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Well-deﬁned core/shell type single crystalline Fe7S8/Fe3O4 coated α-Fe hybrids (Fe7S8/Fe3O4@Fe) are synthesized with vacuum chemical vapor deposition (CVD) technique. The CVD process triggers conversion of naturally
formed Fe3O4 layer on the surface of commercial Fe nanoparticles from amorphous into single crystalline phase.
The Fe7S8/Fe3O4 coat promotes the surface aﬃnity of dissolved oxygen and targets and rapidly transfers electrons from the Fe core to targets, which decreases water splitting on Fe7S8/Fe3O4@Fe surface and endows Fe7S8/
Fe3O4@Fe with ultra-strong reducibility and improved oxidative ability under diﬀerent conditions. Diﬀerent
with the sulfurized ZVI prepared with hydrothermal or solvothermal method, the increase of reaction solution
pH is retarded due to the relieved water splitting instead of releasing H+ via oxidation of S2−/S22− on the Fe7S8
coat. The cooperation of Fe7S8 with Fe3O4 and α-Fe not only improves the anti-oxidation ability of Fe7S8 coating
but also broadens its band gap. By using Fe7S8/Fe3O4@Fe nanohybrids as photocatalysts, light irradiation accelerates the degradation of organic pollutants combined with enhanced mineralization eﬃciency. The Fe7S8/
Fe3O4@Fe exhibits good performance when it is utilized to treat the inﬂuent from a municipal sewage treatment
plant upon air aeration or under visible light and solar light irradiation.
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1. Introduction
Advanced oxidation processes (AOPs) including Fenton oxidation,
ozonation, photolysis and photocatalysis, electro/photo-Fenton, sonochemical methods, have been emerged as the most eﬃcient alternative
to degrade various organic pollutants for the generation of reactive
radicals (Gautam et al., 2019; SyamBabu et al., 2019; Wang et al., 2019;
Yang et al., 2020). Among these AOPs, the homogeneous Fenton and
Fenton-like processes are one of the most eﬀective AOPs for treatment
of organic pollutants, in which the ∙OH can be generated via the
breakdown of H2O2 catalyzed by iron ions. Nevertheless, homogeneous
Fenton process containing free iron ions and hydrogen peroxide has
some critical disadvantages including narrow pH range, production of
large amounts of sludge and formation of a high concentration of anions
in the treated wastewater. To overcome these shortcomings,

heterogeneous Fenton-like supported catalysts, such as iron oxides (Niu
et al., 2018), zero-valent iron (ZVI = Fe°) (Fan et al., 2017; Li et al.,
2017; He et al., 2019; Lü et al., 2019; Niu et al., 2019; Shi et al., 2019),
and goethite (-FeOOH) (Hou et al., 2017) have been extensively studied
as alternatives for water puriﬁcation, which could be used over a wide
pH range to decompose H2O2 instead of homogeneous ferrous iron. In
particular, nanoscale zeorvalent iron (nZVI), in view of its low cost,
accessibility, non-toxicity and powerful reducibility, has been chosen as
an eﬀective catalyst in environmental remediation. However, because
of high surface energy, nZVI can be easily passivated through reaction
with water or dissolved oxygen to form a layer of iron oxide or hydroxide on its surface, cutting down its reactive lifetime and eﬀectiveness (Fan et al., 2017; Li et al., 2017; He et al., 2019; Lü et al., 2019;
Niu et al., 2019; Shi et al., 2019).
In light of the application limitation of nZVI, a variety of strategies
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2. Materials and methods

