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Abstract

Bare and sulfidized nanoscale zerovalent iron (bare NZVI or Fe® and S-NZVI, respectively) has been widely
utilized for environmental restoration. During the degradation and sequestration of contaminants of concern (COCs)
such as chlorinated organics and toxic metals, interfacial detoxification reactions are governed by the physical
chemistry of the iron oxide shell of bare NZVI and the iron sulfide shell of S-NZVI: magnetite (Fe3Os) and
mackinawite (FeS), respectively. Because interfacial reactions generally cannot be directly and experimentally
monitored, this study examines first-principles methods based on the use of the density functional theory (DFT) as a
simulation tool to help understand interfacial phenomena. In this study, DFT approaches with and without long-range
van der Waals interactions (so-called DFT and DFT-D2 approaches, respectively) were employed. The simulated unit
cell parameters and electronic density of states (DOS) of bulk FesO4 and FeS were modeled using both DFT and
DFT-D2 methods and compared with previous experimental results where these were available. We reveal that there
was strong agreement between the simulated properties and previous experimental results. Nevertheless, for both
Fe304 and FeS, the DFT-D2 method performed better than the DFT method in terms of the accuracy of simulated unit
cell parameters. Furthermore, the DFT-D2 method simulated the DOS of both materials effectively. The DOS of Fe304
supports electron transfer from the central octahedral-Feg layer to the outer tetrahedral-Fea layer, while the DOS of
FeS potentially explains the decrease of the NZVI aging effect and enhanced treatment for hydrophobic contaminants
due to sulfidation reported in literature. This research projects that DFT-D2 can be used as a tool of choice for
understanding the interaction between COCs and Fe3O4 and FeS surfaces at nanoscale in order to develop the
environmental applications of nanomaterials. For this purpose, further modification of the model is required to properly
downscale the computation from bulk to nanoscale materials.

Keywords: density functional theory (DFT), electronic density of states (DOS), simulation, surface energy, Unit cell
parameter.

1. NOMENCLATURE VASP: Vienna Ab-initio Simulation Package
XPS: X-ray photoelectron spectroscopy

DFT: Density functional theory XRD: X Jiffracti
: X-ray diffraction

DFT-D2: Method combining the DFT energy with a

correction to the long-range dispersion interactions 2. INTRODUCTION
GGA: Generalized gradient approximation )
KS: Kohn-Sham Nanoscale zerovalent iron (NZVIL, or Fe’) has been

widely utilized for environmental restoration due to its
high reactivity with halogenated organic pollutants,
heavy metals, and other inorganic pollutants (Phenrat et
al., 2016; Phenrat et al., 2018; Phenrat and Lowry,
2019). Nevertheless, as a side reaction between Fe® and

LEED: Low energy electron diffraction

PAW: Projector augmented-wave

PBE: Generalized gradient approximation density
functional developed by Perdew, Burke and Ernzerhof
STM: Scanning tunneling microscopy
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water in aquatic environments, NZVI oxidative aging
results in unintended H, production and electron
depletion and competes with intentional reactions for
contaminant abatement (Liu et al., 2005; Liu et al.,
2007; Mackenzie and Georgi, 2019; Phenrat and Lowry,
2019). NZVI aging leads to surface passivation and a
short reactive lifetime unfavorable for environmental
engineering applications due to the associated increase
in material and operational costs. The main chemical
reaction involved in NZVI aging is the oxidation of iron,
which generally leads to the formation of a Fe(II)/(III)
iron oxide shell. Magnetite (Fe3O4) is often a major
oxide phase formed under anaerobic conditions. Intrinsic
magnetic attraction caused by Fe;O4 is the dominant
driving force for the agglomeration of NZVI, negatively
affecting both suspension stability and transport in
saturated porous media. Moreover, although Fes;Os is
widely used as the main component of industrial
catalysts in numerous processes, there is no agreement
on either the termination of its main surfaces or the
thermodynamics of the redox reactions taking place on
them (Reinsch et al., 2010) while the Fe® core is
shrinking (Mackenzie and Georgi, 2019; Phenrat and
Lowry, 2019). Thus, during the detoxification of
chlorinated organics or the sequestration of toxic metals
and metalloids in the subsurface using NZVI,
contaminants of concern (COCs) will interact with the
magnetite surface and not the Fe® surface. Consequently,
understanding interfacial interactions between COCs
and the Fe3O4 surface is important for the research and
development of NZVT for engineering applications.

