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High Efficient Photo-Fenton 
Catalyst of α-Fe2O3/MoS2 
Hierarchical Nanoheterostructures: 
Reutilization for Supercapacitors
Xijia Yang, Haiming Sun, Lishu Zhang, Lijun Zhao, Jianshe Lian & Qing Jiang

A novel three-dimensional (3D) α-Fe2O3/MoS2 hierarchical nanoheterostructure is effectively 
synthesized via a facile hydrothermal method. The zero-dimensional (0D) Fe2O3 nanoparticles guide 
the growth of two-dimensional (2D) MoS2 nanosheets and formed 3D flower-like structures, while 
MoS2 facilitates the good dispersion of porous Fe2O3 with abundant oxygen vacancies. This charming 
3D-structure with perfect match of non-equal dimension exhibits high recyclable photo-Fenton 
catalytic activity for Methyl orange pollutant and nice specific capacity in reusing as supercapacitor 
after catalysis. The synergistic effect between Fe2O3 and MoS2, the intermediate nanointerfaces, the 
3D porous structures, and the abundant oxygen vacancies both contribute to highly active catalysis, 
nice electrochemical performance and stable cycling. This strategy is simple, cheap, and feasible for 
maximizing the value of the materials, as well as eliminating the secondary pollution.

The environment and energy issues become more and more prominent, therefore increasing efforts aimed at 
using renewable energy sources in our daily life has been made1–5. Semiconductor materials have received intense 
attentions as a potential solution to the worldwide energy shortage and for environmental purification6–11. Among 
which, hematite (α -Fe2O3), an intriguing material, is the most stable iron oxide with n-type semiconducting 
properties under ambient conditions. Owing to the attractive features, such as natural abundance, low cost, non-
toxicity, chemical stability, and favorable optical band gap (ca. 2.2 eV), Fe2O3 has been intensively researched for 
applications in catalysis12–15, and supercapacitors16,17. However, it suffers the low efficiency arising from poor 
absorptive, short hole diffusion length (e.g. 2–4 nm), high electron-hole recombination rate, and poor electrical 
conductivity18–20, which hinder its practical application.

Two-dimensional (2D) layered nanomaterials such as graphene have attracted tremendous research interests 
in scientific fields because of their unique properties and wide potential applications21–25. Inspired by the discov-
ery of 2D graphene monolayer and its rich physical phenomenon, MoS2, resembling graphene, a typical example 
of 2D layered nanomaterials, has caused great interest in the past few years26–30. As a transition metal sulfide, 
MoS2 possesses many excellent properties, and its enhanced visible light absorption, proper band edge, special 
2D structures, excellent mechanical and electrical properties make it an ideal candidate to form heterojunc-
tions31–32. In recent years, several articles have reported the successful synthesis of heterojucions based on MoS2 
and show unique photocatalytic and electrochemical properties33–36, while few studies can realize the formation 
of the hybrid of 0D nanoparicles with 2D MoS2 nanosheets due to the lack of easy and effective ways to combine 
them with no agglomeration and high performance.

Based on the above considerations, we design a novel 3D flower-like Fe2O3/MoS2 hierarchical nanohetero-
structure firstly through a facile hydrothermal reaction. The Fe2O3 nanoparticles guide the growth of 2D MoS2 
to construct the 3D micron-size flowers, while 2D MoS2 sheets facilitate the formation and good dispersion of 
porous Fe2O3 nanoparticles with abundant oxygen vacancies. The hybrid show excellent photo-Fenton catalytic 
activity for degrading Methyl orange (MO) which belongs to the azo dyes family and is known to be carcinogenic 
and mutagenic; meanwhile, exhibit high specific capacity for supercapacitor after 6 successive cycles of photocat-
alytic reaction. By careful evaluation, we found that the used Fe2O3/MoS2 material show better electrochemical 
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performance after photo-Fenton reaction compared to the fresh materials, which may contribute to the abundant 
oxygen vacancies formed in the catalytic reaction. This provide an idea for the reapplication of scrap materials 
to eliminate secondary pollution, decrease the energy consumption and achieve the maximum use of materials, 
which may eliminate and collectively solve the problems of environment and energy.