have been proposed to potentially improve the performance of nZVI.
Among these approaches, sulﬁdation of the nZVI surface by reduced
sulfur species has been regarded as a simple, inexpensive, environmentally acceptable and promising method. The sulﬁde-modiﬁed
nZVI (S-nZVI) has exhibited enhanced reactivity and selectivity for reduction of target contaminants and displayed prolonged oxidation
buﬀering capacity (Kim et al., 2011; Fan et al., 2014; Su et al., 2015; Du
et al., 2016; Han and Yan, 2016; Li et al., 2016; Cao et al., 2017a; Gong
et al., 2017; Gu et al., 2017; Song et al., 2017; Gao et al., 2018; Duan
et al., 2019; Gu et al., 2019; Lv et al., 2019; Shao et al., 2019; Vogel
et al., 2019; Xu et al., 2019).
The S-ZVI materials are typically prepared with one-pot or two-steps
sulﬁdation hydrothermal or solvothermal method by reducing Fe ions
or pre-synthesized ZVI particles using sulﬁde, dithionite or thiosulfate
(Kim et al., 2011; Fan et al., 2014; Su et al., 2015; Du et al., 2016; Han
and Yan, 2016; Li et al., 2016; Cao et al., 2017a; Gong et al., 2017; Song
et al., 2017; Gao et al., 2018; Duan et al., 2019; Gu et al., 2019; Lv et al.,
2019; Shao et al., 2019; Vogel et al., 2019; Xu et al., 2019). Mechanochemical method which is highly amenable to up-scaling, also has
been adopted to obtain S-ZVI (Gu et al., 2017). Because of the complex
reactions involved, it is diﬃcult to control the formation and structure
of S-ZVI. The obtained S-ZVI materials mainly exist as the mixture of
ZVI and FeSx (x≤2) (Kim et al., 2011; Fan et al., 2014; Li et al., 2016;
Gu et al., 2019) or core-shell structured hybrids (Su et al., 2015; Du
et al., 2016; Han and Yan, 2016; Cao et al., 2017a; Gong et al., 2017;
Song et al., 2017; Gao et al., 2018; Duan et al., 2019; Lv et al., 2019;
Shao et al., 2019; Vogel et al., 2019; Xu et al., 2019). However, most of
the core-shell type FeSx@Fe° hybrids possess discrete or ill-deﬁned FeSx
shell (Du et al., 2016; Han and Yan, 2016; Gong et al., 2017; Song et al.,
2017; Gao et al., 2018; Duan et al., 2019; Shao et al., 2019; Xu et al.,
2019). The uncoated reactive sites of Fe° core still can be readily oxidized by water, oxygen, and other coexisting solutes (e.g., nitrate). It is
essential to establish S-ZVI nanocomposites with well-deﬁned core
(ZVI)-shell (FeSx) morphology. The intact FeSx shell can eﬃciently retard the passivation of the core Fe° (Gu et al., 2017).
Chemical vapor deposition (CVD) technique can produce phasepure single crystals iron sulﬁdes and their heterojunctions with scalable
production (Cummins et al., 2013). The atmospheric pressure CVD and
closed-tube vacuum CVD belong to this technique. The atmospheric
pressure CVD is the prevailing method to prepare morphology-controlled 1D or 2D phase-pure FeSx through vapor phase sulﬁdation of
iron precursors in N2/H2 or Ar/H2 ﬂow (Cummins et al., 2013; Samad
et al., 2015; Huang et al., 2017). This technique requires excess or
stoichiometric S precursors over Fe precursor, and seldom been applied
to synthesize core-shell FeSx and Fe hybrids. The vacuum CVD method
guarantees the full utilization of the raw materials owing to the absence
of escape of volatile components in the reaction process. So that, FeSx
can be produced when the S precursors are seriously deﬁcient compared to Fe precursors. Accurate fabrication of core/shell shaped FeSx@
Fe or FeSx@FeOx hybrids is easily achieved through gradual corrosion
of Fe or FeOx with diﬀerent amount of S precursors.
Herein, the sulﬁdation of the nZVI (α-Fe) was carried out in evacuated and sealed quartz ampules using the vacuum CVD method. In the
vacuum CVD process, the amorphous Fe3O4 coating on the surface of
the commercial α-Fe nanoparticles converted into single-crystalline.
Fe7S8 nanosheets mixed with Fe3O4 were in-situ produced on the surface of α-Fe to form core-shell structure when sulfur powders (S precursor) were deﬁcient compared to Fe nanoparticles (Fe precursor). For
the ﬁrst time, we found that the cooperation of FeSx and Fe3O4 broadened the band gap of FeSx from < 1 eV (Cummins et al., 2013) to
1.69 eV. The obtained Fe7S8/Fe3O4@Fe not only possesses ultra-strong
reducibility to reductively remove contaminants, but also improved
oxidative degradation ability for organic pollutants under aerobic
condition or visible-light or sunlight irradiation.