On the other hand, as an engineering attempt to
alleviate the aging effect, sulfidation can be used to
modify NZVI, resulting in the transformation of the
NZVI surface to mackinawite (FeS). Sulfidized NZVI
(S-NZVI) creates a nucleophilic zone on the particle
surface with a lower density of H atoms compared to
NZVI, which reduces the recombination of H atoms to
form H, (water-induced corrosion). However, it
enhances the P-elimination pathway for halogenated
carbon compounds by facilitating the adsorption
between positively charged carbons (o position) and the
nucleophile (S**)(Fan et al., 2016; Phenrat and Lowry,
2019). The FeS surface not only alleviates Fe? aging but
also enhances reactivity and improves electron
selectivity for targeted contaminants (Fan et al., 2016;
Phenrat and Lowry, 2019). For example, during the
dechlorination of chlorinated organics such as
trichloroethene (TCE), S atoms on the FeS surfaces
appear to induce the formation of acetylene through
B-elimination, which consumes less electrons than the
hydrogenolysis pathway (Su et al., 2019). Due to the
high conductivity of FeS (Su et al., 2019), the
dechlorination rate through B-elimination is accelerated.

Furthermore, S results in low H atom density, which is
not favorable for further hydrogenolysis of acetylene to
ethene or ethane because the formation of ethene and
ethane from acetylene occurs in high H atom density
zones. This means that TCE dichlorination via S-NZVI
consumes less electrons than via bare NZVI. Several
mechanisms have been hypothesized for the enhanced
reactivity and selectivity of S-NZVI compared to bare
NZVI. First, S-NZVI is more hydrophobic than bare
NZVI, resulting in less interaction with water and
charged solutes and greater interaction with hydrophobic
contaminants, such as chlorinated organics. Second, the
incorporated sulfur lowers the electron transfer
resistance of Fe’ to the contaminant. Third, the
incorporated sulfur blocks the adsorption sites for
atomic hydrogen and inhibits the water reduction
reaction and H, evolution (Xu et al., 2021).

These hypotheses have been proposed as a basis for
the roles of NZVI aging and sulfidation in groundwater
detoxification. Nevertheless, surface reactions are
difficult to directly measure and quantify. For this
reason, density functional theory (DFT), a form of
molecular modeling, is a tool of choice to examine these
hypotheses. The accuracy of the DFT is comparable
with correlated molecular orbital methods but requires
substantially less computational effort (Wimmer, 1996).
Because of its computational advantages, DFT has
evolved as the most important quantum mechanical
approach in solid-state physics (Politzer et al., 1993;
Dahl and Avery, 2013) and can handle large, periodic
systems that are intractable when using correlated
molecular orbital methods (Labanowski and Andzelm,
2012). In DFT, the energy is decomposed into
contributions from kinetic energy, the Coulomb energy,
and exchange-correlation energy. Although this
decomposition is exact, its implementation requires
approximations since the actual functionals for the many
body exchange and correlation energies are unknown.

In this study, as the first step towards understanding
bare and S-NZVI interfacial reactions at nanoscale, we
examine the electronic and magnetic properties of bulk
Fe304 and FeS via two different DFT tools and compare
the modeling results with measurable parameters, where
these are available, for calibration. In future studies, the
calibrated model can be used as a base model for the
modification and modeling of non-measurable
phenomena at  nanoscale for  environmental
nanotechnology applications.

