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a b s t r a c t
MoS2-based transition-metal chalcogenide has attracted increasing research attention due to features of 
low cost, high activity, environmental sustainability, and a strong visible light response. However, the 
limited quantity of active sites and high recombination rate of photo-generated charge carriers have 
hampered the efficiency of photocatalysis. In this paper, a Fe dopant was used to improve photocata-
lytic performance. XRD, energy dispersive spectrometer mapping, and X-ray photo-electron spectros-
copy characterizations demonstrate that Fe atoms were successfully doped into the MoS2 matrix. The 
UV–Vis absorption spectra, photocurrent density spectra, electrochemical impedance spectroscopy, 
and PL spectra indicate that the introduction of Fe dopant effectively improved the quantum yield and 
suppressed the recombination of photo-generated electrons and holes. In this paper, the as-prepared 
Fe-doped MoS2 nanosheets were used to degrade RhB and demonstrated enhanced photocatalytic 
activity, attributed to the following. First, the introduction of Fe3+ dopants formed new active sites in 
the inert basal plane of MoS2, which benefits the photocatalytic reaction. Second, the doped Fe3+ could 
trap photo-generated electrons and be reduced to Fe2+, which improved the separation efficiency of 
photo-generated charge carriers. Finally, a photo-Fenton-like reaction occurred during RhB degrada-
tion. Fe2+ can also accelerate the decomposition of H2O2 and generate active species of ·OH. ·OH can 
unselectively oxidize organics into CO2, H2O, and minerals. Fe2+ can also be perpetually regenerated 
and reused, which could support the long-term application of Fe-doped MoS2 in water treatment.
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1. Introduction

Water constitutes a key resource for life on Earth [1]. 
However, modern industries such as textiles, paper, leather, 
and pharmaceuticals use various organic dyes heavily, 15% 
of which are released into water bodies [2]. These dyes pose 
risks to the environment and human health and are difficult 
to degrade naturally. Many methods such as adsorption 
[3], membrane filtration [4], sedimentation [5], coagulation 
[6], and electro-coagulation [7], and the advanced oxidation 
process (AOP) have been employed for removal or degrada-
tion of toxic dyes [8]. Among these, AOP, which can gener-
ate reactive oxygen species that subsequently degrade dyes 

into CO2, H2O, and mineral acids [9], is well recognized as 
a promising technology for wastewater treatment due to its 
ease of use and high efficiency.

One type of AOP, semiconductor photocatalysts has 
recently attracted growing research interest and has been 
widely applied in wastewater treatment because these pho-
tocatalysts can be conducted under mild conditions using 
nontoxic materials, thus presenting economic and environ-
mental advantages [10,11]. Many wide band-gap semicon-
ductor materials (e.g., TiO2, ZnO, SnO2, Fe2O3, and their 
composites) have been developed as active catalysts for the 
photo-degradation of organic pollutants given their excellent 
chemical stability, low cost, and nontoxicity [12–14]. These 
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semiconductors can harvest ultraviolet (UV) light and com-
pletely degrade organic dyes. Unfortunately, the solar spec-
trum consists of only 3%–5% UV light, whereas 50% and 47% 
of the spectrum is composed of visible light and infrared 
radiation, respectively [15]. Therefore, novel photocatalysts 
that can harvest visible light for rapid water disinfection is 
urgently needed in the environmental protection field. 

Compared with conventional TiO2-based photocatalysts, 
MoS2-based photocatalysts with a band-gap width of 1.9 eV 
have attracted considerable attention in the photo-degradation 
of organic pollutants due to strong absorption in the visible 
light region, heavy metal-free composites, good chemical 
stability, and low cost [16]. However, pristine MoS2 presents 
problems of limited surface area, poor conductivity, an inert 
two-dimensional MoS2 surface, and a high combination of 
photon-generated carriers [17], rendering it difficult to obtain 
high photo-degradation performance.