2.1. Preparation of Fe7S8/Fe3O4@Fe hybrids
In a typical synthetic process, the S powder and α-Fe nanoparticles
powder with certain ratio (mass ratio S/Fe = 0.08, 0.10, 0.125, 0.167,
0.25, and 5.0) was physically mixed in a mortar, evacuated and sealed
in a quartz ampule, and then heated at 450 °C for 48 h in a muﬄe
furnace. The obtained gray products were washed with trichlormethane
three times and vacuum dried at 80 °C. The Fe7S8/Fe3O4@Fe hybrids
were stored under ambient conditions. The information for reagents
and characterization of the materials were listed in Supporting
Information.
2.2. Reductive, oxidative and photocatalytic activity of Fe7S8/Fe3O4@Fe
hybrids
Conversion of nitrophenols (20 mg L−1) to aminophenols proceeded
in neutral solution with or without N2 ﬂushing with 0.5 g L−1 of Fe7S8/
Fe3O4@Fe. For the oxidative removal of phenol (100 mg L−1), the pH of
reaction solution was kept near to 3.0 by constantly adding diluted HCl
(1 M) solution. The reactions were carried out without air aeration or in
O2 and N2 ﬂushing, respectively. The temporary equilibrium pH value
of reaction solution with the addition of diluted HCl was recorded
(abbreviated as pHi), and then the solution was stirred for 10 min to
obtain the equilibrium solution pH (pHe). The photocatalytic removal
of MO (50 mg L−1) and phenol (50 mg L−1) (at pH = 7.0) was carried
out at ambient temperature under solar light or visible light irradiation.
For visible-light driven photogradation, a Xe-lamp light source of 300 W
with a cut-oﬀ ﬁlter (≥420 nm) was used. For solar-light driven photogradation, the mixture was then kept in direct sunlight. The analysis
methods of the compounds were described in Supporting Information.
2.3. Wastewater treatment
Fe7S8/Fe3O4@Fe was applied to treat the inﬂuent sampled from a
municipal sewage treatment plant of Beijing. The concentration of Cl−,
SO42-, NO3− and NO2− was 170.5, 129.4, 20.5 and 0.186 mg L-1, respectively. The water sample was immediately ﬁltered through a
0.45 μm cellulose membrane ﬁlter, and treated using 2 g L-1 of Fe7S8/
Fe3O4@Fe or ZVI at initial solution pH 7.0 and 3.0 with an air pump to
aerate the water sample. The water was sampled at certain interval to
detect the concentration of TOC and leached iron ions. Photocatalytic
treatment of the inﬂuent was also carried out by irradiating the water
with 2 g L-1 of Fe7S8/Fe3O4@Fe under visible light and solar light
without adjusting solution pH.
3. Results and discussion
3.1. Characterization and property
The XRD pattern in Fig. 1A indicated that the raw Fe nanoparticles
were composed of α-Fe and small amount of Fe3C. On the surface of raw
Fe nanoparticles, a layer of iron oxides (about 5 nm-in-thickness) was
observed in the TEM image (Fig. S1A). The Raman spectrum of Fe
nanoparticles (Fig. 1B) suggested the Fe3O4 nature of the iron oxide
coating. But the diﬀraction peaks of Fe3O4 were hardly discerned in the
XRD pattern of α-Fe, indicating the amorphous state of Fe3O4. The CVD
process promoted the conversion of amorphous Fe3O4 into crystalline,
and the peaks of Fe3O4 were clearly observed in the XRD patterns of the
sulﬁdated Fe hybrids (Fig. 1A and Fig. S2). In the sulﬁdation process,
the S vapor can erode both the Fe core and Fe3O4 layer (Eqs. 1–3).

2

Fe3O4 + 5S → 3FeS + 2SO2

(1)

Fe + S → FeS

(2)
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Fig. 1. XRD patterns (A), Raman spectra (B) of α-Fe and Fe7S8/Fe3O4@Fe hybrids, TEM image of Fe7S8/Fe3O4@Fe (S/Fe = 0.1) (C) and Fe7S8/Fe3O4@Fe (S/
Fe = 0.25) (D), Mössbauer spectra of Fe7S8/Fe3O4@Fe (S/Fe = 0.1) (E) and Fe7S8/Fe3O4@Fe (S/Fe = 0.25) (F) at room temperature.

FeS + S → FeS2

Fe samples (Fig. 1B), the adsorption peaks present at 218.2, 281.3,
388.6, and 588.8 cm−1 were assigned to Fe1-xS (Genchev and Erbe,
2016), and adsorption bands in the region of 600−1500 cm−1 were
related to Fe3O4, suggesting the coexistence of Fe7S8 and Fe3O4 species
in these hybrids. The Mössbauer spectrum of Fe7S8/Fe3O4@Fe (S/
Fe = 0.1) in Fig. 1E showed that the nanocomposite was composed of
Fe3O4 (41.8 %) (Joos et al., 2016), α-Fe (45.7 %), and Fe7S8 (12.5 %)
(Xie et al., 2001), respectively. In the Mössbauer spectrum of Fe7S8/
Fe3O4@Fe (S/Fe = 0.25) (Fig. 1F), the content of Fe7S8, α-Fe, and
Fe3O4 was 42.3 %, 41.1 % and 16.6 %, respectively. The Mössbauer
parameters of the hybrids were listed in Table S1.
HRTEM images display that the shell of the Fe7S8/Fe3O4@Fe samples ranged in 5−20 nm (Fig. 2A). The crystal lattices of the α-Fe in the
core are hardly discerned due to the thick shell. We applied the simulated fast Fourier-transform (FFT) patterns of HRTEM images to judge
the existence and distribution of Fe7S8 and Fe3O4. The FFT pattern
obtained from the boxed regions in the shell of Fe7S8/Fe3O4@Fe
(Fig. 2B-2 G) showed that lattice fringes with an interplanar distance of
0.252 nm can be assigned to the hkl (311) of cubic Fe3O4, which