Results
In the reaction, 0D Fe2O3 nanoparticles were served as the template to assist the growth of 2D MoS2 to construct 
special structure of both Fe2O3 and MoS2. The Fe2O3 nanoparticles with positive electricity37 can gather and 
absorb the gradually formed negative changed MoS2 nanosheets (pH =  7.42)38. This facile synthesis strategy for 
the Fe2O3/MoS2 heterostructures is schematically depicted in Fig. 1. Furthermore, the formed micron-structure 
with perfect match of non-equal dimension avoids the difficult reclamation compared with nanoscale materials 
and ensures the cyclic utilization. In the photocatalysis process, H2O2 was added to the system to develop a 
photo-Fenton reaction for further improving the catalytic performance. Moreover we design the Fe2O3/MoS2 
heterostructures with different weight ratios (MoS2: Fe2O3, 0.6:1.0, 1.0:1.0, 1.4:1.0, 2.0:1.0, 3.0:1.0, 4.0:1.0) and 
labeled as 0.6MF, 1.0MF, 1.4MF, 2.0MF, 3.0MF and 4.0MF, respectively, to find out the optimal proportion for 
photocatalysis.

Figure 2a shows the X-ray diffraction (XRD) patterns of the as-prepared Fe2O3 nanoparticles and Fe2O3/MoS2 
composite, which confirm the formation of MoS2 sheet-Fe2O3 particles hybrid nanostructures. Besides the XRD 
peaks of Fe2O3 (JCPDS 33-0664), additional diffraction peaks at 14.1°, 32.7°, 39.5° and 58.3° can be indexed to the 
(002), (103), (110) and (201) planes of 2H-MoS2 (JCPDS 37-1492). Whereas the plane spacing d (002) =  0.63 nm 
is slightly larger than the standard (0.62 nm) of 2H-MoS2, this could be attributed to the lattice distortion of the 
as-prepared MoS2 nanosheets in the presence of Fe2O3 nanoparticles. The field emission scanning electron micro-
scope (FE-SEM) images shown in Figure S1a reveal that the Fe2O3 nanoparticles are of cube shape with rounded 
corner, which have an average edge length of 50 nm. And the 0D Fe2O3 nanoparticles were uniformly loaded on 

Figure 1. (a) Schematic illustration of the 3D α -Fe2O3/MoS2 heterostructures formation; (b) morphological 
characterizations of the formation process of the 3D Fe2O3/MoS2 heterostructures (3.0MF) with different 
reaction time.
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the 2D MoS2 sheets, forming the 3D hierarchical nanoheterostructures with micron-size (Fig. 2b). We can hardly 
see the Fe2O3 nanoparticles separating from the MoS2 nanosheets, implying a strong interaction between Fe2O3 
and MoS2. In the hydrothermal reaction, 2D MoS2 sheets support the Fe2O3 nanoparticles, and facilitate the good 
dispersion of Fe2O3, which guarantee the high photocatalytic and electrochemical performance. The morphology 
varies when alter the proportion of MoS2/Fe2O3, if the proportion is less than 1.4MF, Fe2O3 nanoparticles can’t 
be entirely loaded on the MoS2 nanosheets. The content of MoS2 in the range of 2.0MF~4.0MF ensures the stable 
3D-structures with all the Fe2O3 nanoparticles uniformly loaded on the MoS2 flower-like nanosheets, and the 
flower-like structures with a diameter of ca. 2–4 μ m (Figure S2). However, excessive MoS2 in the heterostructures 
might result in lack of the support of Fe2O3, and make the structures gradually aggregated. When no Fe2O3 nano-
particles join in, MoS2 nanosheets get severe agglomeration (Figure S1b), which could affect the sufficient charge 
transfer and the efficient photocatalytic and electrochemical activity might be weakened.

To further investigate the detailed structures, Fe2O3/MoS2 heterostructures were characterized by transmis-
sion electron microscope (TEM) and high resolution transmission electron microscope (HRTEM). Figure 2c 
shows the layered structures of MoS2 with loaded Fe2O3 nanoparticles, and the Fe2O3 nanoparticles formed the 
porous structures during the hydrothermal reaction with the existence of MoS2. The HRTEM image inset Fig. 2d 
shows the cross section of a MoS2 piece (petal) where the layer numbers of MoS2 (002) plane is approximately 