Theoretical calculations and experimental studies have 
demonstrated that active photocatalytic reaction sites arise 
from edge planes and rim planes rather than basal planes 
in MoS2 nanosheets [18]. Many attempts to further improve 
the catalytic activity of MoS2 have focused on increasing 
the number of active sites and suppressing the recombina-
tion of photo-generated carriers. Nano-sized MoS2 could 
expose more edge planes and decrease the distance that the 
electrons and holes diffuse from internal to the surface. For 
example, Huang et al. [19] prepared defect-rich MoS2 ultra-
thin nanosheets, leading to a substantial improvement in 
hydrogen evolution reaction activity. Composites of MoS2 
and other materials (e.g., graphene, ZnO, C3N4, and CdS) 
were synthesized to improve photocatalytic performance 
[20–23] because the heterogeneous interface that forms 
between MoS2 and other semiconductor materials is benefi-
cial for separating photo-generated electrons and holes.

Generally, most MoS2 research aims to increase active site 
exposure by reducing the size of MoS2 nanosheets, which then 
increases the cost and challenges associated with synthesis. 
Recent theoretical calculations on single-layer MoS2 suggest that 
in-plane chemical doping of heteroatoms could modulate the 
electronic structure, produce additional active sites for catalysis, 
trap photo-generated carriers, and suppress the recombination 
of photo-generated electron–hole pairs [24–30]. Among vari-
ous kinds of dopants, Fe possesses varying chemical valence. 
Especially in the Fenton reaction, the catalytic performance of 
iron oxide is closely associated with oxidation states. However, 
Fenton degradation also suffers from numerous challenges 
such as a high iron-leaching rate and Fe2+ regeneration, which 
can significantly limit reusability and may generate undesired 
iron sludge during the Fenton process [31–33].

Inspired by these problems, this study designs and suc-
cessfully synthesizes Fe-doped MoS2 nanosheets using the 
one-pot hydrothermal method. Fe dopants may serve as new 
active sites in the MoS2 basal plane and improve intrinsic elec-
tronic conductivity. At the same time, Fenton degradation is 
found to occur on the surface of Fe-doped MoS2 nanosheets 
because Fe2+ can promote H2O2 decomposition into hydroxyl 
radicals (·OH). Photo-generated electrons can be captured by 
Fe3+ and reduced Fe3+ to F2+, effectively suppressing the recom-
bination of photo-generated electron–hole pairs and promot-
ing regeneration of Fe2+. In addition, Fe dopants may act as 
a recombination center to drastically suppress ·O2

– formation 

at the conduction band (CB) of MoS2. Fe-doped MoS2 samples 
with different doping concentrations were synthesized, and 
the effects of Fe dopants were systematically investigated. 
Finally, a possible photocatalytic and Fenton-like mechanism 
of Fe-doped MoS2 nanosheets is discussed.

2. Experimental section

2.1. Materials

Sodium molybdate, thiourea, and hexahydrate ferric 
chloride were purchased from Tianjin Chemical Reagent 
Co., Ltd. Other chemicals were purchased from Shanghai 
Chemical Reagent Co., Ltd. All chemicals were of analytical 
grade and used as received without further purification.

2.2. Synthesis of Fe-doped MoS2 nanosheets

In a typical synthesis, 1.5 mmol of Na2MoO4·2H2O and 
4.5 mmol of CN2H4S were dissolved into 30 mL of deionized 
water under vigorous stirring for 10 min and adjusted pH (1) 
using HCl. Then, a certain amount of FeCl3·6H2O was added 
to the above solution and stirred for another 10 min. Finally, 
the resulting mixture was transferred into a 50-mL teflon-lined 
autoclave, which was heated at 200°C for 24 h. After cooling 
naturally to room temperature, the black products were col-
lected and washed carefully with distilled water and ethanol 
several times. Finally, the products were dried in a vacuum 
oven at 60°C for 12 h. Fe-doped MoS2 with various molar ratios 
of Fe to Mo (0%, 1.1%, 2.9%, 4.3%, and 5.1%) were prepared by 
changing the molar of FeCl3·6H2O using a similar process.

