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Abstract
The organochlorine contaminants in wastewater can be degraded by using sulfidated nanoscale zero-valent iron. 
However, the specific role of S dopants and the underlying degradation mechanism are largely unknown. In this 
study, we applied ab initio molecular dynamics and density functional theory to investigate the remediation 
mechanism of two chlorinated organic compounds, cis-dichloroethene and tetrachloroethene, focusing on the role 
of sulfur dopant coverage on the nZVI surface, represented by a stepped Fe(211) facet, and compare it to a flat 
(110) surface. Our results revealed that low S coverage facilitates the dissociation of the contaminants due to 
stronger interaction with the iron surface. Conversely, high S coverage initially hinders dissociation but promotes 
adsorption of the contaminants for later dissociation, suggesting a potential benefit for remediation. By comparing 
with the water molecule adsorption energies, we demonstrate that S doping enhances selectivity towards these 
contaminants only at high S coverage. Our theoretical findings, therefore, highlight the importance of optimizing S 
coverage for effective wastewater treatment using sulfidated nanoscale zero-valent iron.

Keywords: Nanoscale zero-valent iron, sulfidation, stepped surfaces, hydrophobicity, density functional theory, 
ab initio molecular dynamics, chlorinated contaminants
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INTRODUCTION
Dense non-aqueous phase liquids (DNALPs), such as cis-dichloroethene (cis-DCE) and tetrachloroethene 
(PCE), pose a significant threat to groundwater resources. Due to their low water solubility and high 
density, they can readily infiltrate and contaminate aquifers, persisting for extended periods[1,2] since they 
can sink below the water table and penetrate into groundwater aquifers. Their widespread use in industrial 
applications, such as cleaning solvents, degreasers, and refrigerants, further exacerbates the problem[3-8]. 
Remediation of these contaminants is challenging, necessitating the development of efficient technologies. 
Nanoscale zero-valent iron (nZVI) in the permeable reactive barriers has exhibited considerable potential as 
a remediation material for removing such chlorinated organic compounds[9-11]. Theoretical studies are still 
limited in understanding the remediation mechanism of chlorinated organic compounds on nZVI. 
Zhang et al. theoretically investigated the interaction between trichloroethene (TCE) and the Fe(100) 
surface[12]. They suggested that the chemical adsorption of TCE was a crucial step in its remediation. Later, 
Lim et al. explored the interaction between cis-DCE, PCE, and TCE with the stable flat Fe(110) surface[13,14]. 
Their results revealed that the removal of the first chlorine exhibited the smallest activation barrier for PCE, 
followed by TCE and, finally, cis-DCE. This observation also demonstrated that the dissociation of chlorine 
from contaminants is vital. Additionally, an increase in Cl atoms in the organochlorine molecules led to 
stronger adsorption on the Fe(110) surface[13,14].