Figure 2. (a) XRD patterns of the pre-prepared Fe2O3 nanoparticles (black curve) and the 3.0MF (red curve); 
(b) SEM, (c) TEM, (d) HRTEM images of the as prepared 3.0MF; and the corresponding elemental mappings of 
(e) Fe, (f) O, (g) Mo, and (h) S elements; and the inset in (c) shows the enlarged view of Fe2O3 nanoparticles; and 
the inset in (d): HRTEM image of the MoS2 sheets.
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8–12 with the inter-plane space of 0.63 nm, which has a good match with the XRD analysis. Figure 2d shows 
the local lattice fringes of a well-defined crystalline Fe2O3 nanoparticles possessing a lattice spacing of 0.37 and 
0.25 nm, which corresponds to the (012) and (103) planes, respectively. The adjacent nanodomain of short-range 
ordering has a width of ~5 nm with an interlayer spacing of 0.27 nm corresponding to the (100) plane of MoS2. 
Besides, to determine the spatial distributions of the MoS2 and Fe2O3 phase in the heterostructures, the elemen-
tal mapping is applied. Figure 2e–h display the existences of Fe, O, Mo, and S elements in the heterostructures, 
respectively. The O and Fe signals are evenly distributed over the entire heterostructures as expected, certifying 
that the uniformly loaded Fe2O3 nanoparticles on the MoS2 nanosheets. The EDX analysis (Figure S3) also identi-
fies the existence of the Fe, O, Mo, and S elements. According to the EDX, the molar ratio of Mo: Fe: S: O is 13.46: 
27.48: 26.76: 11.68; the results show very low molar ratio of the element O and some difference with the theoreti-
cal molar ratio of MoS2/Fe2O3 (MoS2/ Fe2O3 =  1:1).

To deeply evaluate the binding behavior of the elements in the sample 3.0MF, XPS spectra for Fe 2p, O 1s, Mo 
3d, and S 2p regions were shown in Fig. 3. The binding energies of Mo 3d3/2, Mo 3d5/2, S 2p1/2 and S 2p3/2 peaks are 
located at 232.0, 228.8, 162.8 and 161.6 eV, respectively, suggesting that Mo4+ existed in the MoS2. The asymmetric 
peaks and tailing spectra (at about 235.4 eV) for Mo 3d3/2 and Mo 3d5/2 in the heterostructures are likely due to the 
existence of a small amount of Mo6+. In the high-resolution of Fe 2p spectrum, two distinct peaks at the binding 
energies of 710.7 eV for Fe 2p3/2 and 725.2 eV for Fe 2p1/2 with a shake-up satellite at 719.6 eV can be observed, 
meaning that the iron oxide in the heterostructures should be Fe2O3, which is in accordance with the result of 
XRD pattern39. The O 1s spectrums could be deconvoluted to three different peaks at the binding energies of 
529.8, 531.8, and 533.2 eV, corresponding to the lattice oxygen (Olatt), hydroxyl oxygen (Ohyd) and physically 
adsorbed oxygen (Oads), respectively40,41. It is generally accepted that Oads oxygen species are mainly affected by 
surface oxygen vacancies since they are often adsorbed only by the oxygen vacancies at vacuum conditions40,42. 
Thus, oxygen vacancies should exist on the surface of the couple of MoS2 and Fe2O3, and it’s in conformity to the 
result of EDX. We supposed that the oxygen vacancies result from the anion exchange reaction occurred in the 
junction surface: the faster diffusion of O2− than incoming S2− leads to the formation of oxygen vacancies, and 
then some become to porous structures43.

The nitrogen adsorption-desorption measurement was used to further reveal the porous structures of the 
as-prepared Fe2O3/MoS2 heterostructures. The shape of  hysteresis loops is of type IV, indicating abundant mes-
opores existing in the heterostructures associated with the overlapping of the 2D MoS2 nanosheets. Due to the 
large size of the heterostructures, the Brunauer–Emmett–Teller (BET) specific surface area of the sample only 
shows a moderate value of 13.2 m2 g−1 (Fig. 4a). It seems to prove that the large specific surface area is not the 
decisive factor of photocatalysis. Besides, the Barrett–Joyner–Halenda (BJH) pore size distribution (Fig. 4b) of the 
samples indicates the sizes of mesopores have a wide pore-size distribution from 2 to 230 nm. These mesopores 

Figure 3. XPS spectra of the 3.0MF: (a) Mo 3d and S 2s peaks, (b) S 2p peaks, (c) Fe 2p peaks, and (d) O 1s 
peaks.
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work as channels in the photocatalytic process, which assist diffusion of the pollutants in the heterostructures and 
therefore improve the photocatalytic activity. Meanwhile, the porous Fe2O3 nanoparticles facilitate electrochem-
ical site and ensures short path lengths of ion diffusion, which enhance the photocatalyst and electrochemical 
performance.