2.3. Characterization

Powder X-ray diffraction (XRD) was performed on a 
Bruker D8 Advance diffractometer at 40 kV and 40 mA for 
Cu Ka (λ = 0.15406 nm). The morphology and size of the 
as-prepared Fe-doped MoS2 were analyzed using a scan-
ning electron micrograph (SEM; ZEISS, and SIGMA/VP) and 
transmission electron microscopy (TEM; JEOL, JEM-2100). 
Components of the as-prepared Fe-doped MoS2 composite 
were further investigated using X-ray photo-electron spec-
troscopy (XPS; Physical Electronics PHI5400, USA). The 
absorbance spectrum and UV–Vis diffuse reflectance spec-
trum were measured with a UV–Vis spectrophotometer 
(UV–Vis, U3310; Hitachi Ltd.). Electrochemical properties 
were assessed using an electrochemical station (CHI 660E; 
Shanghai, Chenhua, China).

2.4. Active species in the photocatalytic and Fenton-like systems

An active species trapping experiment was used to inves-
tigate the active species involved in the photocatalytic process. 
Ammonium oxalate (OA), 1,4-benzoquinone (BQ), and isopro-
pyl alcohol (IPA) were used as the hole, and ·O2

–, and ·OH scav-
engers were used to identify the main active species [34,35].

2.5. Photo-catalytic performance tests

Photo-catalytic performance of the photocatalyst was 
assessed based on degradation of the RhB solution. The high-
est optical absorption of RhB at 529 nm was used to monitor 



C. Liu et al. / Desalination and Water Treatment 140 (2019) 212–221214

the photo-degradation wavelength [36]. The temperature of 
the reaction was maintained at room temperature by circu-
lating water using an Xe lamp (300 W) equipped with a UV 
cut-off filter (λ > 400 nm) as the irradiation source. In a typical 
photocatalytic experiment, at certain time intervals, 5.0 mL of 
the suspension was withdrawn and centrifuged to remove 
the Fe-doped nanosheets, and the concentration of the RhB 
solution was analyzed by recording the absorbance using a 
UV–Vis spectrophotometer. The degradation capacity η was 
calculated using the following equation:

η =
−C C
C

t0

0

 (I)

where C0 is the initial concentration of RhB (mg L–1), and 
Ct is the equilibrium concentration of RhB at time t.

2.6. Photo-electrochemical experiment

Photo-electrochemical measurements were carried out 
in a three-electrode quartz glass cell connected to an electro-
chemical station (CH Instrument 660E; Shanghai, Chenhua, 
China). Pristine MoS2/ITO, 1.1 at % Fe-doped MoS2/ITO, 2.9 at 
% Fe-doped MoS2/ITO, 4.3 at % Fe-doped MoS2/ITO, and 5.1 
at % Fe-doped MoS2/ITO with an effective area of 1 cm2

 were 
prepared as working electrodes. A Pt wire and an Ag/AgCl 
(saturated KCl) electrode were used as the counter-electrode 
and reference electrode, respectively. The electrolyte was the 
0.5 mol L-1 Na2SO4 aqueous solution. A xenon lamp was used 
as the UV light source. The photocurrents of the working 
electrodes were maintained at a constant potential of 0.5 V.

3. Results and discussion

3.1. Characterization of Fe-doped MoS2 nanosheets

Fig. 1 shows the XRD patterns of pristine MoS2, 1.1 
at % Fe-doped MoS2, 2.9 at % Fe-doped MoS2, 4.3 at % 
Fe-doped MoS2, and 5.1 at % Fe-doped MoS2 nanosheets. The 
as-synthesized samples exhibited nearly identical charac-
teristic peaks, indexed to hexagonal MoS2 (2H-MoS2, JCPDS 
37-1492). Furthermore, with the addition of Fe, no remark-
able changes emerged in the XRD patterns or any diffraction 

maximum characteristic or ferrous chloride used as a pre-
cursor to formulation. Hence, Fe appeared to have doped 
into the MoS2 crystals. The XRD peaks of the Fe-doped MoS2 
also seemed broader and weaker in intensity (Fig. 1), indi-
cating a reduction in the average grain size and crystallinity 
and an increase in defective and disordered structures in the 
Fe-doped MoS2 due to open edges after Fe doping. 

