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Three-dimensional porous Fe3O4@Cu2-xS-MoS2 framework is 

firstly reported. The as-prepared 3D framework exhibits 

good structural stability, a high surface area, the enhanced 

adsorption capacity to substrates, and the strong absorption 

at NIR-range. As a result, such hybrid framworks exhibit 

excellent NIR-light photocatalytic activity and stable cycling 

for the direct arylation of heteroaromatics at room 

temperature. 

The ongoing global demand for energy has stimulated intense 

research on solar energy utilization,
1
 because sunlight has 

been recognized as an environmentally friendly and 

sustainable form of energy. Especially, the near-infrared (NIR, 

760−3000 nm) range of the solar spectrum accounts for 54.3% 

of the total energy as opposed to only 6.8% from the 

ultraviolet (UV) light.
2
 Up to now, a large number of NIR 

responsive photocatalytic materials have been developed.
3
 

However, the insuffcient stability and low efficiency still 

render the overall process impractical. Thus, the design and 

exploitation of semiconductor-based heteronanostructures 

with NIR absorption, high efficiency, acceptable stability, and 

low cost are still critical and urgent task for efficient solar 

photosynthesis.  

As a semiconducting two-dimensional (2D) “van der 

Waals” material, MoS2 nanosheets (NSs) have attracted 

special attention in the materials science and engineering field 

due to its outstanding electronic,
4
 optical,

5
 and catalytic

6
 

properties. Of particular interest, MoS2 has been known as a 

photocatalyst and solar cell material due to its narrow indirect 

band gap of ~1.2 eV, which gives rise not only to its visible-

light-harvesting function but also to its high stability against 

photocorrosion.
7
 For photocatalytic

8
 applications, it has been 

highly required to develop a new route to porous MoS2 with 

high specific surface area. Especially when utilized as a 

catalyst in photocatalysis, the porosity may exert a significant 

effect on the accessibility of the target molecules to 

catalytically active sites. Exfoliation of MoS2 into mono- or 

few-layers is a critical step toward making it optically active 

and implementing into novel devices. It should be pointed out 

that, due to the high surface energy and interlayer van der 

Waals attraction, aggregation and stacking commonly occur 

between individual randomly oriented NSs, which results in 

the loss of active sites or other unusual properties of ultrathin 

2D nanostructures.
9
 To solve this problem, some strategies 

have been devoted to reassemble cluster particles or metal 

complexes with MoS2 to form microporous pillared MoS2 

compounds.
10

 However, all the efforts so far seem to have 

been unsuccessful in enhancing the specific surface area and 

the stability due to the structural instability of the between 2D 

MoS2 NSs, since the linkage that holds the three-dimensional 

(3D) MoS2 network together is physical in nature (e.g., van 

der Waals force and π–π conjugation). In addition, 

controllable assemble of chalcogenide nanomaterials into 

MoS2 interlayer to form heterostructured MoS2 based- 

framworks has rarely been reported, especially for enhanced 

NIR- light-driven photocatalytic activity. We demonstrated 

that such heterostructured composites can endow the 

composites novel characteristics and some enhanced 

properties by the synergistic effect. 

 
Figure 1. (A) Illustration of the preparation of 3D porous Fe3O4@Cu2-xS-
MoS2F. SEM images of N-(3,4-dihydroxyphenethyl)-5-(1,2-dithiolan-3-

yl) pentanamide-MoS2 (DPA-MoS2) (B) and 3D Fe3O4@Cu2-xS-MoS2F 

(C-D).  

    Herein, we present a facile strategy for the synthesis of 3D 

porous Fe3O4@Cu2-xS-MoS2 framework (F) via in situ 

covalent functionalization of MoS2 with catechol substitutes 

followed by coordination with Fe3O4@Cu2-xS nanoparticles 

(NPs). The obtained MoS2 based- framework consists of units 

of MoS2 NSs bridged by Fe3O4@Cu2-xS nanoparticle linkages. 

Fe3O4@Cu2-xS NPs were selected as the building blocks 

owing to their excellent tunable plasmonic absorption 

especially in the NIR region and superparamagnetic 

properties.
11

 Thus, such NPs are promising candidates for 

building plasmon enhanced photocatalysts. Meanwhile, 

Fe3O4@Cu2-xS NPs are homogenously anchored into the 

skeleton of honeycomb-like MoS2 nanoframeworks through 

coordination bond, which can effectively inhibit the 

aggregation of exfoliated MoS2 NSs, and thus enhance the 

stability of active materials. In addition, the obtained 

honeycomb-like MoS2 nanoframeworks could facilitate the 

transportation of reactants and products through the interior 

space due to the interconnected porous network. With these 
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merits, the resulting 3D Fe3O4@Cu2-xS-MoS2F exhibited 

enhanced NIR light photocatalytic activity and stable cycling 

for the direct arylation of heteroaromatics at room temperature.  

 
Figure 2. TEM images of DPA-MoS2 (A), Fe3O4@Cu2-xS (B) and 3D 

Fe3O4@Cu2-xS-MoS2F (C). (D) HRTEM image of 3D Fe3O4@Cu2-xS-MoS2F. 

(E) Dark field of STEM images. (F-N) Element mapping images of the 3D 
Fe3O4@Cu2-xS-MoS2F. The inset shows the simulation diagram of the formed 

3D Fe3O4@Cu2-xS-MoS2F. 

