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Iron sulfide nanoparticles play an essential role in the global biogeochemistry sulfur cycle and the origin of

life. Controlling phase and morphology is essential but a great challenge for nanomaterials. Herein, we have

investigated surface energy, morphology, thermodynamic stability, and phase evolution of FexSy
nanoparticles through density functional theory calculations and Wulff construction. The sulfur-rich

surfaces become more stable under higher sulfur chemical potential with low temperature and high partial

H2S pressure, while the trends of sulfur-poor surfaces are reversed. Thermodynamic equilibrium phase

diagrams imply that the intrinsic iron is sulfurated to mackinawite (FeS) and further to the polymorphs of

FeS2 when the particle size is larger than 5 nm. When the size is decreased to 2 nm, the mackinawite (FeS)

could be sulfurated to pyrrhotite (Fe7S8) and greigite (Fe3S4) and finally to the pyrite (FeS2) phase.

1. Introduction

The structure–property relationships become more
comprehensive at the nanoscale than the bulk counterparts
because of additional variables and quantum confinements,
and the properties of nanoparticles are closely connected to
their composition, particle size, morphology, and surface
structure.1,2 Controlling phase and morphology during
synthesis is essential for the design, property tailoring, and
functional management of nanomaterials.

Iron sulfide nanoparticles (FexSy) play an essential role in
the global biogeochemistry sulfur cycle and the origin of life
because they are active towards nitrogenases and
hydrogenases. Served as magnetic and anti-corrosion
materials, FexSy has also attracted tremendous attention.3,4

In heterogeneous catalysis, FexSy has been widely used in
direct coal to liquid (DCTL),5 heavy oil refining,6

electrochemistry,7,8 and organic synthesis.9

In these processes, the effects of phase, surface structure,
and morphology on the properties of iron sulfide
nanoparticles have been explored to a certain degree. In the
DCTL process, it is commonly believed that the pyrrhotite
(Fe1−xS) has superior catalytic activity than other sulfur-rich
phases.10 When serving as electrocatalysts for proton
exchange membrane (PEM) electrolyzers, the experiments
lead to the conclusion that the activity for HER follows the
sequence FeS2 > Fe3S4 > Fe9S10.

11 But for specific FeS2,
Conway and co-workers demonstrated that in more alkaline
conditions, the surface reactivity is less reversible than in
acid solutions since the alkaline solution could induce a
thicker surface region, suggesting that the surface structure
also plays an important role in catalytic performance.12 In
anti-corrosion science, researchers reported that protection
occurs only when the mackinawite scale was negatively
charged.13,14

Besides, the different binding energies between the
surface and adsorbates induced by surface structure could
lead to distinct catalytic activity.15 In the CO2 reduction
reaction, the passivation of Fe3S4(111) by a layer of adsorbed
HCO3

− inhibits the water reduction reaction, while for
Fe3S4(100) surface, the passivation is slight since the binding
strength between the substrate and HCO3

− is weak.16 Tetsuro
Soejima and Nobuo Kimizuka demonstrated that the selective
adsorption of surfactants on (210) planes induces plate-like
monoclinic Fe7S8 nanocrystals.17 Similarly, Zhang et al. also
confirmed that the adsorption of capping reagents on facets
is responsible for the shape-selective synthesis of Fe3S4 and
Fe7S8 nanoparticles.18 For iron sulfide morphology, Jasion
et al. demonstrated that the two-dimensional (2D) FeS2 disc
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nanoparticles present remarkably high electrocatalytic activity
for HER compared to one-dimensional (1D) FeS2 wires and
other morphologies.19

The synthesis of iron sulfide with controlled phase and
morphology remains a great challenge. There are myriads of
structures for iron sulfide, from sulfur-poor compositions,
mackinawite (FeS), troilite (FeS), pyrrhotite (Fe1−xS), to sulfur-
rich ones, greigite (Fe3S4), pyrite (FeS2), and marcasite
(FeS2).