The morphology and microstructure of the Fe-doped 
MoS2 were examined using SEM and TEM. Parts of the 
nanosheets were assembled into blocks for pure MoS2, which 
is not effective in exposing more active sites. However, 
the addition of iron ions improved the dispersibility 
of MoS2 nanosheets. Comparing the SEM images of pristine 
MoS2 and Fe-doped MoS2 (Figs. 2(a) and (b)), the Fe-doped 
MoS2 demonstrated a more disordered appearance, indicat-
ing disordering of atomic arrangements and reduced crystal-
linity, which was in agreement with the XRD analysis of the 
Fe-doped MoS2 nanosheets. 

Energy dispersive spectrometer (EDS) mapping was car-
ried out to verify element distribution. As shown in Figs. 2(c) 
and (d), the EDS mapping analysis of Fe-doped MoS2 reveal 
the presence of Mo, S, and Fe elements, with the Fe element 
evenly distributed in the sample. The EDS results also show 
that the Fe content on the surface was 0.65% Fe and Mo con-
tent was 22.5%. In total, the atomic ratio of Mo and Fe to S 
in the Fe-doped MoS2 nanosheets approached 1:2. Carbon 
and oxygen were mainly derived from the conductive adhe-
sive and absorbed oxygen molecules on the surface of the 
Fe-doped MoS2, respectively.

To further confirm the existence of Fe heteroatoms in the 
Fe-doped MoS2 plane, the XPS spectrum was investigated to 
examine the surface electronic state and composition of the 
Fe-doped MoS2 nanosheets. Fig. 3(a) presents a typical overall 
XPS spectrum of the as-prepared samples. The chemical bind-
ing energies at approximately 229.1, 161.8, 711.5, and 532.1 eV 
for Mo 3d, S 2p, Fe 2p, and O 1s indicated the presence of Mo, 
S, Fe, and O in the Fe-doped MoS2 nanosheets, respectively. 
As illustrated in Fig. 3(b), the three main peaks of Mo 3d3/2 
(232.8 eV), Mo 3d5/2 (229.6 eV), and S 2s (226.7 eV) were typi-
cally characteristic of MoS2. In Fig. 3(c), the binding energies 
of 161.6 and 162.6 eV corresponded to S 2p3/2 and S 2p1/2 [37], 
implying that Mo4+ and S2– were dominant MoS2 states. The Fe 
2p core-level XPS spectrum (Fig. 5(d)) displayed two major 
characteristic peaks at 710.61 and 725.33 eV for Fe 2p3/2 and 
Fe 2p1/2, respectively [38]. After further peak deconvolution, 
four resolved peaks appeared at 708.73, 710.65, 714.85, and 
724.80 eV. The peaks at 710.61 and 724.80 eV were attributed 
to the doped Fe3+, whereas those at 708.73 and 714.85 eV were 
attributed to Fe2+, which could form during the hydrothermal 
process under high temperature and pressure conditions. No 
signals were found for iron oxides; thus, the iron presenting 
on the Fe-doped MoS2 nanosheets surface was mainly of Fe3+ 
and Fe2+ state, these findings agreed well with the XRD and 
EDS analysis of the Fe-doped MoS2 nanosheets. Overall, the 
XRD, EDS mapping, and XPS characterizations suggest that 
Fe atoms were successfully doped into the matrix of the MoS2.