(3)

With deﬁcient S vapor (low S/Fe ratio), the Fe3O4 layer was eroded
ﬁrst to form FeSx nanosheet. As a result, loose and ﬂuﬀy nanosheets
were observed on the hybrids as the mass ratio of S/Fe was lower than
0.1 (Fig. 1C, Fig S 1B and 1C). With the increase of the S pressure, the S
vapor permeated through the Fe3O4 layer to reach the α-Fe core,
leading to increased content of FeSx phase and reduced content of α-Fe
and Fe3O4 in the hybrids. The TEM images of hybrids demonstrated that
the coatings became dense and compact as the S/Fe ratio in the precursors was higher than 0.125 (Fig. 1D and Fig S1D-1 F). The XRD
patterns (Fig. 1A) showed that these hybrids were composed of
monoclinic pyrrhotites (Fe7S8) (JCPDS No. 29-0723), Fe3O4 (JCPDS No.
19-0629, a = 8.342 Å), α-Fe (JCPDS No. 06-0696, a = 2.8648 Å) and
small amount of Fe3C species. When the S powder was excessive to Fe
powder (S/Fe = 5.0), the product completely converted into FeS2
(JCPDS No. 42-1340, a = 5.3394 Å) (Fig. S2).
The composition of Fe7S8/Fe3O4@Fe hybrids was veriﬁed further by
Raman and Mössbauer spectra. In the Raman spectra of Fe7S8/Fe3O4@

3
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Fig. 2. HRTEM images of Fe7S8/Fe3O4@Fe (S/Fe = 0.1) (A), and FFT patterns obtained from the boxed region (I) (B-D), and region (II) (E-G).

that the cooperation with Fe3O4 and α-Fe prevented the oxidation of
the Fe7S8. The XPS results showed that the mass ratio of S/Fe was 0.08,
0.12, 0.13, 0.18 and 0.26 on the surface of Fe7S8/Fe3O4@Fe (S/
Fe = 0.08), Fe7S8/Fe3O4@Fe (S/Fe = 0.10), Fe7S8/Fe3O4@Fe (S/
Fe = 0.125), Fe7S8/Fe3O4@Fe (S/Fe = 0.167), and Fe7S8/Fe3O4@Fe
(S/Fe = 0.25) (Table S2), respectively, which perfectly proved the high
utilization rate of the precursors using the closed tube CVD method.
The loose and ﬂuﬀy Fe7S8 coating boosted the speciﬁc surface areas
(SSA) of Fe nanoparticles (6.00 m2/g) as S/Fe≤0.10 in the precursors.
Fe7S8/Fe3O4@Fe (S/Fe = 0.10) possessed the highest SSA (12.6 m2/g)
among these materials. Due to the heavy aggregation, the SSA value of
Fe7S8/Fe3O4@Fe (S/Fe = 0.167) and Fe7S8/Fe3O4@Fe (S/Fe = 0.25)
dropped to 4.11 and 0.91 m2/g, respectively.

distributed across the shell. The lattice fringes with an interplanar
distance of 0.188 and 0.167 nm in region (I) (Fig. 2B-2D) and 0.286 nm
in region (II) (Fig. 2E-2 G) should be assigned to the hkl (220), (209),
and (203) of Fe7S8, respectively, which appeared mainly in the outer
layer of the shell.
The XPS analysis was conducted to study the chemical state of each
element on the surface of the materials. The Fe 2p spectra of these
materials indicated that the Fe atoms on the surface of FeS2 were in the
Fe2+ state, while existed as mixed Fe2+ and Fe3+ on the surface of Fe
nanoparticles and Fe7S8/Fe3O4@Fe hybrids (Fig. S3). The S2p spectrum
(Fig. S4) of FeS2 can be deconvoluted into three peaks at 163.3, 164.3,
and 169.7 eV, attributing to S22− 2p3/2, S22− 2p1/2 and oxidized
sulfur species (SO42−, 19.6 %), respectively. The S2p spectra of Fe7S8/
Fe3O4@Fe hybrids were deconvoluted into S2− 2p3/2 (161.3 eV), S2−
2p1/2 (162.6 eV) and the oxidized S species (168.5 eV, such as SO32−,
S2O32−, 9.2–25 %), respectively (Huang et al., 2017; Zhao et al., 2018).
The content of oxidized SOx reduced with the increased thickness and
compactness of the Fe7S8/Fe3O4 coat (Fig. S4). These results indicated

3.2. Strong reduction ability of Fe7S8/Fe3O4@Fe
Fe7S8/Fe3O4@Fe nanocomposites were applied as reductants to
accomplish the hydrogenation of nitrophenols (NPs) to aminophenols
4
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Fig. 3. UV–vis absorption spectra of 4-NA in the reduction process (A), conversion of 4-NA in four successive cycles under anaerobic condition (B), and Mössbauer
spectra of Fe7S8/Fe3O4@Fe (S/Fe = 0.1) after reaction with 4-NA (100 mg L−1) in O2 (C) and N2 (D) ﬂushing condition. Insect A describes the plot of Ct/C0 versus
reaction time.

conversion of α-Fe to iron oxides in anaerobic solution was caused by
the interaction between α-Fe and 4-NP (Eq. 4) (6, Donadellia et al.,
2018; Lü et al., 2019).