20 Lennie et al. employed X-ray diffraction and found
that when the temperature is above 373 K, the mackinawite
could be transformed rapidly to greigite, and successively to
pyrrhotite (Fe1−xS) and magnetite mixture with temperature
above 593 K.21 Pyrite have been reported to transform to
pyrrhotite in inert environments near 500 °C.22 Under H2S
atmosphere, Butler et al. found that mackinawite could be
transformed to greigite, and finally to pyrite at 333 K.23 Li
et al. demonstrated mackinawite (FeS) can be transformed to
pyrrhotite (Fe9S10) at 423 K and subsequently to pyrrhotite
(Fe7S8) above 573 K.24

Despite these efforts, the relationship between the surface
structure, morphology, and phase evolution of FexSy
nanoparticles under dynamic conditions is still obscure,
which would be desirable for high efficiency FexSy
nanomaterial applications. The theoretical simulation could
provide guiding tools for the tailored synthesis of desired
architecture in experiments. Herein, we have investigated the
surface stability and equilibrium crystal morphology of seven
representative iron sulfide phases under dynamic external
conditions using an approach that combines density
functional theory (DFT), ab initio atomistic thermodynamics,
and atomistic Wulff construction. Based on the predicted
equilibrium morphology, the thermodynamic stability and
phase evolution of iron sulfide nanoparticles with different
sizes are explored.

2. Calculation methods and models
2.1 Calculation methods

All DFT calculations were carried out using spin-density-
functional-theory with projected augmented wave (PAW)
method,25 as implemented in VASP code.26 For the k-points
sampling of Brillouin zone, the Monkhorst–Pack method was
used,27 for bulk phases optimization, 11 × 11 × 6 is used for
FeS-M and FeS-T, 4 × 4 × 2 for Fe9S10, 5 × 5 × 2 for Fe7S8, 6 ×
6 × 6 for Fe3S4 and FeS2-P, and 9 × 7 × 12 for FeS2-M phase.
Monkhorst–Pack grid of K-points used for slab models are
presented in ESI† Table S1. The cut-off energy of the basis
plane waves is 500 eV. The electronic relaxation criterion is
that the change in total energy between two successive steps
should be less than 1.0 × 10−5 eV per atom. All atoms were
relaxed to their equilibrium positions when the maximum
forces on all atoms are less than 0.02 eV Å−1. According to
systematic functional benchmark, PBE + U (Ueff = 2.0 eV)
could give reasonable structure parameters.28 But PBEsol
functional could deliver more rational thermodynamic
formation energy for iron sulfides (ESI† Table S2), consistent

with previous studies.29,30 Therefore, all calculations in the
current work were based on these metrics. The structure
relaxation was performed with the PBE + U method, and the
thermodynamic calculations were carried out with the PBEsol
approach.

2.2 Calculation models

We focus on the seven representative phases of iron sulfide
reported experimentally. They are mackinawite (FeS-P4/nmm,
marked as FeS-M), troilite (FeS-P63/mmc, marked as FeS-T),
pyrrhotite (Fe9S10 and Fe7S8), greigite (Fe3S4), pyrite (FeS2-Pa3̄,
marked as FeS2-P), and marcasite (FeS2-Pnnm, marked as
FeS2-M), as shown in ESI† Fig. S1. We explore the bulk
stability, surface energy, equilibrium morphology, and phase
evolution of nanoparticles. With all atoms relaxed, the
calculated lattice constant is a = b = 3.551 Å, c = 4.862 Å for
FeS-M, a = b = 3.478 Å, c = 5.843 Å for FeS-T, a = 6.666 Å, b =
25.478 Å and c = 6.686 Å for Fe9S10, a = b = 6.491 Å, c = 15.054
Å for Fe7S8, a = b = c = 9.979 Å for Fe3S4 and a = b = c = 5.423
Å for FeS2-P, a = 4.440 Å, b = 5.420 Å and c = 3.400 Å for FeS2-
M phase. FeS-M, Fe9S10, Fe7S8, FeS2-P, and FeS2-M are
predicted to be nonmagnetic, while FeS-T is antimagnetic
and Fe3S4 is ferrimagnetic, which are consistent with
previous calculations and experimental observations.31–37 To
obtain surface energy, the p(1 × 1) slab models with inversion
symmetry were used here and have a thickness of at least 10
Å and are separated by 15 Å. The details of the surface
models are presented in ESI† Table S1.