3.2. Optical performance test

The optical properties of semiconductor materi-
als directly affect their photocatalytic performance. Fig. 1. XRD patterns of pure MoS2 and Fe-doped MoS2.
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Photo-catalytic active species are mainly thought to originate 
from photo-generated electrons and holes. When the energy 
of a photon is higher than the band gap energy (Ebg) of the 
photocatalyst, it can be absorbed to promote an electron from 
the valence band (VB) into the CB, at which point a hole is 
generated in the VB. If the photo-generated electrons and 
holes have sufficient activity and can be effectively separated, 
then active species and free radicals (·OH, ·O2

–, and HO2·) 
can be generated [9]. Therefore, the absorption spectra and 
mechanism of the photo-generated carriers separation and 
transformation play a critical role in photocatalytic reactions.

The UV−Vis absorption spectra of pristine MoS2 
nanosheets and the Fe-doped MoS2 nanosheets are presented 
in Fig. 4(a). All samples exhibited maximum absorption in the 
visible range. Comparing the absorption spectra of un-doped 
MoS2 nanosheets with those of Fe-doped MoS2 nanosheets, 
the absorption intensity of Fe-doped MoS2 nanosheets in 
the visible range was enhanced as the Fe doping amount 
increased. 5.1 at % Fe-doped MoS2 nanosheets obtained 
the highest absorption intensity. The enhanced absorption 
spectrum implies a higher quantum yield, attributed to the 
impurity level introduced in the forbidden band of MoS2 

with the Fe dopant. The electron rose to the impurity level 
from the VB while absorbing less energy. As a result, much 
more visible light was absorbed, which can produce more 
photo-generated carriers.

To study the separation and recombination of 
photo-generated carriers, photocurrent responses, PL 
spectra, and electrochemical impedance spectroscopy 
(EIS) were examined for different samples (pristine MoS2, 
1.1 at % Fe-doped MoS2, 2.9 at % Fe-doped MoS2, 4.3 at % 
Fe-doped MoS2, and 5.1 at % Fe-doped MoS2). As shown 
in Fig. 4(b), all three electrodes under intermittent irradia-
tion in the Na2SO4 solution demonstrated apparent photo-
current responses. The fast and uniform responses to each 
light on/off interval of the three photo-electrodes indicated 
good reproducibility of the corresponding samples. Notably, 
the pristine MoS2 exhibited a relatively low photocurrent, 
implying low quantum efficiency. In contrast, the Fe-doped 
MoS2 showed a substantially elevated photocurrent inten-
sity compared with that of pristine MoS2. The photocur-
rent is mainly thought to originate from the separation of 
photo-generated charges within the photo-electrode, in 
which electrons are transported to the back contact while 

Fig. 2. SEM images of (a) pristine MoS2 and (b) Fe-MoS2 nanosheet, (c) element mapping and EDS results for Fe-MoS2 nanosheets, 
(d) EDS analysis of Fe-doped MoS2, ((e)–(g)) TEM and HRTEM at stand-up edges for Fe-doped MoS2 nanosheets.
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Fig. 3. XPS patterns of Fe-doped MoS2. (a) Typical overall XPS, (b) Mo 3d and S 2s spectra, (c) S 2p spectra, (d) Fe 2p spectra.

Fig. 4. (a) UV-Vis DRS, (b) transient photocurrent responses of pure MoS2, 1.1 at % Fe-doped MoS2, 2.9 at % Fe-doped MoS2, 4.3 at % 
Fe-doped MoS2, and 5.1 at % Fe-doped MoS2, (c) PL emission spectra, (d) Nyquist plots of pristine and Fe-doped MoS2 nanosheets.
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holes are taken up by the holes acceptors in the electrolyte. 
Therefore, when the Fe-doped MoS2 photo-anode is irradi-
ated by light, photo-generated electrons from the excited 
MoS2 are likely transferred to ITO while holes are transferred 
to MoS2, resulting in as much separation of photo-generated 
charges as possible. A higher photocurrent response of the 
Fe-doped MoS2 suggests that Fe doping positively affects the 
restrained recombination of photo-generated carriers; 2.3 at 
% Fe-doped MoS2 obtained maximum photocurrent density. 
As the Fe doping amounts increased, the photocurrent den-
sity rose first and then declined because a small amount of 
Fe dopant trapped photo-generated electrons, facilitating the 
separation of photo-generated electrons and holes. However, 
excess Fe dopants may serve as a recombination center, hin-
dering the photocatalytic reaction.