Discussion
To demonstrate the photo-Fenton catalytic performance of these unique 3D Fe2O3/MoS2 hierarchical nanohet-
erostructures, catalytic reduction of MO by the as-obtained Fe2O3 nanoparticles, MoS2 sheets and various Fe2O3/
MoS2 heterostructures with H2O2 under simulated solar light irradiation was investigated. Figure 5a show the 

Figure 4. (a) N2 adsorption–desorption isotherm and (b) pore-size distribution curve of the as-obtained 
3.0MF.

Figure 5. (a) Photocatalytic degradation of MO with different catalysts; (b) variations in COD during the 
photocatalytic (3.0MF) degradation of MO in 30 min. The inset (a) the photo of the fade of the MO; (c) Six 
cycles of the photocatalytic reduction of MO using sample 3.0MF as the photocatalyst under simulated solar 
light irradiation for 20 min; (d) Photocatalytic degradation of CR (50 mg L−1) and RhB (20 mg L−1) under 
simulated solar light with the presence of the 3.0MF.
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change in the concentration of MO (C/C0) during the photodegradation process; C0 and C are the initial con-
centration of MO and the measured concentration of MO after photodegradation for a certain time, respectively. 
For comparison, pure MO and MO with addition of H2O2 under simulated light irradiation without catalysts 
were evaluated, but they only show slightly degradation, indicating that the photolysis mechanism of MO and 
the decomposition capacity of H2O2 can be ignored. Prior to the light irradiation, the mixed suspension of the 
catalyst and MO was constant stirred in dark to establish adsorption/desorption equilibrium, and the Fe2O3/
MoS2 heterostructures show a slight adsorption of MO. Under simulated solar light irradiation, the sample 3.0MF 
(75 wt% MoS2) shows the highest photocatalytic activity with 99% of MO degraded within 10 min, which is one 
of the most effective photocatalyst to our knowledge15,36,44–46. The other Fe2O3/MoS2 heterostructures also show 
excellent photocatalytic activity, which is significantly higher than those of pure Fe2O3 and MoS2.

To quantitatively estimate the reaction kinetics of the MO degradation, the degradation rate is calculated 
based on the Fig. 5a, and the constants k of Fe2O3, MoS2, 1.4MF, 2.0MF, 3.0MF, and 4.0MF are 0.01485, 0.00262, 
0.175, 0.18021, 0.2301, and 0.16411 per min, respectively (Figure S4)47,48. One can see that all the Fe2O3/MoS2 
heterostructures exhibit much higher photocatalytic activities than the pure Fe2O3 and MoS2. And the 3.0MF 
found to exhibits the highest rate, about 87 times higher than that of MoS2 and 15 times higher than that of Fe2O3. 
Therefore, the combination of Fe2O3 and MoS2 with nanoheterostructures makes an effective way to significantly 
enhance the photocatalytic activity. Figure 5b shows the normalized Chemical Oxygen Demand (COD) removal 
during the photocatalytic treatment with the 10 mg catalysts. It is observed that more than 56% COD of wastewa-
ter can be reduced only after 30 min of exposure to the simulated solar light in the presence of the 3.0MF. These 
results point out the fast mineralization rate of Fe2O3/MoS2 heterostructures under simulated solar light radiation.

The decent photocatalytic performance could be explained as follows. One is the relatively high adsorption 
capacity within the range of visible and ultraviolet light. Meanwhile the as prepared architecture with channels 
has certain of absorption property can contact with the contaminants more sufficiently. Besides, when Fe2O3 nan-
oparticles loaded on the surface of the MoS2 nanosheets, oxygen vacancies, efficient interfaces between Fe2O3 and 
MoS2 as well as the heterostructures were developed, which benefit the process of electron-hole separation. Also 
the UV-vis absorption spectra (Figure S5) affirm the good photocatalytic performance of the heterostructures. 
For Fe2O3 nanoparticles, the effective light absorption extends from UV to visible region (around 500 nm), while 
MoS2 nanosheets show significantly increased absorption in visible light wavelength region larger than 500 nm. 
Therefore, the combination of Fe2O3/MoS2 presents a considerable absorption in whole UV-vis wavelength range, 
and increases the photocatalytic efficiency.