(APs), which was usually realized via reducing by NaBH4 in the presence of catalysts (Lin and Doong, 2011; Zeng et al., 2012; Kong et al.,
2013; Cao et al., 2017b; Wang et al., 2017). With 1 g L−1 of Fe7S8/
Fe3O4@Fe (S/Fe = 0.1), 2-nitrophenol, 4-nitrophenol and 4-nitroaniline was totally reduced within 10 min, 15 min, and 25 min, with the
pseudo-ﬁrst-order rate constant (k) of 0.65, 0.28 and 0.16 min−1, respectively (Fig. 3A and Fig. S5). Control experiment showed that the
raw ZVI and as-prepared FeS2 nanoparticles could not trigger the conversion of NPs to APs within 1 h. Under anoxic condition, the conversion rate of NPs was accelerated greatly. The reduction of 4-NA ﬁnished
within 2 min with the k value increased to 2.01 min-1 (Fig. 3B). In
general, the conversion rates of NP to AP achieved with Fe7S8/Fe3O4@
Fe reductants were much higher than those with NaBH4 assisted by the
noble metal nanoparticles or metal free catalysts (Table S3).
We investigated the persistence of the reaction activity of Fe7S8/
Fe3O4@Fe for NP reduction in N2 aeration by isolating Fe7S8/Fe3O4@Fe
from the reaction mixture by an external magnet and reused in the next
cycle. The Fe7S8/Fe3O4@Fe still could continuously reduce 4-NA eﬃciently as it was reused four times, although the conversion rate decreased gradually (Fig. 3B). The reduction of 4-NA was ﬁnished within
15 min with a k value of 0.48 min−1 at the fourth run, which was three
times higher than that obtained in aerobic condition of the ﬁrst run.
These results implied the strong and relatively persistent activity of
Fe7S8/Fe3O4@Fe.
Mössbauer spectra of Fe7S8/Fe3O4@Fe hybrids after reaction with
4-NA under aerobic and anaerobic conditions were collected. The decrease of α-Fe component, increase of iron oxides, and small ﬂuctuation
(slight enhancement) of Fe7S8 content was observed under both conditions (Fig. 3C, 3D and Table S1). Compared to the as-prepared Fe7S8/
Fe3O4@Fe, the contents of α-Fe were decreased by 70 % and 49 %,
correspondingly, the contents of iron oxides were increased by 70 %
and 40 % on N2 aeration and O2 aeration, respectively. The higher

ArNO2 + 3Fe0 + 6H+ → ArNH2 + 3Fe2+ + 2H2O

(4)

The consumption of α-Fe component in the reduction process of NPs
under anoxic and aerobic conditions can be conﬁrmed by their XRD
patterns as well. Obvious increase of Fe3O4 peaks and decline of the
intensity of α-Fe peaks can be discerned in Fig. S6. The slight change of
single-crystalline Fe7S8 component both under anoxic and aerobic
conditions suggested its reasonable stability, which might be contributed by the reduced contact between Fe7S8 coating with oxidants
due to the compact combination with Fe3O4 and α-Fe. Conversely, the
Fe7S8 layer increased the hydrophobicity of α-Fe, facilitating the trapping of organic contaminants and electron transfer from the iron core to
targets (Han and Yan, 2016).
3.3. Improved oxidation ability of Fe7S8/Fe3O4@Fe
The oxidative activity of Fe7S8/Fe3O4@Fe was tested by using
phenol (100 mg L−1) as a model compound. In neutral solution, about
5.3 % and 1.6 % of phenol was removed by Fe7S8/Fe3O4@Fe and ZVI,
respectively, which should be attributed to surface adsorption. At pH 3,
the removal eﬃciency of phenol was 72 % and 30 % by Fe7S8/Fe3O4@
Fe and 30 % and 15 % by ZVI with and without O2 blowing within 24 h,
respectively. As a comparison, the reaction solutions were blown with
N2 as well. We found that phenol elimination remained 30 % by Fe7S8/
Fe3O4@Fe within 24 h, but decreased to 7% by ZVI (Fig. 4A).
In oxic condition, the pHe was higher than pHi in ZVI suspension
even after the 15th times addition of HCl (Fig. 4B), indicating the
continuous decomposition of H2O to produce H2 and OH− (Eq. 5). But
in Fe7S8/Fe3O4@Fe suspension, the deviation of pHi and pHe was much
5
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Fig. 4. Degradation of phenol under diﬀerent condition (A), change of the reaction solution pH in ZVI (B) and Fe7S8/Fe3O4@Fe (C) suspension under O2 blowing, and
these suspension under N2 blowing (D) with continuous addition of diluted HCl, the concentration of leached iron ions under diﬀerent condition (E), and concentration of ∙OH radicals generated in O2 and N2 blowing solution, and non-aerating solution solution and non-aerating solution in the presence of phenol (F). The
concentration of phenol: 100 mg L−1, dosage of ZVI and Fe7S8/Fe3O4@Fe: 0.5 g L-1, solution pH of O2 blowing and non-aerating reaction systems: pH 3, N2 blowing
solution was pH 5.6.
1