However, nZVI is susceptible to water-induced oxidation and has limited selectivity towards contaminants. 
To address this challenge, sulfidation of nZVI (S-nZVI) has become an emerging technology that offers 
improved resistance to water corrosion and a prolonged reactive lifespan[10,15-23]. Our recent investigation 
into the adsorption of water on S-nZVI revealed that S coverage plays a pivotal role in modifying this 
interaction[24]. Only the high S coverage can render the surface hydrophobic, leading to weak water 
adsorption. The S addition can also increase the electron transfer from the nZVI to the contaminants, 
leading to better remediation of the contaminants[15,23,25-29]. Experimental research has revealed that 
introducing S produces distinct remediation pathways compared to a pristine nZVI surface[11]. While nZVI 
has been observed to undergo hydrogenolysis, the S-nZVI has a tendency towards beta-elimination[9,10,29,30]. 
Consequently, the primary remediation products of organochlorine on the pristine nZVI surface were 
ethane and ethene, whereas acetylene is the primary production on the S-nZVI[29]. However, 
Brumovský et al. also explored the remediation of cis-DCE, PCE, and TCE on iron sulfide surfaces[16,17]. 
They found that these organochlorines can only be physically adsorbed on iron sulfide surfaces. These 
observations underscore the significance of S addition in remediation efforts. However, the previous 
theoretical study about the remediation of organochlorine contaminant is focused on the sulfidized Fe low 
index surface.  Our previous studies have demonstrated that the high index stepped surface has a higher 
reactivity due to the surface atoms at the edge of the step having lower coordination numbers (CN)[24,31,32]. 
Additionally, the stepped surface is abundant in the nanoscale particles. From previous experimental X-ray 
diffraction (XRD) studies, three mainly exposed facets of nZVI particles are {110}, {200} and {211}[33,34]. The 
{200} facet has the same structure as the low-indexed (100) surface. Thus, the {211} facet is the main 
exposed stepped facet in nZVI from the XRD data. Therefore, to comprehensively understand the role of S-
nZVI in the wastewater remediation process, it is imperative to investigate the interaction between the 
contaminant and the sulfidized high index Fe surface, e.g., the (211) surface.

Against this backdrop, this study used the density functional theory (DFT) combined with the ab initio 
molecular dynamics (AIMD) within the Born-Oppenheimer schemes to elucidate the role of S dopants 
within S-nZVI for remediating cis-DCE and PCE. We used the Fe(211) surface as a model for comparison 
with the flat and stable Fe(110) surface. Our theoretical results at the atomic level indicate that the S 
coverage and the surface morphology are the decisive factors of the remediation performance of S-nZVI. 
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The findings offer the needed knowledge in guiding the development of tailored S-nZVI materials for 
efficient degradation of organochlorine contaminants.

METHODS
All DFT computations were performed using the Vienna Ab initio Simulation Package (VASP) based on the 
projector augmented wave (PAW) method with consideration of spin polarization[35,36]. Vaspkit was used to 
build atomic models and post-process the data[37]. The optPBE exchange-correlation energy was employed 
with the consideration of vdW interaction correction[38-41]. OptPBE was chosen as the method of choice as it 
has been shown in our previous studies to accurately represent Fe[24,31]. The electron-ion interaction was 
described using the PAW pseudopotentials, with the 3s23p63d74s1, 2s22p4, 1s1, 3s23p4, 3s23p4 and 2s22p2 treated 
as valence electrons of Fe, O, H, S, Cl and C, respectively[42]. 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, respectively. To represent the solvent effect in the calculations, the 
implicit solvation model was employed throughout this study using the VASPsol package[43,44].

The (110) and (211) surfaces were modeled using the slab models, separated by a vacuum region of 15 Å to 
avoid interaction between the surfaces of neighboring slabs along the z-direction. The interlayer distance 
determined the choice for the number of atomic layers. The (211) surface has a slightly larger interlayer 
distance with a0/ ; hence, seven atomic layers were used. As a comparison, the interlayer distance of the 
(110) surface is a0/ . Thus, only four atomic layers were used. The positions of the atoms in the surface and 
the adsorbates were allowed to relax.

The adsorption energy for chlorinated organic compounds (ΔECE) was calculated using:

where N is the number of molecules per unit cell. EFe-surf,         and ECE are the energies of the intrinsic Fe
surface, the Fe surface with the adsorbed chlorinated organic compounds, and the chlorinated organic
compounds, respectively.

In the AIMD simulations, the (1 × 1 × 1) gamma-centered k-point mesh was applied with a (2 × 2) supercell.
Winmostar was used to build the initial configuration of the AIMD calculations[45]. The canonical ensemble
(NVT) was used with the Andersen thermostat to simulate the dynamic behavior of the water molecules at
350 K. The simulations were run for 3.5 ps with a time step of 1 fs.