The Gibbs free energy (G) of the bulk phase is calculated
according to eqn (1), where Eele is the total energy from DFT
calculations, Fvib is the lattice vibrational contribution under
different temperatures (ESI† Fig. S2), which could be
obtained through PHONONPY software. For solid, the
contribution of the PV term is trivial and ignored in this
work.

G = Eele + Fvib + PV (1)

The chemical potential of gases is calculated using eqn
(2), where Etotalgas is the total energy from DFT calculations,
including zero-point energy (ZPE), and gas(T, P0) is the
change in chemical potential under varied temperatures and
standard pressure. gas(T, P0) is obtained from the NIST-

JANAF Thermochemical Tables. kBT ln Pgas

P0

� �
is the

contribution of the partial pressure of gases, kB is the
Boltzmann constant, where kB ≈ 1.38 × 10−23 J K−1.

μgas T ;Pð Þ ¼ Etotal
gas þ gas T; P0� �þ kBT ln

Pgas

P0

� �
(2)

To explore the relative stability of different FexSy phases,
the thermodynamic formation energy (ΔGf, eV per atom) is
calculated through eqn (3), where GFexSy is the total free
energy of FexSy, and GFe is the free energy of each iron atom
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in the body-centred cubic (bcc) phase. Similarly, GS is the free
energy of each sulfur atom in the S8 crystal.

ΔGf = GFexSy − x·GFe − y·GS (3)

For sulfur chemical potential, we defined

μS = GH2S − GH2
(4)

The surface energy calculations are based on eqn (5),
where A is the surface area, Gslab and gbulkFexSy are the Gibbs free

energies of slab and FexSy bulk phase, respectively. μS is the
sulfur chemical potential, NFe and NS are the number of Fe
and S atoms in the slab models, respectively.

γ T; Pð Þ
¼ 1

2A
Gslab T ;P;NFe;NSð Þ − NFe

x
gbulkFexSy T ;Pð Þ þ yNFe

x
−NS

� �
μS T ;Pð Þ

� 	

(5)

The free energy of nanoparticles (Gnano) could be
calculated according to the following equation:

Gnano ≈ G + ES (6)

where G is the free energy of nanoparticles in the bulk phase.
ES is the total surface energy, which could be calculated by

ES ¼
X
i

γiSi (7)

where γi and Si are the surface energy and area of each
exposed facets, respectively.

For reactions between Fe or FexSy, the Gibbs free energy
change of reaction (ΔG) could be calculated as follows:

Fe + x·H2S = FeSx + x·H2

ΔG = G(FeSx) + x·G(H2) − G(Fe) − x·G(H2S) (8)

FeSx + y·H2S = FeSx+y + y·H2

ΔG = G(FeSx+y) + y·G(H2) − G(FeSx) − y·G(H2S) (9)

3. Results and discussion
3.1 Stability of the bulk phase

To understand the relative thermodynamic stability of iron
sulfide bulk phases, the thermodynamic formation energies
(ΔGf) of seven representative phases were calculated based on
eqn (3) at different temperatures, as shown in Fig. 1.

At 0 K, for polymorphs, the layered FeS-M is much more
stable than the FeS-T phase (−0.61 eV vs. −0.42 eV). But for the
two FeS2 polymorphs, their thermodynamic stability is very
close (−0.72 eV vs. −0.71 eV), which is consistent with the
previous study.24 Note that the formation energy of two FeS2
polymorphs is much lower than others, which demonstrates
that FeS2 is more stable than other phases. Moreover, the

Fig. 1 The thermodynamic formation energy (ΔGf, eV per atom) of seven representative phases (FeS-M, FeS-T, Fe9S10, Fe7S8, Fe3S4, FeS2-P, and
FeS2-M) at different temperatures. Inset shows the enlarged images of formation energy change with temperature for FeS-M, FeS-T, Fe7S8, FeS2-P,
and FeS2-M phases.
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formation energies of Fe9S10 (−0.52 eV), Fe7S8 (−0.56 eV), and
Fe3S4 (−0.49 eV) are very close, indicating similar
thermodynamic stability, which might serve as an explanation
for their prone phase transformation.