Based on Figure S5, the conduction band edge (ECB) and the valence band edge (EVB) of the Fe2O3 and MoS2 at 
the point of zero charge can be estimated by the Equations (1) and (2) according to the electronegativity49:

= − + .E X E 0 5E (1)VB e g

= −E E E (2)VB CB g

where X is the semiconductor’s absolute electronegativity, and the values of X for Fe2O3 and MoS2 are 5.88 and 
5.32 eV, respectively; Ee is the energy of free electrons on the hydrogen scale (ca. 4.5 eV); EVB is the valence band 
(VB) edge potential; ECB is the conduction band (CB) edge potential and Eg is the band gap of the semiconductor. 
By extrapolating the straight portion of the (Ahν )2− hν  plot to the x axis, we get the values of band gaps through 
the intersection, which are 1.97 and 1.93 eV for Fe2O3 and MoS2, respectively (Figure S6). Therefore, the calcu-
lated CB and VB edge positions are 2.37 and 0.39 eV for Fe2O3, and 1.79 and − 0.14 eV for MoS2, respectively 
(Figure S7a).

The potentials of CB and VB of MoS2 are more negative than those of Fe2O3, the staggered alignment of band 
edges at the heterointerface can improve spatial charge separation of the photogenerated electron and hole in dif-
ferent parts of the heterostructures. Under simulated solar light irradiation, the photogenerated electrons in the 
CB of MoS2 transfer to the CB of Fe2O3, for the other band, the leaving holes will transfer from the VB of Fe2O3 
to the VB of MoS2 in opposite direction. The electrons and holes transfer spontaneously in the heterostructures, 
therefore the yield and lifetime of the photo-induced electron/hole increased while reducing the chance for their 
recombination, hence the photocatalytic performance get improved.

In order to investigate the separation efficiency of photogenerated electrons and holes in our system, the elec-
trochemical impedance spectroscopy (EIS) was applied. Figure S7b shows the EIS Nyquist plots of Fe2O3, MoS2 
and Fe2O3/MoS2 photocatalysts with and without irradiation. The radius of the arc on the EIS spectra reflects the 
reaction rate occurring at the surface of the electrode50, and the EIS Nyquist plot with smaller arc radius indicates 
the faster interfacial charge transfer and more effective separation of photogenerated electron–hole pair. The arc 
radius on the EIS Nyquist plot of MoS2 is small under light irradiation, suggesting the faster interfacial charge 
transfer on the MoS2 sheets, meanwhile arc radius of the composite of Fe2O3/MoS2 is smaller than that of Fe2O3 
with and without irradiation, suggesting that the combination of Fe2O3 and MoS2 made the easier charge transfer. 
This result indicated that the Fe2O3/MoS2 heterostructures can effectively enhance the separation efficiency of 
photogenerated electron–hole pairs, and therefore enhance the photocatalytic activity.

In our Fe2O3/MoS2 heterostructures system, H2O2 is added to further enhance the contaminations degrada-
tion. The photo-Fenton catalytic process formed, and the reactions between iron ion and H2O2 are proceeding at 
the same time. Irradiation with sunlight, Fe3+ would be reduced to Fe2+ and generate the • OH in water surround-
ings51,52. Followed by, Fe2+ would react with the adsorbed oxygen molecules on the surface of the heterostruc-
tures to form oxidizing species (O2• − ). The superoxide anion radicals (O2• − ) which on protonation generate the 
hydroperoxy (HO2• ) radicals and subsequently produce hydroxyl radicals • OH. Meanwhile, in the presence of 
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H2O2, Fe2+ is easily oxidized to Fe3+ and the • OH generates at the same time. So the regenerated Fe3+/Fe2+ cycles 
formed, which make more strong oxidant • OH for the photocatalytic degradation.

We have further studied the stability and reusability of the as prepared heterostructures (3.0MF) by collecting 
and reusing the same photocatalyst for 6 cycles (Fig. 5c). Although incomplete collection of the photocatalyst 
during each step, the 3.0MF retains 97% degradation degree of MO with 20 min of solar light irradiation even 
after 6 successive cycles, indicating its high stability and great promise in future practical applications. The TEM 
and HRTEM images shown in the Fig. 6 reveal the phase of the cycled catalyst has not changed, and the struc-
tures basically maintained intact as compared with Figure S8, while part of the MoS2 nanosheets suffer the photo 
corrosion, which can be further confirmed by the XRD pattern and XPS spectra (Figure S9 and Figure S10). 
Even part of the MoS2 suffers the photo corrosion; the cycled catalyst still maintained high stability photocata-
lytic activity. We propose a reaction mechanism that at the process of hydrothermal treatment, anion exchange 
reaction occurred; small amount of S2− replaced the O2− in Fe2O3. When irradiated by the solar light, some Fe-S 
were photo corroded, subsequent vacancies formed, which act as the catchers for electrons. Also, the ratio of Oods/
Olatt is evident as shown in Figure S10d, confirming the oxygen vacancies formed in the photo-Fenton catalytic 
process. Hence, separation of the electrons and holes is promoted, which could cause the high reusability of the 
photocatalyst. But the problem of photo corrosion for MoS2 still needs to be solved and improved.