RESULTS AND DISCUSSION
Molecular adsorption
The molecular adsorption of cis-DCE and PCE on pristine Fe(211) and Fe(110) surfaces was first 
investigated, along with surfaces with low sulfur coverage (termed LC) and high sulfur coverage (termed 
HC). The optimized cis-DCE molecular adsorption structures are shown in Figure 1. The distances between 
atoms for all the adsorption sites can be found in the Supplementary Tables 1-16. On the flat pristine (110) 
surface, the adsorbed cis-DCE is slightly tilted to the surface. Two Cl atoms are adsorbed above the 3-fold 
hollow site with the adsorption energy of -0.51 eV. Two Cl-Fe bond lengths are 3.46 and 3.16 Å. On the LC 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/microstructures4026-SupplementaryMaterials.pdf
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Figure 1. Molecular adsorption of cis-DCE on pristine, low S coverage (LC) and high S coverage (HC) Fe(110) and Fe(211) surfaces 
(gold: Fe; brown: carbon; green: chlorine; white: hydrogen; yellow: sulfur).

(110) surface, two stable molecular adsorption configurations were identified with relatively weak 
adsorption strengths of -0.42 and -0.44 eV. When the cis-DCE is close to S, the adsorbed molecule has a 
more tilted structure, which leads to one shorter Cl-Fe bond length of 3.76 Å and another with a Cl-Fe bond 
length of 4.62 Å. As a comparison, when the adsorbate is far from the S, the molecular is almost parallel to 
the surface with a Cl-Fe bond length of 4.02 and 3.93 Å. The shorter Cl-Fe bond length in the tilted 
configuration when cis-DCE is close to S may be responsible for the slightly lower adsorption energy. At the 
HC Fe(110), the adsorption energy of cis-DCE is -0.43 eV, which is close to that on the pristine and LC 
Fe(110) surfaces.

Surprisingly, the molecular adsorption of cis-DCE on the pristine Fe(211) surface is strong with an 
adsorption energy of -1.64 eV [Figure 1]. This indicates that cis-DCE undertakes a chemisorption 
spontaneously. It can be ascribed to the specific open stepped surface structure, which enables the direct 
interaction of C and Cl atoms in cis-DCE with the surface Fe atoms at the edge of the stepped (211) surface, 
which have the lower CN of 5 in comparison with that on (110) of 6. The two C-Fe bond lengths on Fe(211) 
are 1.96 and 2.02 Å. The C-Cl bond lengths are 2.40 and 3.26 Å, respectively. Additionally, the C-C bond 
distance increases from 1.34 to 1.46 Å upon this adsorption, showing the breaking of the double π bonds to 
form single C-C bonds. It confirms the important influence of surface morphology on the adsorption 
properties of molecules as we reported before[24,31,32]. After the addition of S both on LC and HC surfaces, the 
C-Fe interaction is blocked with the corresponding C-Fe bond lengths of 3.62, 3.41, and 4.74 Å for each 
surface, respectively. As a result, the adsorption energies of cis-DCE are weaker than that on the pristine 
Fe(211), which are -0.37, -0.44, and -0.45 eV, respectively, as shown in Figure 1. It suggests that the 
sulfidation has a much larger influence on the stepped surfaces in nZVI for the molecular cis-DCE 
adsorption.
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The optimized molecular PCE adsorption structures on the Fe surfaces are shown in Figure 2. The 
adsorption energy of PCE on the pristine Fe(110) surface is -0.74 eV, which is about 45% lower than that of 
the cis-DCE on Fe(110). This agrees with previous studies that the greater number of Cl atoms in the 
organochlorine molecule can lead to stronger adsorption[13,14]. However, the adsorption energies of PCE on 
Fe(211) are much weaker than that of the cis-DCE. This may be due to the large size of Cl. The four Cl 
atoms in PCE effectively prevent the C-Fe interaction, which was observed in the molecular cis-DCE 
adsorption on pristine Fe(211). In contrast to cis-DCE, PCE exhibits a higher adsorption strength on the 
pristine Fe(110) surface compared to the Fe(211) surface. This can be ascribed to the great structure match 
between PCE and the Fe(110) surface, as shown in Figure 2. After the sulfidation at LC and HC, the 
adsorption of PCE on Fe(110) becomes weaker. On the LC Fe(110) surface, the PCE has an adsorption 
energy of -0.66 eV when it is far from the S atoms. When the PCE is adsorbed on top of the S, its adsorption 
energy increases to -0.46 eV. Similar to S-Fe(110) at LC, the PCE adsorption energy increases from -0.65 to 
-0.56 eV when the adsorbed PCE becomes closer to the surface S on LC Fe(211). However, it is found that 
three out of the four sites had the same adsorption energy of -0.65 eV on the Fe(211) surfaces. At the high S 
coverage, the molecular adsorption energies of PCE both on the Fe(110) and (211) are similar, which are 
-0.62 and -0.65 eV, respectively.