smaller than that in ZVI system. With the blowing of O2, the diﬀerence
of pHi and pHe disappeared in the 10th times (Fig. 4C). This result
implied that the electrons from Fe7S8/Fe3O4@Fe were prone to be
trapped by O2 to generate oxygen active species (Eqs. 6–10). Under N2
blowing, it was diﬃcult to adjust the solution pH to 3.0, and the pH of
Fe7S8/Fe3O4@Fe and ZVI suspension was higher than 5.0 and 5.8 at the
13th times addition of 1 M HCl (Fig. 4D). The higher equilibrium solution pH in anaerobic condition than those in aerobic conditions was
contributed by water splitting on the surface of Fe° to produce hydrogen
and hydroxyl ions. The concentrations of dissolved Fe ions, which were
mainly composed by ferrous ions (more than 90 %), both from Fe7S8/
Fe3O4@Fe (301 mg L-1) and ZVI (342 mg L-1) in N2 blowing condition
with continuous adding of diluted HCl were higher than those in oxic
condition (Fe7S8/Fe3O4@Fe 135 and 281 mg L-1, ZVI 250 and 298 mg L-

without and with O2 blowing) (Fig. 4E). These results indicated that
ZVI or Fe7S8/Fe3O4@Fe oxidation by H2O triggered their serious deactivation. Compared to bare ZVI, in oxic condition, the relieved
leaching of iron ions from Fe7S8/Fe3O4@Fe combined with improved
degradation eﬃciency of phenol further proved that the dissolved O2
readily trapped electrons from Fe or Fe2+ on the surface of Fe7S8/
Fe3O4@Fe to generate oxygen active species. Furthermore, the more
eﬃcient degradation of phenol induced by Fe7S8/Fe3O4@Fe than ZVI in
N2 blowing condition might suggest that ∙OH still could be produced
from the oxidation of H2O on the sulfur-deﬁcient sites on Fe7S8 surface
(Eq. 11) (Cheng et al., 2016; Zhang et al., 2016).
2Fe0 + 2H2O →2Fe2+ + H2 + 2OH−
0

Fe + O2 + 2H
6

+

→ H2O2 + Fe

2+

(5)
(6)
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Fe0 + H2O2 + 2H+ → Fe2+ + 2H2O

(7)

Fe2+ + H2O2 →∙OH + Fe3+ + OH−

(8)

Fe2+ + O2 → Fe3+ + ∙O2−

(9)