3. COMPUTATIONAL METHODS AND
MODEL EVALUATION

Atomistic model simulations based on Density
Functional Theory (DFT) are undeniably the most
popular quantum chemical methods for analyzing the
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structure-property relationships of crystalline
compounds. DFT has gained significant popularity in
solid-state physics. The choice of the functional and
basis set are the two most critical variables that must be
determined before commencing DFT calculations, and
this choice greatly influences the results obtained. Fig. 1
shows two DFT approaches were used for all
calculations and optimizations in this study. First, we
carried out spin-polarized quantum mechanical
calculations PBE was performed using a uniform
Monkhorst and Pack grid of 21 x 21 x 21 for sampling
BZ and density of states (DOS), because it provides a
better description of the structure of solids than its
parent functional (De la Pierre et al., 2011). Second, we
also using density functional theory (DFT) as
implemented in the Vienna Ab-initio Simulation
Package (VASP) (Kresse and Hafner, 1993; Kresse and
Furthmiiller, 1996). The Perdew-Burke-Ernzerh
functional (PBE) (Perdew et al., 1992; Perdew et al.,
1996) was the version of the generalized gradient
approximation (GGA) used as the exchange correlation
functional for all geometry optimizations and for the
calculation of electronic band structure integration over
the Brillouin zone (BZ). The utilized the DFT-D2
proposed by Grimme to model long-range van der
Waals interactions (Grimme, 2006). Although these
interactions were not expected to significantly affect the
bulk properties of the hard solids investigated here, we
included the D2 correction at this stage because in future
work we expect to study the surfaces of these solids
under interactions with COCs at nanoscale, where
dispersion effects may play a significant role (Santos-
Carballal et al., 2014; Santos-Carballal et al., 2018). The
projector augmented wave (PAW) pseudopotential
method (Blochl, 1994; Kresse and Joubert, 1999) was
used to describe the core electrons and their interactions
with the valence electrons, i.e. those in level Fe(3s, 3p,
3d, 4s) and Fe(2s, 2p). The kinetic energy cutoff for the
planewave basis set expansion was set at 520 eV for the
geometry optimizations, in order to avoid Pulay stress
arising from the cell shape relaxations(Mackenzie and
Georgi, 2019). The BZ was examined using 11 x 11 x
11 and 5 x 5 x 1 Monkhorst-Pack mesh k-points for
bulk and surface calculations, respectively (Monkhorst
and Pack, 1976). During relaxation, the energy
convergence defining the self-consistency of the
electron density was 10 eV, while the Feynman forces
acting on each atom were minimized until they were
<0.01 eV/A.

Nanomaterials and bulk materials are both
fundamental particle types, but the key distinction
between nanomaterials and bulk materials is their 'size.'
Nanomaterials have dimensions ranging from 1-100
nanometers, at least in one dimension, whereas bulk
materials have sizes greater than 100 nanometers in all
dimensions. Furthermore, bulk materials exhibit periodic
crystalline arrangements occurring periodically in an

orderly manner, while nanomaterials lack such
characteristics. In addition, they possess differing
chemical and physical properties, leading to diverse
applications. To simulate Fe3O4 (magnetite, Fd3m space
group and octahedral structure), a cubic inverse spinel
structure with a lattice constant of 8.396 A and eight
formula units (Fe24O32) was set as an initial structure
(Weiss and Ranke, 2002; Yang et al., 2010). The O
anions formed a close-packed face-centered cubic
(FCC), which was sublatticed with Fe?>*and Fe’' sites;
one site in the tetrahedral coordinate was occupied only
by Fe**, while the other sites in the octahedral
coordinate were equally occupied by Fe3" and Fe?" ions.
In this work, the magnetite model which used ionic
cores was described by the ultrasoft pseudo potential
(Vanderbilt, 1990). On the other hand, to simulate FeS
(mackinawite, P4/nmm space group) (Lennie et al.,
1995; Dzade et al, 2013; Dzade et al., 2014), a
tetragonal structure consisting of two Fe and two S
atoms (Berner, 1962) was set. A non-magnetic state was
modeled in this study according to work by Devey et al.
which revealed that the stable ground state of FeS is
non-magnetic (Devey et al., 2008). This effect has been
ascribed not only to the strong covalency of the Fe—S
bond but also to extensive d-electron delocalization
within the sheets (Vaughan and Ridout, 1971).

Modeling all possible starting configurations as
model systems

!