Besides, the generalizability of the Fe2O3/MoS2 heterostructures was also evaluated by the degradation of 
Congo red (CR, 50 mg L−1) and Rhodamine B (RhB, 20 mg L−1) (Fig. 5d). CR, an anionic azo dye with one 
central biphenyl group and two symmetric naphtalenic groups are difficult to biodegrade due to their complex 
aromatic structures; RhB, a cation dye, which can well dissolve in water or organic solvent and has been found to 
be potentially toxic and carcinogenic and show good stability. However, it is noticeable that the CR and the RhB 
were degraded within 4 min and 6 min, respectively by introduce the catalyst. Overall, compared with those of 
previously reported excellent photocatalysts (Table S1), the Fe2O3/MoS2 heterostructures are shows high-level 
photocatalytic abilities, so the Fe2O3/MoS2 heterostructures have high potential in practical applications.

As we know, few researches concerned with the reapplication of the abandoned catalysts to eliminate the 
secondary pollution and decrease the energy consumption. In this work, we collected the materials after 6 cycles’ 
catalysis and applied as the electrode for supercapacitors to reach the maximize value recapture of the materials 
(Fig. 7). The electrochemical performance of the recycled catalyst was tested in a three-electrode system and 
shown in Fig. 8. The cyclic voltammetry (CV) curves of the 3.0MF and recycled 3.0MF electrodes at a scan rate 
of 20 mV s−1 are shown in Fig. 8a. Obviously, the recycled 3.0MF shows higher current density and larger CV 
curve area than those of the 3.0MF, suggesting that the photocatalytic process activates the 3.0MF and improves 
the electrochemical performance. Figure 8b shows the CV curves of recycled 3.0MF, recorded in the potential 

Figure 6. (a) TEM and (b) HRTEM images of the recycled 3.0MF.

Figure 7. Schematic diagram of the catalyst recycled as the electrode for supercapacitors. 
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window from 0 to 0.45 V at different scan rates. A pair of remarkable redox peaks can be observed in each curve, 
indicating that the capacitive characteristics are mainly influenced by the faradic reduction/oxidation reaction. 
With the increase of the scan rate, the intensities of the redox peaks got strengthened, and the anodic peak shifted 
towards the positive potential, while the cathodic peak shifted towards the negative potential. Remarkably, the 
peak potential shifts only ca. 53 mV for a 20-time increase in the scan rate, indicating the low polarization for our 
electrode. What’s more, even at a high scan rate of 100 mV s−1, the curve still shows the evident redox peaks and 
the shape basically remains unchanged, suggesting its potential as the electrochemical supercapacitors and its nice 
electrical conductivity even after 6 cycles’ photocatalysis.

Figure 8c shows the galvanostatic discharging curves of the recycled 3.0MF at different current densities. 
From the discharge curves at a discharge density of 0.5 A g−1 and 1 A g−1, the specific capacitances of the recycled 
3.0MF were calculated to be 266 F g−1 and 150 F g−1, respectively. Furthermore, the recycled 3.0MF showed nice 
rate performance with a capacitance of 62 F g−1 retained at a current density as high as 10 A g−1. The nice specific 
capacitance can be mainly attributed to the porous structures of the Fe2O3 nanoparticles, which facilitate elec-
trochemical sites; short ion diffusion path lengths and more paths for insertion and extraction ions. Meanwhile, 
the Fe2O3 owns rich oxygen vacancies enable remarkably improved conductivity, increased active sites and highly 
reversible, faster charge transfer kinetics16,53. Furthermore, even part of the MoS2 suffers the photo corrosion, syn-
ergistic effect between MoS2 and Fe2O3 still promote the materials’ electrochemical performance. Compared with 
the recycled 3.0MF (150 F g−1 at 1 A g−1), the specific capacitance of the 3.0MF is 94.75 F g−1 at 1 A g−1, further 
confirming the vital function of oxygen vacancies in the electrochemical process (Figure S11a). Considering the 