When the temperature is considered, the formation energies
of the two FeS polymorphs and Fe7S8 are almost unchanged.
For Fe9S10, Fe3S4, and two FeS2 phases, the thermodynamic
formation energies are rising with the increasing temperature,
suggesting that the formation of these four compounds is more
favourable at lower temperatures compared to that at higher
temperatures.

Compared to the bulk phase, the stability of nanoparticles
is significantly influenced by the contribution of surface
enthalpy/energy (γ). In previous studies on nanophase
transformation, the standard approach considers the
nanoparticles as spherical with the proportion of each facet
unchanged. The total surface energy (ES) equals to the
product of average surface energy and surface area of the
sphere.38 However, a considerable error is inevitable in this
approach because the particles sometimes have nanorod or
nanosheet shapes, and the exposed surface is also different
with the change of particle size. According to eqn (6) and (7),
to obtain relatively accurate free energy (G), the number of
atoms γ of exposed facets and the area of each exposed
surface for specific nanoparticles are required.

3.2 Surface stability and equilibrium morphology

In heterogeneous catalysis, the performance of catalysts is
strongly dependent on the exposed surface structures.
Theoretical prediction of the surface stability and crystal
morphology under dynamic environments would benefit the
development of high-performance catalysts. For transition metal
intermetallic compounds, such as carbides, sulfides, phosphide,
and nitrides, excellent theoretical studies have been performed
to investigate the crystal morphologies under various
environments.39–44 Gas–solid interaction is a common character
in synthesis or reaction processes for these compounds. The
external chemical potential (μ) could influence the surface
stability and morphology evolution.

For iron sulfide synthesis, H2S is one of the most common
sulfur sources. Therefore, we calculated the sulfur chemical
potential (μS) at varying temperatures and PH2S/PH2

ratio
according to eqn (4). The contour diagram of μS versus
temperature and gaseous pressure is given in ESI† Fig. S4.

Experimentally, the preparation of iron sulfides is usually
carried out in the range of 500–700 K with PH2S/PH2

= 0.1–1
or H2S – inert gas mixture.10,24 The sulfur chemical potential
would be higher than ∼−4.0 eV according to the metrics in
ESI† Fig. S4. Another criterion is the critical sulfur chemical
potential (μcritiS ) needed to form iron sulfides as presented in
ESI† Table S3. If the environmental μS is lower than μcritiS ,
the FexSy would decompose to iron and sulfur. The μcritiS for
FeS-T is the highest among these seven phases, which is
−3.95 eV. Therefore, in the following part, we discuss the
surface stability and phase transformation at the μS above

−3.80 eV to ensure that the formation of all iron sulfides is
feasible.

Based on eqn (5), the surface energy (γ) of both low and
high Miler index facets of seven iron sulfides were calculated.
The surface energy is determined by the surface Fe/S ratio
compared to the bulk phase and sulfur chemical potential.
For sulfur-rich surfaces, γ decreases with the rise in μS, while
the surface energy changing tendency of sulfur-poor surfaces
is opposite. For stoichiometric facets, γ is independent of μS.
For layered FeS-M (Fig. 2a), our calculated surface energy of
(001) is 0.60 J m−2, which is inconsistent with the reported
value of 0.25 J m−2.45 This difference is mainly caused by the
different exchange–correlation functional used in the
calculations. According to our calculations, the surface
energies of (001), (101), (111), and (112) are very close and
much lower than the surface energy of (113) and (211).