PCE exhibits a greater affinity for Fe surfaces compared to cis-DCE, with the exception of a specific 
adsorption configuration where cis-DCE is preferentially adsorbed. On the pristine Fe(211) surface, cis-
DCE undergoes chemisorption via the formation of chemical bonds with surface Fe atoms. This results in 
strong adsorption. In contrast, the adsorption of PCE on the same surface is weaker, exhibiting 
physisorption due to steric constraints imposed by the chlorine atoms.

To further understand the adsorption of the contaminants on the pristine versus sulfur-doped surfaces, 
Bader charge analysis was undertaken. As present in Supplementary Table 17, the charge transfer upon 
adsorption onto the clean Fe(211) surface is significant for PCE (+0.14 |e-|). This suggests a strong 
interaction between the molecule and the surface. A similar trend was observed for low-coverage Fe(110) 
with PCE adsorbed on sulfur (+0.13 |e-|), indicating favorable interaction with the sulfur atom. However, 
PCE adsorption on the other low-coverage Fe(110) site resulted in a weaker interaction (+0.07 |e-|). 
Interestingly, the low-coverage Fe(211) surface exhibited a dependence on the PCE adsorption site. When 
adsorbed between sulfur atoms, PCE gained a moderate charge (+0.09 |e-|), compared to a minimal transfer 
(+0.03 |e-|) when positioned directly on top of a sulfur atom. It is also interesting to see that, unlike the 
Fe(211) surface which had substantial electrons transferred to the PCE, the clean Fe(110) surface exhibited 
minimal charge transfer to PCE (+0.02 |e-|). Notably, high-coverage Fe(211) displayed no significant charge 
transfer, while low-level electron transfer (+0.05 |e-|) was observed for high-coverage Fe(110).

For cis-DCE, the Fe(211) surface again facilitated the greatest electron transfer (+0.50 |e-|), consistent with 
the expected strong chemisorption on this surface. The low-coverage Fe(211) surface with cis-DCE 
positioned between sulfur atoms also exhibited a considerable charge transfer (+0.23 |e-|). Interestingly, 
both low-coverage Fe(110) sites displayed similar charge transfer for cis-DCE, regardless of adsorption 
location on or between sulfur atoms (+0.12 |e-| and +0.13 |e-|, respectively). Finally, for the high-coverage 
sulfur surfaces, both Fe(211) and Fe(110) resulted in minimal charge transfer to cis-DCE (+0.04 |e-| and 
+0.02 |e-|, respectively). These observations conclusively demonstrate that both the inherent surface 
characteristics and the introduction of sulfur atoms significantly impact the charge distribution upon 
contaminant adsorption.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/microstructures4026-SupplementaryMaterials.pdf
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Figure 2. Molecular adsorption of PCE on clean, low sulfur coverage and high sulfur coverage Fe(110) and Fe(211) surfaces (gold: Fe; 
brown: carbon; green: chlorine; white: hydrogen; yellow: sulfur).

