsorption
dependent on the water molecule angle due to the formation
of the hydrogen and sulfur bonding as well as the Fe and oxygen
interaction. Further studies can use these results to investigate
the best sulfur coverage on nZVI for targeting the remediation
of hydrophobic and hydrophilic contaminants.
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