For troilite FeS-T (ESI† Fig. S12a), the surface energy of
(100) is the lowest within the range of μS we considered, and
the surface energy decreases with increasing μS. As for the
Fe9S10 phase (ESI† Fig. S12b), because of the complexity of
surface structure, we only focused on three low-miler index
surfaces, i.e. (100), (110), and (111). Our calculations
demonstrated that the surface energy of (110) is the lowest
within the considered sulfur potential range, which is
followed by (100) and (111) facets. With respect to Fe7S8
(Fig. 2b), when the μS < −3.6 eV, the surface energy of the
(111) surface is lower than that of others. While with the μS
rising, the (100) becomes more energetically favourable. For
Fe3S4, according to the calculation by Roldan et al., without
considering the effect of sulfur potential, the stability order
is (001) > (011) > (111), with the surface energy of 0.6, 0.8,
and 1.0 J m−2, respectively.46 With regard to our calculations
(Fig. 2c), when the μS < −3.65 eV, the surface energy of (011)
is the lowest. From −3.65 eV to −3.05 eV, the surface energy
of (001) is lower than other facets. When μS is beyond −3.05
eV, (311) is the most stable thermodynamically. In addition,
with the μS approaching −3.25 eV, the surface energies of
(001), (011), and (111) are about 0.6 J m−2, 0.75 J m−2, and 1.0
J m−2, respectively, which is consistent with the values
obtained by Roldan and co-workers.

The surface property of pyrite (FeS2-P) has been extensively
studied in previous works.47–49 Kitchaev and Ceder used
PBEsol to calculate the stoichiometric surface energy of pyrite
and obtained 1.38 J m−2 for (100), 2.14 J m−2 for (110), 1.80 J
m−2 for (111), and 1.82 eV for (210),30 which is consistent
with our values, 1.46 J m−2 for (100), 2.25 J m−2 for (110), 1.90
J m−2 for (111), and 1.89 J m−2 for (210), respectively (ESI†
Fig. S10). As shown in Fig. 2d, the (210) surface is more
stable than other surfaces, and the surface energy decreases
with increasing μS. For another FeS2, marcasite, our
computational results (ESI† Fig. S11) also agree well with the
values reproduced by Daniil and Gerbrand,30 1.65 vs. 1.70 J
m−2 for (001), 1.60 vs. 1.54 J m−2 for (010), 1.78 vs. 1.75 J m−2

for (011), and 1.75 vs. 1.67 J m−2 for (111). The (211) surface
is thermodynamically more favourable than other facets
when the μS is lower than −3.65 eV (ESI† Fig. S12c). But
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under high μS conditions, the (011) surface becomes more
stable than (211).

On the basis of the calculated surface energy and Wulff
construction theory,50 we investigated the equilibrium micro-
crystal morphology evolution of iron sulfides with sulfur
chemical potential. As presented in Fig. 3a and ESI† Table
S4, the crystal shapes and the exposed facets change
significantly with the varying sulfur chemical potential.

For layered FeS-M, the main exposed surfaces are (001),
(101), (111), and (112), as shown in Fig. 3a. At a lower μS of
−3.8 eV, one can find that the crystal morphology presents a
planar profile with the top and bottom facets dominated by
the (001) surface, which is in accordance with the previous
study.51 With the increasing μS, the (001) surface is fading
away. The proportion of (001) in the whole exposed surface
area dropped from 16.6% to 0.1% when the μS increased
from −3.8 to −3.0 eV (ESI† Table S4). When (001) surface
disappears, the crystal is no longer a plate, but a bipyramid,
which could also be detected by experimental scanning
electron microscope (SEM) characterizations.52

Our results reveal that the main exposed surface of FeS-T
is (100), (102), and (202) at μS = −3.8 eV. When μS is increased
to −3.4 eV, the (202) surface disappeared, and the
contribution of (100) to the total surface area was up to
76.4% (ESI† Table S4). By continually increasing μS to −3.0
eV, the (102) surface also vanishes, and simultaneously, the

(101) facet emerges. With respect to pyrrhotite, Fe9S10, the
predicted morphology of the pyramid is mainly constituted
by (110) and (111) surfaces. The contribution of (100) to the
surface area is as small as 3.8% at μS = −3.8 eV, and it
decreased to 0 at μS = −3.0 eV.