Impact of S coverage and surface morphology
To understand the dynamic feature of the degradation mechanism of cis-DCE and PCE, the AIMD 
calculations were conducted over a simulation time of 3.5 ps. The calculated energy profiles are shown in 
Figure 3. The 3.5 ps time scale was chosen because the total energies of all the systems only fluctuate slightly, 
suggesting that the configurations obtained after 3.5 ps AIMD simulation are thermodynamically stable. On 
the pristine surfaces, the energy profiles exhibit more pronounced fluctuations, particularly in the initial 
stages. As a comparison, the total energies have only minor fluctuations over the time period for both cis-
DCE and PCE on the HC surfaces. The energy profiles of the two organochlorine molecules on the LC Fe 
surfaces show a similar trend as that of the pristine surfaces. The energy profiles suggest that the pristine 
surfaces are the most reactive, which can efficiently trigger chemical adsorption after cis-DCE and PCE are 
molecularly adsorbed. As a comparison, the HC Fe surface becomes relatively chemically inert, which may 
not lead to the dissociation of these two contaminants.

Based on the snapshots of the AIMD simulations on the pristine Fe(110) surface with the adsorbed cis-DCE 
and PCE, both the cis-DCE and PCE undergo activation, leading to the dissociation of the chlorines. The 
C-C bonds to the Fe surface, with the H atoms initially staying attached to the cis-DCE molecule 
[Supplementary Figure 1]. During the simulation, one of the H atoms desorbs from the C and binds to the 
Fe surface. For PCE, one Cl dissociates first and adheres to the Fe surface, allowing the molecule to be 
vertically and then horizontally adsorbed on the Fe surface [Supplementary Figure 2]. Subsequently, all the 
Cl atoms dissociate and firmly adsorb onto the Fe(110) surface. In the initial stages of the AIMD 
simulations on pristine Fe(211) with the adsorbed cis-DCE and PCE, both the cis-DCE and PCE molecules 
undergo dissociation, with the chlorines adsorbing to the CN5 Fe atoms on the Fe(211) surface. For cis-
DCE, the C and H atoms remain bonded together, and both C atoms interact with the CN 5 Fe atoms 
[Supplementary Figure 3]. For PCE, the initial adsorption of carbon to the CN5 atom leads to the 
dissociation of two Cl atoms. After that, the third Cl atom dissociated and was adsorbed on the nearby 
CN5 Fe atom [Supplementary Figure 4]. The last Cl atom appears to be activated, indicating potential 
dissociation if the simulation were to run longer.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/microstructures4026-SupplementaryMaterials.pdf
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Figure 3. Energy profiles of cis-DCE and PCE on the pristine, S-doped with low S coverage (LC) and S-doped with high S coverage (HC) 
Fe(110) and (210) surfaces over 3.5 ps.

On the LC Fe(110) surface, both cis-DCE and PCE molecules first undergo distinct configurations 
[Supplementary Figures 5 and 6]. While the cis-DCE adopts a planar form between the S atoms, the Cl 
atoms quickly dissociate and bind strongly to the Fe surface. As a result, acetylene was formed and adsorbed 
on the LC Fe(110) surface. Similarly, the initial steps of the AIMD simulations for PCE involve their 
movement as a molecular state on the surface. The Cl was then activated by the Fe surfaces to be 
dissociated, allowing the direct interaction between C in organochlorine and the surface. Thereafter, the 
second and third Cl atoms dissociate and are shown to be attracted to the sulfur atoms on the surface. The 
fourth chlorine is shown to still be attached to the carbon, but the bond is elongated to 1.76 Å.