Fe2+ + ∙O2− → Fe3+ + H2O2
≡Fe

3+

(surf) + H2O → ≡Fe

2+

presence of the scavenger of ·O2−/HO2· (10 mg L-1 SOD) and 1O2
(100 mM furfuryl alcohol) decreased the photocatalytic removal rate of
MO slightly. With the addition of 20 mM IPA (the scavenger of ·OH) and
triethanolamine (the scavenger of photoinduced holes), an obvious
slow-down in degradation rate or total suppression of MO removal was
observed, respectively. We concluded that all these active species were
involved in MO photocatalytic degradation, but photoinduced holes
and ·OH took the fundamental roles.
We performed spin trapping experiments to examine reactive
oxygen substances by electron spin resonance spectroscopy. The DMPO
was added to the Fe7S8/Fe3O4@Fe suspension both in water and methanol. The adduct of DMPO-%OH and DMPO-HO2%/%O2− with low
signal intensity was detected without light irradiation. Under visible
light irradiation, the intensity of both adducts increased to more than
ﬁve folds (Fig. 5D and 5E), suggesting that light illumination improved
the oxidation ability of the reaction system.
To better understand the origin of photocatalytic activity of Fe7S8/
Fe3O4@Fe composites, we investigated their optical and electronic
properties. The band gap of Fe7S8/Fe3O4@Fe calculated from photoluminescence (PL) spectroscopy was 1.69 eV (Eg = 1240/λ) (Fig. S7A).
Based on the valence band X-ray photoelectron spectra (VB XPS) from
Fig. S7B, the valence band (VB) edge of Fe7S8/Fe3O4@Fe was located at
0.75 eV. As determined by the equation of ECB = EVB – Eg, the corresponding conduction band (CB) potential was -0.94 eV (vs NHE). The
eﬃcient generation of photo-induced electrons was analyzed by photocurrent response. The photocurrent density produced by Fe7S8/
Fe3O4@Fe was 1.4 times higher than that of FeS2 under visible light
(Fig. 5F). Under prolonged illumination, photocurrents of FeS2 appeared conspicuous decays, but the photocurrent response of Fe7S8/
Fe3O4@Fe was steady and reversible.
Since the valence band edges for Fe7S8/Fe3O4@Fe was more negative than the hole oxidation potential of ∙OH/OH− (Eθ=+1.99 V vs.
NHE) and ∙OH/H2O (Eθ= +2.70 V vs. NHE), the hole oxidation of OH−
and H2O on Fe7S8/Fe3O4@Fe would be not allowed in thermodynamics
(Jia et al., 2019). The CBM of Fe7S8/Fe3O4@Fe was more negative than
the potential of molecular oxygen reduction (-0.33 V vs NHE). Therefore, the reduction of O2 by ecb- to produce ∙OH on the surface of Fe7S8/
Fe3O4@Fe was a one-electron reduction process of O2/O2%- (Eθ=-0.33 V
vs. NHE) or a two-electron reduction process of O2/H2O2 (Eθ = 0.695 V
vs. NHE) (Eqs. 12–15).

(10)
(surf) + ∙OH + H

+

(11)

We determined the concentration of hydroxyl radicals using a high
concentration of DMSO as a radical scavenger to trap all ∙OH species to
form formaldehyde (HCHO). Then HCHO reacts with 2,4-dinitrophenylhydrazine (DNPH) to produce formaldehyde-2,4-dinitrophenylhydrazone (DNPH−HCHO). The concentration of %OH was
determined through HPLC measurement of DNPH−HCHO by the fact
that 1 mol of HCHO is generated from 2 mol of O%H (Abdelhaleem and
Chu (2020); Tai et al., 2004). The result in Fig. 4F showed that the
concentration of %OH species rose with the extension of reaction time
and reached equilibrium within 3 h and kept nearly unchanged even
after 10 h. The maximal concentration of %OH generated in O2 blowing
solution was 0.9 mM, which was 9.1 and 2.6 times higher than that
produced in N2 blowing solution (0.089 mM) and non-aerating solution
(0.25 mM), respectively. This result was consistent with the corresponding removal eﬃciency of phenol under diﬀerent condition. To
judge the role of ∙OH on phenol oxidation, the change of ∙OH concentration in the presence of 10 mg L−1 of phenol was recorded in nonaerating solution at pH 3.0. A removal eﬃciency of 80 % was achieved
within 10 min and kept unchanged within 10 h, meanwhile, about 50 %
of ∙OH was consumed in the whole reaction process, which conﬁrmed
that ∙OH radicals were responsible for phenol degradation.
It should be noted that the serious dissolution of ZVI and Fe7S8/
Fe3O4@Fe resulted from the continuous addition of H+. If no acid was
added to maintain pH throughout the phenol removal process, the
concentration of dissolved Fe ions from ZVI and Fe7S8/Fe3O4@Fe was
lower than 5 mg L−1 at initial pH 3.0 with O2 blowing. Similar results
were reported when ZVI powders in diﬀerent buﬀer solutions were
applied to remove phenol in the presence of dissolved oxygen (Shimizu
et al., 2012).
3.4. Photo-response of Fe7S8/Fe3O4@Fe

e− + O2 →∙O2−

The photo-response of Fe7S8/Fe3O4@Fe was studied by serving
Fe7S8/Fe3O4@Fe as photocatalysts to degrade methyl orange (MO) and
phenol under visible light irradiation. Owning to the powerful reducibility of Fe7S8/Fe3O4@Fe, direct reduction of MO by Fe7S8/Fe3O4@
Fe was observed without light irradiation. In the dark, decolorization of
50 mg L−1 of MO was ﬁnished within 5 min and 1 h at initial pH 4 and
pH 7 under anaerobic condition in the presence of 0.5 g L-1 Fe7S8/
Fe3O4@Fe, respectively. In aerobic solution, the removal eﬃciency of
MO was 100 % within 1 h at initial pH 4 and 51.3 % within 7 h at initial
pH 7, respectively (Fig. 5A). Under visible light or solar light irradiation, the decolorization of MO solution accelerated greatly and ﬁnished
within 20 and 30 min at pH 7, respectively. The mineralization eﬃciency of MO was 10.5, 40.4 and 35.7 % in the dark under aerobic
condition, under visible light and sunlight illumination at initial pH 7.0,
respectively. These results demonstrated that light irradiation promoted
oxidative degradation of MO by Fe7S8/Fe3O4@Fe. Visible light irradiation also increased the removal eﬃciency of phenols. Under visible
light irradiation, 50 % of phenol (100 mg L−1) was eliminated within
3 h at pH 7. The reusability and stability of Fe7S8/Fe3O4@Fe photocatalyst was studied by utilization in successive runs. The results
(Fig. 5B) showed that the Fe7S8/Fe3O4@Fe catalyst retained its 67 % of
initial activity after 4 successive runs.
To elucidate the photocatalytic mechanisms of Fe7S8/Fe3O4@Fe,
the radical trapping experiments were performed to study the roles of
possible active species in photocatalysis. Fig. 5C shows that the