The morphology of Fe9S10 is very similar to FeS-T since the
only difference in the crystal structures between Fe9S10 and FeS-
T is that the iron sites are partially or fully occupied.
Experimentally, Wikjord et al. also demonstrated that the crystal
morphology of FeS-T and Fe9S10 is semblable during the carbon
steel corrosion process (Fig. 3c and d).4 For Fe7S8, at lower μS,
the exposed surface is mainly dominated by (111) and (102̄),
and the contribution of (100) and (203) is only 3.0% and 0.3%,
respectively. But with increasing μS, the proportion of (100) in
the total exposed area is dramatically enlarged while the
percentage of (102̄) is reduced. The crystal morphology
elongated in the [102̄] direction to form a nanorod, which is
consistent with the experimental observation.56

It is reported that the particles of Fe3S4 have equidimensional
cubo-octahedral crystal characteristics.54 Our results show that
the underlying mechanism is the chemical potentials. The
exposed surface of Fe3S4 is governed by (011), (001), and (311)
under low sulfur chemical potential, but the (011) disappeared
when the μS is increased to −3.0 eV. As for FeS2-P, (210) facet
dominates the exposed surface at μS ranging from −3.8 to −3.0
eV. When it comes to FeS2-M, marcasite, the exposed facet is

Fig. 2 Surface energy (γ, J m−2) as a function of sulfur chemical potential (μS, eV), a–d for FeS-M, Fe7S8, Fe3S4, and FeS2-P, respectively. Surface
energies of FeS-T, Fe9S10, and FeS2-M are given in ESI† Fig. S12. Turning lines represent different terminations of the same surface. Here, only the
most stable termination under specific μS is presented, and the surface energy of other terminations can be found in ESI† Fig. S5–S11.
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mainly constituted by (011), (120), (111̄), and (211), and the
proportion of each surface is summarized in ESI† Table S4. The
morphologies of the two FeS2 polymorphs in Fig. 3e and f are
comparable to those predicted by Kitchaev et al.30

Based on calculated surface energy mentioned above and
atomic Wulff construction,58 the shape of different size
nanoparticles under varying temperature is systematically
established as shown in Fig. 4 and ESI† Fig. S13–S20. With
the variation of temperature and particle size, the shape and
exposed surfaces change considerably, and the detailed
information of nanoparticles with different sizes at varying
temperatures is presented in ESI† Tables S5–S12.

The morphology and exposed surface structure are
susceptible to multiple factors, such as the solvent and

support effects. Though these factors are not considered in
our calculations, the ab initio atomic thermodynamic
calculation combined with Wulff construction enriches the
fundamental knowledge for surface stability and crystal
morphology evolution under dynamic conditions for iron
sulfides. Furthermore, our results suggest an instructive
strategy for the experiments to modulate and synthesize the
FexSy crystal with desired surface structure and morphology.

3.3 The phase evolution and diagram of FexSy nanoparticles

According to eqn (8) and (9), the thermodynamic equilibrium
phase diagram of different size Fe and FexSy particles is
plotted in Fig. 5. At high temperature and low gaseous H2S

Fig. 3 a The equilibrium micro-crystal morphology evolution of seven iron sulfides with varying sulfur chemical potentials (μS, eV). The crystal
morphology presented here is constructed using VESTA software.53 b–f The realistic crystal morphology characterized by experimental SEM
reported in the literature. b is FeS-M and FeS-T, c is FeS-T, d is pyrrhotite, e is Fe3S4, and f is FeS2-P phase.4,52,54,55
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pressure (low μS), the pristine iron could remain in its
elementary phase. For the bulk phase and 10 nm particles
(Fig. 5a and b), with the μS increasing, the iron is
transformed to mackinawite (FeS-M), and the FeS-M is
sulfurized to FeS2 polymorphs with the further increase in μS.

For nanoparticles of 5 nm size (Fig. 5c), the
transformation of FeS-M to FeS2-M is thermodynamically
favourable when the temperature is below 180 K (navy blue
region), while at high temperatures, the transformation to
FeS2-P is preferred (light blue region). One can also find that
with the decreasing particle size, the region where pure iron
can exist is becoming narrow (grey region), while the area
where FeS-M can stay is broadening (yellow region),
suggesting that the sulfurization of iron is promoted while
the further sulfurization of FeS-M is hindered.