On the LC Fe(211), both the cis-DCE and PCE molecules initially remain in their molecular states for 
longer before the dissociation, which suggests that sulfur atoms may initially slow the Cl dissociation 
process, possibly by blocking the interaction between the contaminant and the iron atoms. For cis-DCE, 
acetylene formed through the dissociation of Cl atoms from cis-DCE can be adsorbed onto the CN5 Fe 
atoms on the stepped site on the Fe(211) surface [Supplementary Figure 7]. In the case of PCE, the three Cl 
atoms were dissociated fast in the simulation and bind to the Fe(211) surface. A chloroethylene radical is 
then adsorbed vertically on the Fe(211) surface [Supplementary Figure 8]. Subsequently, all the Cl atoms 
bonded to the CN5 Fe atoms, while the C atoms adhered to the stepped site.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/microstructures4026-SupplementaryMaterials.pdf
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Although the dissociation products adsorbed on the pristine and LC Fe surfaces are similar, AIMD 
simulation results reveal that the dissociation process is different. For both the LC Fe(110) and LC Fe(211) 
surfaces, the addition of sulfur leads to an easier dissociation of the Cl atoms at later stages, which then 
gravitate towards the S atoms. On the LC Fe(211) surface, the by-products of acetylene and chloroethylene 
radical were formed for cis-DCE and PCE, respectively. To this end, both the S coverages and the surface 
morphology have great influences on the adsorption and degradation of cis-DCE and PCE.

The radial distribution function (RDF) is used to describe the distribution of elements in a system as a 
function of distance from a reference element. The peak of the RDF indicates a preferred distance between 
two different elements, while troughs suggest regions with a lower density of the pair of two elements. 
Figure 4 shows the Cl-Fe RDF images on the pristine, LC, and HC Fe surfaces. The first Fe-Cl distance 
peaks can be observed at around 2.3 and 2.0 Å on the pristine Fe(110) and Fe(210) surfaces, respectively. On 
the LC surface, the first peak appears at a slightly larger distance for both contaminants for all but LC-211 
cis-DCE. It suggests the introduction of S dopant can have a certain impact on the adsorption at the low S 
coverage. Following the AIMD simulation on the HC Fe surfaces, no dissociation products were observed. 
Consequently, a significant spatial gap between the Fe atoms and chlorines is depicted in the RDF, 
highlighting the absence of dissociation products in this scenario. This suggests that high sulfur coverage 
can hinder the dissociation of cis-DCE and PCE greatly.

To further understand the properties of the final product with the different S coverage on the flat (110) and 
stepped (211) surfaces, the surface structures of the adsorbed organochlorine obtained from the final 
structure of the AIMD simulations were optimized using DFT to understand the adsorption properties of 
cis-DCE and PCE on clean, LC and HC Fe(110) and Fe(211) surfaces. Figure 5 shows the adsorption 
properties of cis-DCE and PCE on the pristine, LC, and HC Fe(110) surfaces. The distances for all 
dissociated systems are found in the Supplementary Tables 18-28. Both contaminants were dissociated on 
the pristine and LC Fe(110) surface with the adsorption energies about ten times lower than that of the 
molecular adsorption. Both the Cl atoms and one H atom dissociated when cis-DCE was dissociated on 
pristine Fe(110), while the C-C bond remained. The chlorine atoms and the dissociated H atom were 
adsorbed onto the hollow sites. Interestingly, the acetylene was observed after the dissociation of cis-DCE 
on LC Fe(110), which matches the experimental observation reported by Brumovský et al. that the acetylene 
is the primary product on the S-nZVI[29]. As a comparison, the cis-DCE keeps the molecular state on the HC 
Fe(110) surface, which agrees with the study by Brumovský et al.[16] that the organochlorines can only be 
physically adsorbed on iron sulfide surfaces[24,31,32]. A similar trend was also identified when the PCE was 
adsorbed on the pristine, LC and HC Fe(110) surface. Due to the strong Fe-Cl interactions, the adsorption 
energies of dissociative PCE on the pristine and LC Fe(110) surface are lower than that of the cis-DCE. On 
the HC Fe(110) surface, the adsorption energy of the cis-DCE is close to its molecular adsorption energy. As 
a comparison, the adsorption energy of PCE is 0.21 eV higher than its molecular adsorption energy. This 
may be ascribed to the high mobility of PCE on the HC surface due to the weak adsorption. As a result, the 
initial structure from the AIMD simulation shifts from the global minimum point.