PL emissions are known to be due to the recombination 
of excited electrons and holes. A lower PL intensity may 
indicate a lower recombination rate of photo-generated elec-
trons and holes under light illumination. On the contrary, a 
higher PL intensity may lead to a higher recombination rate 
of electrons and holes, exerting an adverse effect on photocat-
alytic performance. In this study, the PL spectra of different 
Fe-doped concentration MoS2 nanosheets were tested in the 
range of 600–800 nm. As shown in Fig. 4(c), pristine MoS2 
nanosheets, 1.1 at % Fe-doped MoS2, 2.9 at % Fe-doped MoS2, 
4.3 at % Fe-doped MoS2, and 5.1 at % Fe-doped MoS2 sam-
ples all demonstrated a broad visible light absorption band 
from 600 to 800 nm but exhibited clear changes in intensity. 
Specifically, pristine MoS2 showed the highest PL intensity 
among all the samples, indicating a high recombination of 
electrons and holes. As hoped, the PL intensity decreased 
considerably when a suitable amount of Fe was doped, 
implying that the recombination of photo-generated carriers 
was effectively suppressed.

EIS is an important tool for studying the process dynamics 
of electrodes, surface phenomena of electrodes and measuring 
the conductivity of fixed electrolytes. For photocatalytic stud-
ies, the relative radius of arc on the Nyquist plot corresponds 
to the size of charge transfer resistance and the separation 
efficiency of photo-generated electron–hole pairs. Generally, 
a smaller curve in the EIS Nyquist plot illustrated a slen-
derer charge-transfer resistance [39]. As shown in Fig. 4(e), 
Fe-doped MoS2 nanosheets exhibit smaller charge-transfer 
resistance under irradiation, suggesting the effective shut-
tling of charges between electrode and electrolyte, and faster 
interfacial charge transfer occurred, which is consistent with 
the results of PL spectrum and photocurrent density test.

3.3. Photo-catalytic performance test

To investigate the photocatalytic activity of hybrid mate-
rials with different amounts of Fe doping, photo-degradation 
of RhB tests was conducted under visible light. Photo-
degradation process of RhB using pristine MoS2 nanosheets 
and the as-prepared 2.9 at % Fe-doped MoS2 nanosheets are 
shown in Figs. 5(a) and (b), respectively. The intensity of the 
maximum absorption peak for the RhB solution gradually 
declined with an increase in reaction time. Fig. 5(c) displays 
the degradation ratio of RhB using the different catalysts. 
The as-prepared 2.9 at % Fe-doped MoS2 nanosheets show 
the highest catalytic activity, which can remove 98% of RhB 

dyes within 60 min. However, pristine MoS2 nanosheets only 
removed 51% of RhB dyes within 60 min under visible light 
irradiation. Fig. 5(d) shows the kinetic plot of –ln (Ct/C0) vs. 
irradiation time to examine whether the process obeyed 
the pseudo-first order model. A linear correlation existed 
between –ln(Ct/C0) and irradiation time, demonstrating that 
the photo-degradation reaction of RhB followed pseudo-first 
order kinetics. The aim of photo-degradation is to degrade 
pollutions into CO2, H2O, and harmless minerals, rather than 
other intermediates. Therefore, it is necessary to study the 
degree of mineralization of pollutants. Therefore, the prod-
ucts of degradation of RhB by different catalysts prepared 
were studied by TOC. The test results of TOC are shown in 
Fig. 5(e). Despite of the TOC reduction rate is lower than the 
RhB decoloring rate, but the TOC rapidly decrease in pho-
tocatalytic reaction process, which indicates that the active 
substances first make RhB into all kinds of colorless interme-
diates, and then the active material completely oxidized these 
intermediates into CO2, H2O, and inorganic substances.