Figure 8. (a) CV curves of the 3.0MF and recycled 3.0MF at a scan rates 20 mv s−1; (b) CV curves of the 
recycled 3.0MF at different scan rates; (c) discharge curves of the recycled 3.0MF at different current densities; 
(d) EIS spectra of the recycled 3.0MF before and after the durability testing; (e) cycle performance of the 
recycled 3.0MF at 5 A g−1 for 2000 cycles.
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influence of the loss of MoS2, we tested the sample 2.0MF and 1.4MF for electrochemical performance (Figure 
S12) and their capacitance are 96 F g−1 and 104 F g−1 at 1 A g−1, respectively, The results did not show much 
enhancement compared with the 3.0MF, and the performance is lower than the recycled 3.0MF. Therefore, the 
oxygen vacancies are supposed to be formed in the photo-Fenton catalytic process, and play important role in the 
electrochemical performance improvement.

The EIS of the recycled 3.0MF before and after the durability testing and 3.0MF were carried out within the 
frequency range of 100 kHz to 0.01 kHz and shown in the Fig. 8d and Figure S11b in terms of the Nyquist plot. 
The recycled 3.0MF after photocatalytic process show lower equivalent series resistance (ESR) of 0.59 Ω compared 
with the 0.67 Ω for 3.0MF, again shows the improved conductivity of the recycled 3.0MF after introduction of 
oxygen vacancies. Besides, the plot in Fig. 8d shows no significant difference for the recycled 3.0MF before and 
after 2000 cycles, and it owns low equivalent series resistance (ESR) at 0.64 Ω even after 2000 cycles, indicating its 
excellent stability property. It is suggesting the high electronic conductivity and fast charge transfer of the recycled 
3.0MF, further indicating its potential for reapplication as the electrode of the supercapacitors.

We also examined the durability of the recycled 3.0MF electrode. The charge/discharge cycle life was meas-
ured to evaluate the cycle performance of the electrode. As shown in Fig. 8e, the specific capacitance of the elec-
trode presents a slight increase in the first 50 cycles probably due to the activation process, and then decreases 
gradually thereafter with 82% retention after 2000 cycles at 5 A g−1, indicating its good cycling stability.

The technique recycled the used photocatalystas electrode material for supercapacitor has been proved rea-
sonable and feasible through verification test and compared with other work54–59. The recycled photocatalyst 
shows much better electrochemical performance than that of fresh material due to the presence of rich oxygen 
vacancies on the surface of used photocatalyst during the photocatalytic process. The way to recycle the waste 
materials as energy sources is feasible, and may be an effective and a promising method to solve the serious prob-
lems of environment and energy at the same time.

Conclusion
In conclusion, we have first demonstrated the construction of Fe2O3/MoS2 heterostructures with perfect match of 
non-equal dimension which show high-performance as the photocatalyst for degradation of several organic dyes. 
Due to the oxygen vacancies formed in the photo-Fenton catalytic process, the material after catalyst shows better 
specific capacitance of 266 F g−1 compared with the fresh materials, meanwhile possesses good stability with 84% 
of the initial capacitance remaining after 2000 cycles. Therefore, our findings have therefore opened up a new 
look for improving the photocatalytic activity, meanwhile put forward a green and feasible way for photocatalyst 
reapplication, which may build a bridge for environment and energy in the near future.

Methods
Synthesis of the Fe2O3/MoS2 heterostructures. All chemicals of analytical grade purity were used as 
starting materials without further purification.

The Fe2O3 nanocube with rounded corner was prepared by modifying a method developed by Fang et al.36. 
In a typical experiment, ferric chloride hexahydrate (0.676 g) was dissolved in ethanol (10 mL) under sonication, 
then deionized water (1.7 mL) added to the above solution under vigorous stirring, followed by sodium acetate 
(2 g) was added to the mixture solution. After stirring for 1 h, the reaction mixture was sealed in a 50 mL of 
Teflon-lined stainless steel autoclave, kept at 200 °C for 24 h and then cooled to room temperature. The resulting 
Fe2O3 nanocube was collected by centrifugation, then washed with deionzed water and ethanol several times and 
dried in a vacuum oven at 60 °C for 12 h.