The adsorption properties of both contaminants on the pristine, LC and HC Fe(211) surfaces are depicted 
in Figure 6, demonstrating a similar trend to that observed on Fe(110). Both contaminants were dissociated 
on the pristine and LC surfaces. Again, the acetylene was observed after the dissociation of cis-DCE on LC 
Fe(110), which matches the experimental observation[29]. The adsorption energy of the dissociated PCE is 
lower than that of the dissociated cis-DCE. On the HC Fe surfaces, PCE adsorbed molecularly. This is in 
agreement with Brumovský et al., who reported only molecular adsorption occurred on FeS(001) with 
-0.63 eV for PCE[16]. On Fe(211), the C and Cl atoms were adsorbed onto the Fe atoms at the edge of the 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/microstructures4026-SupplementaryMaterials.pdf
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Figure 4. Radial distribution function between the iron and chlorine atoms on the pristine (red), LC (orange) and HC (black) Fe(110) 
and Fe(211) surfaces.

Figure 5. Optimized adsorption structures of cis-DCE and PCE on the pristine, LC and HC Fe(110) along with the corresponding 
adsorption energies (gold: Fe; brown: carbon; green: chlorine; white: hydrogen; yellow: sulfur).
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Figure 6. Optimized adsorption structures of cis-DCE and PCE on the pristine, LC and HC Fe(211) along with the corresponding 
adsorption energies (gold: Fe; brown: carbon; green: chlorine; white: hydrogen; yellow: sulfur).

stepped surface with the lowest CN of 5. For the PCE, the C-C bond broke with one chlorine adsorbing on 
the side of the step, while the other carbon remained connected to one chlorine and adsorbed on top of the 
CN5 Fe atom. The other chlorine atoms were adsorbed on the bridge site of the Fe(211) surface. 
Additionally, the molecular adsorption energies of cis-DCE and PCE are -1.03 eV for and -0.64 eV, 
respectively, on the HC Fe(211) surface. The higher adsorption energy of cis-DCE compared to its 
molecular adsorption can still be ascribed to high mobility of cis-DCE on the HC surface due to the weak 
adsorption. As a result, the initial structure from the AIMD simulation shifts from the global minimum 
point.

Furthermore, the adsorption energies of both contaminants on HC Fe(210) are much lower than those on 
the HC Fe(110) surface. The different structural and energetic properties of both contaminants on Fe(110) 
and (210) suggest that the stepped surface in nZVI is more reactive for removing the organochlorine. This 
agrees with our previous studies that the surface Fe atoms have higher reactivity due to their lower 
CN[24,31,32]. Our AIMD results further propose that the S atoms on the stepped surface may still have a higher 
reactivity toward the physical adsorption of the organochlorine contaminants. To further understand the 
role of the S dopants on the stepped surface, the Partial Density of States (PDOS) of the Cl atom in cis-DCE 
or PCE and their closest S atoms both in HC Fe(110) and Fe(210) surfaces were analyzed along with the 
PDOS of the Cl atom in the molecularly adsorbed contaminants on the pristine surface, which are shown in 
Figure 7. On the HC surface, the peaks of Cl states in the bonding energy move towards the lower energy 
level. One example of this state shift can be found in the dash lines in Figure 7. This band shift towards the 
lower energy level suggests that the surface S can have considerable interaction with the molecular 
contaminants. Especially, the shift is stronger when S is on the HC Fe(211) surface, which indicates that the 
S on the HC Fe(211) surface is more reactive than that on the HC Fe(110) surface. The high reactivity of S 
on HC Fe(211) can further be demonstrated by the stronger overlap between the Cl and S states at the range 
between [-7, -5] for cis-DCE and [-6, -4] for the PCE on the HC Fe(211) surface.
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Figure 7. Partial Density of States (PDOS) of S p and Cl p orbitals on the HC Fe(110) and Fe(211). The Cl p orbitals of the unabsorbed 
contaminant was added for comparison to the adsorbed states (green: chlorine; orange: sulfur).