Fe3+ is known to influence electrons and trapped holes. 
Doped Fe3+ could be reduced to Fe2+ through photo-electron 
capture, thus enabling photo-electron transmission. Therefore, 
when a small amount of Fe3+ was doped, it benefitted the 
separation of electrons and holes and induced improved 
photo-degradation activity. Nevertheless, when a large amount 
of Fe3+ was doped, the distance among trappers fell sharply, 
and Fe3+ resulted in recombination centers. The trapped elec-
trons were delivered to the holes directly, leading to low pho-
tocatalytic activity. The effects of different doping levels on 
photocatalytic activity were examined in this work. Compared 
with pristine MoS2 nanosheets, the photo-degradation activ-
ity of the as-prepared Fe-doped MoS2 nanosheets was obvi-
ously enhanced as indicated in Figs. 5(c) and (d). The 2.9 at % 
Fe-doped MoS2 nanosheets catalysts demonstrated the most 
optimal performance. The enhanced photo-degradation activity 
of Fe-doped MoS2 may be attributed to several factors: (1) incor-
poration of Fe into MoS2 reduced the average grain size, there-
fore resulting in more active edge sites as confirmed by XRD 
and SEM results; (2) Fe dopants could be the new active sites in 
the basal plane of MoS2 and help improve intrinsic conductiv-
ity, leading to significantly improved photo-degradation activ-
ity; and (3) the doped Fe3+can trap photo-generated electrons 
and be reduced to Fe2+. Fe2+ plays an important role as a Fenton 
catalyst in the decomposition of H2O2 and can rapidly initiate a 
photo-Fenton reaction in the RhB solution. Meanwhile, Fe2+ can 
be regenerated through the reduction of photo-electrons and 
support long-term water treatment applications. 

In addition to photocatalytic performance, another 
important aspect of photocatalysts in practical applications 
is stability. Cycle runs were, therefore, conducted to evaluate 
the stability of samples under irradiation. In this procedure, 
all processes and parameters remained the same: the catalyst 
was recycled and washed with ethanol before being dried in a 
vacuum. As indicated in Fig. 5(f), Fe-doped MoS2 nanosheets 
tested for degradation demonstrated a slight decline after 
five runs at a maximum degradation of 94.2% for the fifth 
run. A slight decrease in photocatalytic performance could 
be due to the loss of Fe-doped MoS2 nanosheets during the 
recycling process. This experiment confirmed the stability of 
synthesized Fe-doped MoS2 nanosheets during the photocat-
alytic process.
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3.4. Possible mechanism for improved photocatalytic performance 
of Fe-doped MoS2 nanosheets

An effective photocatalyst also relies on its band-edge 
positions (i.e., CB minimum and VB maximum), which 
determine the redox potentials of photo-generated elec-
trons and holes [40]. In general, the more positive the VB 
potential, the stronger the oxidation ability of photo-gener-
ated holes [35]. By contrast, the more negative the CB, the 

stronger the reducing ability of photo-generated electrons. 
As shown in Fig. 6(a), previous studies have shown that the 
photo-generated electrons in CB of MoS2 (–0.41 eV vs normal 
hydrogen electrode (NHE)) are sufficiently negative to reduce 
O2 to generate ·O2

–(O2/·O2
– = –0.33 eV vs NHE) and reduce 

Fe3+ to generate Fe2+ (Fe3+/Fe2+ = +0.77eV vs NHE). However, 
the ·OH radicals (·OH/H2O = +2.27 eV vs NHE) could not 
be directly generated through photo-generated holes in this 
study because of an inadequate VB position.