DFT and DFT-D2 Calculations

VASP input files preparation

.t 1

Bulk
Properties

NZVI1 S-NZV1

Fe;0, (Magnetite) FeS (Mackinawite)
space group; Fd3m space group; P4/nmm
Octahedral structure Tetrahedral structure

Figure. 1 Flowchart of all the DFT and DFT-D2 steps in this study

As for model evaluation, two major indicators were
assessed. Lattice parameters and bond distances
optimized by both simulation approaches for both bulk
materials were compared with the measured lattice
parameters and bond distances of the corresponding bulk
materials as experimentally quantified using scanning
tunneling microscopy (STM), low-energy electron
diffraction (LEED) and X-ray photoelectron diffraction
(XPD) in previous studies. While these DFT simulations
yield graphical profiles of electron density in states at
different energy levels, these profiles cannot be
monitored experimentally; rather, only the energy band
gap can be experimentally measured using a
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photoconductive light detector. Thus, the simulated band
gaps of the two DFT approaches were compared against
the experimental band gap values. Understanding the
entire electron density profiles at different energy levels
is important, since this governs bulk properties such as
specific heat, paramagnetic susceptibility, and other
transport phenomena of conductive solids.

4. RESULTS AND DISCUSSION

4.1 Structural Properties of Fe;O4 and FeS

Fig. 2 demonstrates the simulated magnetite (Fe3Os)
unit cells adhering to the face centered cubic pattern. It
shows the presence of eight formula units (z parameter)
within each magnetite unit cell. The super cell
parameters optimized using the DFT and DFT-D2
methods are shown in Table 1.

Figure. 2 Schematic illustration of bulk bare-NZVI (Fe;0,4) Color
scheme: Fe = brown and O = orange.

Notably, the super cell parameters optimized by both
the DFT and DFT-D2 methods in this study
substantially agree with previous experimental results
obtained using STM, LEED and XPD (Barbieri et al.,
1994; Kim-Ngan et al., 2004). Nevertheless, the super
cell parameters optimized by DFT-D2 agree with the
experimental results better than those optimized by
DFT, suggesting that long-range van der Waals
interactions are relevant for modeling magnetite
structures. For example, the a = b = ¢ values optimized
by DFT-D2 and DFT were 8.324 A and 8.533 A,
respectively, while the experimental a = b = ¢ value was
8.396 A. Similarly, the d(Fe.-O) values optimized by
DFT-D2 and DFT were 1.850 A and 1.939 A,
respectively, while the experimental d(Fee-O) value
was 1.880 A. Finally, the d(Feoc-O) values optimized by
DFT-D2 and DFTwere 2.079 A and 2.082 A,
respectively, while the experimental d(Fe,.-O) value
was 2.070 A.

Table 1 Optimized bulk structural parameters of magnetite
(Fe304) compared with lattice parameters and bond distances
from previous studies.

. Experimental
Unit cell prr | PFT- (Barbigri ctal., 1994;
parameters (A) D2 Kim-Ngan et al., 2004)
a=b=c 8.533 | 8.324 8.396
d(Few-O) 1.939 | 1.850 1.880
d(Feo-O) 2.082 | 2.079 2.070

In the simulated mackinawite (FeS) structure (Fig.
3), each iron atom was arranged in tetrahedral
coordination with sulfur in a square lattice. This yielded
edge-sharing tetrahedral layered sheets, which were
stacked along the c-axis and stabilized via van der Waals
forces (Dzade et al., 2013; Dzade et al.,, 2014). The
sulfur atoms were positioned on the elongated sides of
the unit cell. The super cell parameters optimized by
DFT and DFT-D2 from this initial structure are shown
in Table 2.

Notably, the super cell parameters optimized by both
DFT and DFT-D2 in this study agree well with previous
experimental results measured using XRD, TEM and
XPS (Berner, 1962; Lennie et al., 1997; Jeong et al.,
2008). Initially, we carried out geometry optimizations
of the FeS structure without accounting for van der Waal
forces (i.e., DFT only) and found that the interlayer
spacing was overestimated. For example, the lattice
parameters produced by DFT after a full geometry
optimization converged to @ = b =3.587 A, c =5.484 A,
and c/a ratio = 1.529 A, which is 12% greater than the
c/a ratios; this compares well with the range of previous
experimental values reported in Table 2.