The flower-like Fe2O3/MoS2 heterostructures were synthesized by a facile hydrothermal method. 
Na2MoO4·2H2O (180 mg) and CH4N2S (360 mg) were dissolved in deionized water (40 mL), and then the pre-
pared Fe2O3 nanocube (40 mg) was added into the solution. After sonication for 30 min, the homogeneous solu-
tion was transferred into a 50 mL of Teflon-lined autoclave and kept at 200 °C for 24 h. The resulting Fe2O3/MoS2 
heterostructures were collected by centrifugation, then washed with deionized water and ethanol several times 
and dried in a vacuum oven at 60 °C for 12 h. Similarly, a series of the Fe2O3/MoS2 heterostructures were prepared 
through adjusting the mass ratio by varying the amount of MoS2. The pure MoS2 planes were prepared by the 
same procedure without the introduction of Fe2O3 for comparison.

Characterizations. The phases of the α -Fe2O3/MoS2 heterostructures were analyzed by Powder X-ray dif-
fraction (XRD, Rigaku D/MAX 2500PC), and the XRD patterns were collected from 10° to 70° in 2θ with a Cu 
target and a mono-chronometer at 40 kV and 250 mA. A field emission scanning electron microscope (FE-SEM, 
JSM− 6700F) was used to characterize the morphologies and size of the synthesized samples. A tungsten lamp was 
employed and the acceleration voltage was 10 kV. Transmission electron microscope (TEM, JEM-2100F) and 
corresponding energy dispersive X-ray (EDX) spectrometry were applied for the detailed microstructure and 
composition analyses, and the amorphous carbon coated copper grids were used as the sample supporters. X-ray 
photoelectric spectrum (XPS) with an ESCALAB Mk II (Vacuum generators) spectrometer using Al Kα  X-ray 
(240 W) was applied to detect the electronic states of elements in the samples. N2 adsorption/desorption iso-
therms were used to determine the surface areas and porosity of the sample on a Micromeritics ASAP 2020M, and 
all the samples has been degassed at 110 °C for 12 h in vacuum before the test. The photoelectrochemical meas-
urements were measured on an electrochemical system (CHI-660B, China), using a conventional three-electrode 
cell. Saturated calomel electrode (SCE) works as the reference electrode, a Pt sheet as the counter electrode (area, 
2.0 ×  2.0 cm2), 3.0MF/ITO (indium-oxide) and Fe2O3/ITO electrode as the working electrodes. To prepare 
3.0MF/ITO and Fe2O3/ITO electrode, ITO plate was coated with the 3.0MF and Fe2O3 slurry respectively, which 
containing solid PVDF and N-methyl-2-pyrrolidone (NMP) solvent. And the weighted ratio in the solid was 9:1 
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(3.0MF or Fe2O3: PVDF). Finally, the working electrodes dried at 60 °C for 6 h to evaporate the excess NMP, yield-
ing the working electrode.

Photocatalysis Test. The photocatalytic activities of the as-prepared Fe2O3/MoS2 were evaluated by the deg-
radation of 20 mg L−1 MO solution under simulated solar light irradiation derived from a 300 W Xenon lamp 
(CEL-HXUV300) with an AM 1.5 filters in air at ambient temperature. Typically, 10 mg of the catalysts were 
added to the 30 mL MO (20 mg L−1) solution, and prior to the light irradiation, the suspension of photocatalyst 
and MO was stirred for 30 min in dark to establish the adsorption/desorption equilibrium. Then 0.4 mL H2O2 
was added to the solution, and the mixture was exposed to the simulated solar light irradiation with the constant 
stirring. At given time intervals of illumination, the reaction mixture was centrifuged, and measured on the ultra-
violet–visible (UV-vis) spectrophotometer (UV-6100PC). Furthermore, the absorption spectra of the samples 
were measured on a UV–vis spectrophotometer (TU-1901) using BaSO4 as a reference.

Electrochemical Tests. The working electrodes for cyclic voltammetry (CV), charge-discharge and electro-
chemical impedance spectroscopy (EIS) were prepared by mixing the recycled 3.0MF with carbon black and pol-
yvinylidene difluoride (PVDF) at a weight ratio of 8:1.5:0.5. After thorough mixing by stirring for 6 h, the slurry 
is pasted onto a piece of nickel foam and then dried at 110 °C in a vacuum oven overnight. The dried nickel foams 
were pressed to be a thin foil at a pressure of 10 MPa for 30 s, and the loading mass of the active materials on Ni 
foam current collector was around 2 mg cm−2. The electrochemical measurements were measured on an electro-
chemical system (CHI-660B, China), using a conventional three-electrode cell in 3.0 M KOH solution. Saturated 
calomel electrode (SCE) works as the reference electrode, a Pt sheet as the counter electrode (area, 2.0 ×  2.0 cm2).
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