Competitive adsorption of water
As the main benefit of S-nZVI is its increased selectivity towards contaminants, we investigate the selectivity 
through the comparison of the molecular adsorption properties between water and two contaminants on 
the pristine, LC and HC Fe(110) and Fe(211) surfaces. The water adsorption properties on the sulfidized 
surfaces have been studied with the inclusion of the solvation effect [Supplementary Figure 9]. In Figure 8, 
the adsorption selectivity towards cis-DCE and PCE was quantified. Using the molecular water adsorption 
energy as the reference of 0, the positive values shown in Figure 8 suggest a higher selectivity toward the 
contaminant adsorption. The corresponding adsorption energies are listed in Supplementary Table 29. On 
the pristine (110) surface, the cis-DCE exhibits weaker adsorption in comparison with the water adsorption. 
On the pristine (211) surface, cis-DCE has a strong adsorption with -1.64 eV compared to molecular water 
adsorption with -0.70 eV. As a result, the cis-DCE can be highly selectively adsorbed on the stepped surface. 
However, the adsorption of PCE on the pristine (211) surface is weaker than that of water molecules. To this 
end, the selectivity of the adsorption of the contaminants is largely determined by the surface morphology 
and the contaminants species. On the LC surfaces, cis-DCE adsorption cannot compete with that of water 
when the adsorbed cis-DCE are far from the surface S and directly interact with the surface S atoms. 
However, the adsorption of cis-DCE will become highly selective when the cis-DCE is adsorbed on S atoms. 
Meanwhile, the PCE has a stronger adsorption on all LC Fe surfaces. As the S coverage further increases, the 
adsorption of cis-DCE and PCE becomes dominant on all HC Fe surfaces. These results demonstrate that 
increased S coverage can significantly improve the selectivity of the contaminant adsorption on both the flat 
and stepped surfaces with the nZVI.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/microstructures4026-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/microstructures4026-SupplementaryMaterials.pdf
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Figure 8. The energy differences (ΔE) between water and contaminant adsorption by using the water adsorption energy as the 
reference of 0 eV. The positive energy difference indicates a higher selectivity towards the contaminant adsorption (blue: cis-DCE; 
orange: PCE).

CONCLUSIONS
In this study, we used cis-DCE and PCE as the model organochlorine contaminants to theoretically 
investigate the impact of the S coverage and the surface morphology of the S-nZVI on their remediation 
performance. First, the sulfidation of Fe(110) and Fe(211) can increase selectivity towards cis-DCE and 
PCE. To this end, S-nZVI can remediate these contaminants more successfully. Our DFT and AIMD results 
successfully explained the reported experimental observations. For example, the acetylene product can only 
be formed on the LC Fe surface, which is in agreement with the beta-elimination mechanism shown in 
experimental studies[27]. As a comparison, the organochlorine cannot be efficiently dissociated when the S 
coverage is high, as observed on the iron sulfide surfaces[16,17]. Thus, the high S coverage can only benefit the 
remediation of organochlorine contaminants through the adsorption mechanism. However, moderate S 
coverage is required to degrade the organochlorine molecules if they are to be decomposed and reduced by 
surface Fe atoms on nZVI. This study provides valuable theoretical insights into the interplay between S 
doping and nZVI surface characteristics, guiding the development of optimized S-nZVI materials for 
efficient and targeted remediation of chlorinated organic contaminants in wastewater treatment 
applications.
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