e

−

2e
e

+

−

−

∙O2−
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+ 2H2O → 2∙OH + 2OH

+ O2 + 2H

−

(13)

+

→ H2O2

(14)

+

→ ∙OH + H2O

(15)

+ H2O2 + H

Based on the above analyses, the underlying photocatalytic mechanism of Fe7S8/Fe3O4@Fe is proposed in Fig. 6. Under visible light
irradiation, the Fe7S8 layer was excited and produced e/h pairs. The
photogenerated electrons rapidly transferred to the Fe3O4 layer, resulting in the e/h separating and inhibiting recombination. The electrons in Fe3O4 layer including the photogenerated electrons and those
from inner α-Fe were trapped by the dissolved O2 to yield abundant
∙O2− radicals, which further reacted with H2O to form ∙OH radicals;
while holes could catch pollutants to cause direct oxidation of pollutants. Eventually, these generated highly oxidative species (∙O2− and
∙OH radicals) could eﬃciently degrade and mineralize organic pollutants.
3.5. Treatment of wastewater
The application potential of Fe7S8/Fe3O4@Fe for water puriﬁcation
was examined by treating the inﬂuent from a municipal sewage treatment plant of Beijing. The initial concentration of TOC was 35 mg L−1.
As shown in Fig. 7A, the removal eﬃciency of TOC by Fe7S8/Fe3O4@Fe
7
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Fig. 5. Degradation of MO under diﬀerent conditions in the presence of Fe7S8/Fe3O4@Fe (A), recycling of Fe7S8/Fe3O4@Fe (B), eﬀects of the scavengers (C), DMPO
spin-trapping ESR spectra in aqueous dispersion for DMPO−OH∙ (D) and in methanol dispersion for DMPO−HO2∙/O2∙− (E) with or without visible light irradiation,
and photocurrent responses (F) of Fe7S8/Fe3O4@Fe and FeS2. Fe7S8/Fe3O4@Fe 0.5 g L−1, MO 50 mg L−1.

Fig. 6. Band alignment (A) and schematic illustration (B) of pollutants photodegradation over Fe7S8/Fe3O4@Fe under visible light irradiation.
8
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Fig. 7. Treatment eﬃciency of inﬂuent sample (A) and leaching of iron ions from ZVI or Fe7S8/Fe3O4@Fe (B) under diﬀerent conditions. Dosage of ZVI and Fe7S8/
Fe3O4@Fe: 2.0 g L−1.

at initial solution pH 3.0 rapidly reached 40 % and 50 % within 15 and
30 min, and kept 51 % in the following 3 h. The concentration of TOC
was decreased by 36 % within 30 min by bare ZVI at initial pH 3.0, and
then the removal eﬃciency dropped gradually with time, indicating
that the TOC elimination by ZVI was attributed to surface adsorption.
The reduced elimination of TOC by ZVI with time should be caused by
desorption of organic substances due to air aeration. Similar situation
was observed when water sample was treated with Fe7S8/Fe3O4@Fe at
initial pH 7.0, the removal eﬃciency of TOC decreased from 41 %
(t = 30 min) to 25 % (t = 1 h) and then slightly increased to 28 %
within 3 h, which suggested that Fenton oxidation might take eﬀect
after reaction for 1 h. At initial pH 3.0, the leached iron ions, principally
composed by ferrous ions, from Fe7S8/Fe3O4@Fe were slightly lower
than those from ZVI, and the concentrations of total iron ions were less
than 26 mg L−1 (< 1.5 % of ZVI and Fe7S8/Fe3O4@Fe) within 3 h. At
neutral solution, the leaching of iron ions from Fe7S8/Fe3O4@Fe was
negligible (Fig. 7B). Under visible light or solar light irradiation, the
elimination eﬃciency of TOC by Fe7S8/Fe3O4@Fe at initial pH 7.0 arrived at 42.8 and 35.5 % within 3 h, respectively (Fig. 7A). These results
suggested good application potential of Fe7S8/Fe3O4@Fe to remove
organic pollutants for water puriﬁcation.
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