Fe

Figure. 3 Schematic illustration of bulk (a) S-NZVI (FeS). Color
scheme: Fe = brown, S = yellow.

Nevertheless, as previously mentioned, standard
DFT-based methods often result in poor estimation of
the inter-layer spacing of most layered structures,
including FeS. For this reason, by implementing the
DFT-D2 method of Grimme to account for the weak
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dispersion forces, we predicted the interlayer separation
distance as 4.861 A. This is only 3% lower on average
than previous experimental results (Lennie et al., 1997),
confirming the importance of this correction to include
dispersion forces for an accurate prediction of the
interlayer separation distance in FeS. Using the DFT-D2
theoretical method described above and allowing all
atoms to fully relax until the required accuracy was
reached, we calculated the unit cell parameters at a =b =
3.564 A and ¢ = 4.861 A with c/a ratio = 1.364 A, which
compares well with the range of experimental values
reported in Table 2 (Berner, 1962; Lennie et al., 1997,
Jeong et al., 2008).

Table 2 Optimized bulk structural parameters of mackinawite
(FeS) compared with lattice parameters and bond distances
from previous studies.

Unit cell Experiment
parameters DFT DFT-D2 | (Lennie etal., 1997)
A)
a=b 3.587 3.564 3.650
c 5.484 4.861 4.997
c/a 1.529 1.364 1.363
d(Fe-S) 2.160 2.156 2.240
d(Fe-Fe) 2.536 2.520 2.598

4.2 Electronic Structure of Fe;O, and FeS
Band structure

Fig. 4 shows the electronic band structure of Fe3O4
in the Fd3m unit cell simulated by DFT-D2. Red lines
show valance bands, while blue lines represent
conduction bands. The X-axis illustrates the Brillouin
zone (BZ), defined as a Wigner-Seitz primitive cell in
the reciprocal lattice specified with systematic symbols
of the cell, such as Z, R, and M points (Monkhorst &
Pack, 1976), while the Y-axis illustrates the energy of
the band (eV). This simulated result provides insight
into several measurable or observable physicochemical
characteristics of the materials. For example, Fig. 4
shows that the band gap was calculated as 0.82 eV,
which is similar to the band gap measured by
photoconductor (1.26 eV) (Marand et al., 2014).
Moreover, the Z point in the X-axis shows a direct band
gap where the valance band and the conduction band
meet, confirming the pattern of a metal electronic
structure, which is in good agreement with the metal
nature of Fe3Os4. The PBE results indicate that cubic
Fe;04 is a half-metallic oxide, with the majority spin
band exhibiting insulating or semiconducting behavior
and the minority spin band showing metallic behavior.

3
z&/

Energy (eV)

Spin down

Energy (eV)

=L G X w K

Figure 4 DFT-D2(PBE) electronic band structure of Fe;O, in the
Fd3m unit cell and. The partial charge density at valence band
maximum or conduction band minimum (VBM or CBM, as indicated
with an arrow). The Fermi level (=zero of energy, see text) is shown as
a dashed line.

Fig. 5 shows the electronic band structure of FeS in
the P4/nmm unit cell simulated by DFT-D2. Similar to
the electronic band structure of Fe;Oy, the red lines show
valance bands while the blue lines represent conduction
bands. Similarly, as shown in Fig. 5, the band gap was
calculated as 0.60 eV, which is similar to the band gap
measured by photoconductor (0.95 eV) (Sun et al.,
2011). Moreover, the M point on the X-axis shows a
direct band gap where the valance band and the
conduction band meet, confirming the pattern of a metal
electronic structure, which is in good agreement with the
metal nature of FeS.

Spin up

Energy (eV)
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Spin down

Energy (eV)

3 _

4

G X M G z

Figure. 5 DFT-D2(PBE) electronic band structure of FeS in the
P4/nmm unit cell . The partial charge density at valence band
maximum or conduction band minimum (VBM or CBM, as indicated
with an arrow). The Fermi level (=zero of energy, see text) is shown
as a dashed line.