Fig. 5. Photo-degradation profiles of RhB using various photocatalysts under visible light irradiation. (a) Pristine MoS2 nanosheets, 
(b) as-prepared Fe-doped MoS2 nanosheets, ((c) and (d)) kinetic characteristics, (e) remaining TOC for the RhB dye solutions containing 
different catalysts, (f) catalyst reuse.
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Radical trapping experiments were carried out to further 
confirm the above analysis of as-prepared Fe-doped MoS2 
nanosheets. OA (5 mL), BQ (5 mL), and IPA (5 mL) were used 
as hole (h+), superoxide radicals (·O2

–), and hydroxyl radi-
cals (·OH) scavengers to identify the main active species. As 
shown in Fig. 6(b), the degradation of RhB was significantly 
inhibited by OA, suggesting that direct oxidation by holes 
was critical because the potential of photo-generated holes 
was positive enough to effectively oxidize dyes directly. At 
the same time, BQ clearly reduced the photo-degradation 
activity of Fe-doped MoS2 nanosheets, indicating that 
·O2

– was an important active species for RhB degradation. 
Although ·OH radicals could not be directly generated 
through photo-generated holes, ·OH could be generated 
using the following approach: Fe2+ reacts with H2O2 to form 
·OH. As a result, IPA suppressed the photo-degradation 
activity of Fe-doped MoS2 nanosheets.

According to the above results, a possible mechanism 
for the heterogeneous photo-Fenton-like process is detailed 
in Fig. 7. First, when the energy of a photon is higher than 
the band gap of the energy (Eg) of Fe-doped MoS2, it can be 
absorbed and promote an electron from the VB into the CB, at 
which point a hole is generated in the VB according to Eq. (1). 
Then, the photo-generated electrons react with O2 dissolved 
in water and form the superoxide radical (·O2

–). On one hand, 
·O2

– can suppress the recombination of photo-generated 
carriers; on the other, ·O2

– reacts with H+ to form H2O2. In this 
study, the photo-generated electron was trapped by Fe3+ to 
form Fe2+, which can accelerate the decomposition of H2O2 
into hydroxyl radicals ·OH (i.e., Fenton reaction). At the same 
time, the accumulated holes on the surface of Fe-doped MoS2 
can oxidize the organic dye directly. The photo-generated 
electron can be trapped by Fe3+ to reform Fe2+. In the end, 
these highly reactive ·OH, ·O2

–, and h+ will decompose RhB 
into carbon dioxide or other small organic molecules and 
water. Radical production can be expressed by the following 
reactions:

Fe-doped MoS2 + hv → eCB
– + hVB

+ (1)

O2 + e– → ·O2
– (2)

·O2
– + 2H+ + e– → H2O2 (3)

Fe2+ + H2O2 → Fe3++ ·OH + OH– (4)

Fe3+ + e– → Fe2+ (5)

·OH,·O2
–, h+ + RhB → degradation products (6)

4. Conclusions

In summary, Fe-doped MoS2 nanosheets with dou-
ble catalytic effects were synthesized in this study using 
a simple hydrothermal method. Results indicate that the 
as-prepared Fe-doped MoS2 nanosheets exhibited enhanced 
photo-degradation activity and stability in visible light irra-
diation compared with pristine MoS2. This difference can 
be attributed to three reasons: (1) the introduction of Fe3+ 
dopants formed new active sites in the inert basal plane of 
MoS2, which facilitated a traditional photocatalytic reaction; 
(2) doped Fe3+ can trap photo-generated electrons and be 
reduced to Fe2+, thereby improving the separation efficiency of 
photo-generated charge carriers; and (3) a photo-Fenton-like 
reaction can occur during RhB degradation. Fe2+ can acceler-
ate the decomposition of H2O2 and generate active species of 
·OH, and ·OH can unselectively oxidize organics into CO2, 
H2O, and minerals. Fe2+ can also be endlessly regenerated 

Fig. 6. (a) Potentials for various redox couples in water (pH = 7) and band-edge positions of semiconductor photocatalysts, (b) radical 
trapping experiments of Fe-doped MoS2 nanosheets.

Fig. 7. Schematic diagram illustrating the mechanism of charge 
separation and photocatalytic reaction of Fe-doped MoS2 
nanosheets under visible light irradiation.
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and reused, which may support long-term applications 
of Fe-doped MoS2 in water treatment. The findings in this 
work provide a valuable reference for the design of efficient, 
visible-light-driven, and [14] recyclable photocatalysts for 
environmental mitigation of organic pollution.
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