When the particle size is decreased to 2 nm (Fig. 5d), the
phase transformation mechanism is different from those of
larger particles. The FeS-M could be transformed to Fe7S8 or
Fe3S4 by adjusting the temperature and gaseous pressure. At T =
200–700 K and higher PH2S/PH2

, the Fe3S4 could be sulfurized to

pure FeS2-P phase (light blue region). The area/volume ratio
drastically increases with the decreasing particle size. As a
result, the contribution of surface energy is becoming more
significant for small-size nanoparticles. Together with the
different morphology of FexSy nanoparticles, the size change
triggers different trends in the thermodynamic stability for FexSy
phases. Above all, the thermodynamic phase diagram provides
a guiding reference to modulate the phase transformation and
synthesize the desired phase by adjusting external conditions.

4. Conclusion

We have performed a systematic study on thermodynamic
stability, surface morphology, and phase evolution of seven
representative iron sulfide phases through density functional
theory, ab initio atomic thermodynamics, and Wulff
construction. The surface energy and morphology are crucially
dependent on sulfur chemical potential. The reason is that the
sulfur-rich surfaces become more stable with increasing μS,
while the sulfur-poor surfaces show the opposite trend.

Fig. 4 a The crystal morphology evolution of FeS-M nanoparticles of different sizes with temperature, and the particles are elongated along the
vertical direction with the increasing temperature. b The atomic Wulff construction of different size iron sulfide nanoparticles at T = 700 K, and
those at other temperatures are presented in ESI† Fig. S13–S20. Note that here the PH2S/PH2

is a constant value of 100 because the surface energy
is more sensitive to temperature than gaseous pressure, as demonstrated in ESI† Fig. S4. The surface energy of pure iron used here is from the
previous study.57
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The phase transformation of nanoparticles with different
sizes was investigated using atomic Wulff construction. For
bulk phase and large nanoparticles, pristine iron would be
first sulfurized to FeS-M and then to FeS2 phase. But when
particle size is decreased to 2 nm, the significant difference
is that the FeS-M from iron sulfurization could be
transformed to Fe7S8 and Fe3S4 by adjusting the temperature
and gaseous pressure. The pure FeS2-P phase can also be
synthesized under certain conditions. This work provides a
fundamental understanding of the surface stability and
morphology of FexSy under dynamic conditions and enriches
the knowledge of thermodynamic properties and phase
evolution of FexSy nanoparticles. Our computational insights
could be useful in modulating the surface structure, crystal
morphology, and synthesize the desired phases by adjusting
the external conditions.

Author contributions

Tao Yang: data curation, formal analysis, writing – original
draft. Yurong He: formal analysis, funding acquisition,
writing – review & editing. Xiaotong Liu: writing – review &

editing. Xiulei Liu: writing – review & editing. Qing Peng:
supervision, funding acquisition, writing – review & editing.
Ning Li: supervision, validation, writing – review & editing.
Jinjia Liu: conceptualization, methodology, supervision.

Conflicts of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

The authors are grateful for the financial support from the
National Natural Science Foundation of China (No.
22002008), funding support from Beijing Advanced
Innovation Center for Materials Genome Engineering,
Synfuels China, Co. Ltd. Q. P. would also like to acknowledge
the support provided by the Deanship of Scientific Research
(DSR) at King Fahd University of Petroleum & Minerals
(KFUPM) for funding this work through project No. SR191013,
DF201020 and the K.A.CARE through project KACO2512.

Fig. 5 Thermodynamic equilibrium phase diagrams between pure iron and different stoichiometric iron sulfide phases. a–d Represent the different
particle sizes, a for bulk phase, b for 10 nm nanoparticles, c for 5 nm nanoparticles, and d for 2 nm nanoparticles. Note in a and b, the blue region
represents the mixture of FeS2-P and FeS2-M since their similar thermodynamic stabilities of bulk phase and 10 nm nanoparticles.
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