Density of states (DOS)

Moreover, the simulation results also shed some light
on phenomena which are technically difficult to directly
examine. For example, it is technically challenging to
measure electron transfer from Fe® through a Fe;Oq
shell, especially for nanosized particles, but the DFT-D2
can simulate the electronic density of states (DOS) for
bulk Fe3;O4 (Fig. 6(a)), and this can be used to predict
electron transfer potential across the iron oxide shell.
Theoretically, electron transfer takes place when the
energy of electrons in inner orbitals (E) minus the
energy of valance electrons (Ef) becomes greater than
the Fermi energy. At T = 0 K, the Fermi energy is equal
to zero. Thus, according to Fig. 6(a), the DOS
corresponding to E-Er > 0 eV represents the electrons
which can transfer from the central octahedral-Feg layer
to the outer tetrahedral-Fex layer (Fig.1). Because DOS
is essentially the number of different states at a
particular energy level that electrons are allowed to
occupy, i.e. the number of electron states per unit
volume per unit energy, the DOS corresponding to
E-Er >0 represents the number of electron states per unit
volume per unit energy which can transfer from the
inner orbitals of Fe;O4 (i.e., the central octahedral-Feg
layer) to the outer orbital (i.e. the outer tetrahedral-Fea
layer). Similarly, for the DOS corresponding to E-E¢< 0,
electron transfer from the inner orbital to the outer
orbital will not occur. In sum, the DOS results in Fig. 6
(b) reveal the potential for electron transfer across the
Fe304, which cannot be experimentally measured.

Interestingly, the simulated DOS of FeS shown in

Fig. 6(b) provides potential explanations for the
decrease of the NZVI aging effect and enhanced
treatment of hydrophobic contaminants by S-NZVI

reported in the literature (Fan et al., 2016; Phenrat and
Lowry, 2019). For Fe-d states, the DOS corresponding
to E-E¢ >0 is less than E-Ef <0, while for S-p states, the
DOS corresponding to E-E¢ >0 is greater than E-E; <0,
suggesting that electron transfer is more favorable
through the S than through the Fe of the FeS (Fig. 3).

Thus, NZVI aging is decreased by the presence of
FeS because there is less NZVI oxidation due to less
electron transfer through the Fe. On the other hand,
treatment of hydrophobic COCs such as chlorinated
organics is enhanced due to the hydrophobicity and high
electron transferability of S producing high electron
selectivity and utilization through hydrophobic COCs.
S-NZVI generates much more hydroxyl radicals for
pollutant degradation through a one-electron transfer
pathway than NZVI. Nevertheless, the simulation in this
study focused on bulk FeS and not nanoscale FeS.
Further modification of DFT-D2 to simulate nanoscale
FeS is needed to accurately explain these findings on
S-NZVI.

B, | [—Total
Fe d-states

(2)

[—— O dstates

DOS/arb.units

(b) Z

DOS/arb.units

E-E, /eV

Figure. 6 DFT-D2(PBE) density of states of (a) Fe;O; in the Fd3m
unit cell and (b) FeS in the P4/nmm unit cell . The Fermi level (=zero
of energy, see text) is shown as a dashed line.
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5. CONCLUSION

We present a computational study of the inversion
thermodynamics of the bulk and electronic band
structure and density of states (DOS) of bulk Fe;O4 and
FeS using first principles methods based on the density
functional theory. Both DFT and DFT-D2 were
implemented, and the results compared with previous
experimental results. The simulated properties
substantially agree with previous experimental results.
Nevertheless, for both bulk Fe3Os and bulk FeS,
DFT-D2 performed better than DFT in terms of the
accuracy of simulated unit cell parameters. Both DFT
and DFT-D2 can also simulate the DOS of both
materials effectively. The DOS of Fe;O4 supports
electron transfer from the central octahedral-Feg layer
to the outer tetrahedral-Fea layer, while the DOS of FeS
potentially explains the decrease of the NZVI aging
effect and enhanced treatment of hydrophobic
contaminants due to sulfidation reported in the literature.
This research illustrates that DFT and DFT-D2 can be
tools of choice for further modification of interfacial
Fe3;0s and FeS surface modeling, as well as their
interaction with COCs at nanoscale for environmental
engineering applications.
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