The overall scheme for the fabrication of 3D Fe3O4@Cu2-

xS-MoS2F was illustrated in Figure 1A. Details of the process 

are given in the Methods section. Fe3O4@Cu2-xS core−shell 

NPs were prepared in oleylamine by a modified literature 

method
11

. A colloidal suspension of highly monodisperse 

monolayer MoS2 sheets were exfoliated via lithium 

intercalation method followed by reaction with excess water. 

Subsequently, N-(3,4-dihydroxyphenethyl)-5-(1,2-dithiolan-3-

yl) pentanamide (LA-DPA) was used to modify 2D MoS2 

NSs, in which the defect sites of MoS2 NSs were anchored by 

sulfur atoms of LA-DPA to form DPA-MoS2. The formed 

DPA-MoS2 NSs were mixed with the as-synthesized 

Fe3O4@Cu2-xS NPs by magnetic stirring for 24 hours, in 

which the catechol group modified on the MoS2 NSs 

coordinated with the Cu
+

 ion existing on the surface of 

Fe3O4@Cu2-xS to form 3D Fe3O4@Cu2-xS-MoS2F. Meanwhile, 

Fe3O4@Cu2-xS NPs were densely anchored and embedded in 

the MoS2 networks. It is important to note that this method 

can be readily extended to the synthesis of other types of 

metal oxide NP-MoS2Fs, such as Fe3O4-MoS2F and CuFe2O4-

MoS2F (Figures S1 and S2). 

The morphology of the formed 3D Fe3O4@Cu2-xS-MoS2F 

was primarily investigated by scanning electron microscopy 

(SEM). From the Figure 1C and D, it can be clearly shown 

that the product has interconnected submicrometer-sized 

macroporous networks. The walls of the interconnected 3D 

porous networks demonstrate a clear curved profile and a very 

low contrast, which were not found in 2D MoS2 NSs (Figure 

1B). These pores were formed by the cross-link coordination 

between MoS2 NSs and Fe3O4@Cu2-xS NPs. The 

microstructures of the 3D Fe3O4@Cu2-xS-MoS2F were further 

studied by transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM). Figure 2A shows that DPA-MoS2 

gives transparent sheets with folded boundaries. After the 

Fe3O4@Cu2-xS NPs coordinated with DPA-MoS2 to form 3D 

Fe3O4@Cu2-xS-MoS2F, Fe3O4@Cu2-xS NPs were densely 

anchored and embedded between two sheets of MoS2, and no 

large particles aggregates were observed in TEM images 

(Figure 2C). The HRTEM image (Figure 2D) reveals that a 

very thick layer like an sandwich structure was appeared in 

Fe3O4@Cu2-xS-MoS2F. The corresponding elemental mapping 

(Figure 2E-N) and energy dispersive X-ray (EDX) analysis 

(Figure S3) clearly verify the existence of C, N, O, S, Mo, Cu, 

and Fe elements with homogeneous distribution in 

Fe3O4@Cu2-xS-MoS2F. Moreover, the loading amount of 

Fe3O4@Cu2-xS in the Fe3O4@Cu2-xS-MoS2F, based on the 

inductively coupled plasma spectroscopy (ICP-AES) test, is 

~4.5 wt%. From the XRD pattern of the as-prepared 3D 

Fe3O4@Cu2-xS-MoS2F (Figure 3A), the three distinct sets of 

diffraction peaks are readily indexed to a mixture of the face-

centered cubic Fe3O4 (JCPDS file number 65-3107), 

hexagonal Cu9S8 phases (JCPDS file number 36-0379)
11

 and 

MoS2 phase
12

, respectively. Compared to the pure MoS2 NSs, 

the lower angle shift of the (002) diffraction in the 3D 

Fe3O4@Cu2-xS-MoS2F is due to an enlarged interlayer spacing 

and the formation of a new lamellar structure.
13

 The Raman 

spectroscopy of 3D Fe3O4@Cu2-xS-MoS2F revealed the 

characteristic peaks of MoS2 including E2g at 378.7 cm
-1

 and 

A1g at 403.0 cm
-1

 (Figure S4),
14

 suggesting that the crystalline 

MoS2 exists in the nanohybrid framework.  

  

Figure 3. (A) XRD pattern of the 3D Fe3O4@Cu2-xS-MoS2F (a) and MoS2 NSs 

(b). (B) Nitrogen adsorption/desorption isotherms of the 3D Fe3O4@Cu2-xS-

MoS2F. Inset: the pore size distribution of the 3D Fe3O4@Cu2-xS-MoS2F. (C) 

Corresponding UV-vis-NIR absorption spectra of the 3D Fe3O4@Cu2-xS-

MoS2F dispersed in DMF. (D) High-resolution scans for the phenol O 1s 
electrons. 

Figure 3B shows nitrogen adsorption-desorption 

isotherms and the corresponding pore size distribution curves 

of 3D Fe3O4@Cu2-xS-MoS2F. The adsorption-desorption 

isotherms hybrids are of type IV, indicating the presence of 

mesopores (2-50 nm). In addition, the hysteresis loops which 

resemble the H2 type signifies irreversible desorption, 

suggesting the formation of relatively large mesopores and 
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macropores.
15

  The 3D Fe3O4@Cu2-xS-MoS2F exhibits a large 

portion of pores in the range of 5.2~120 nm (Figure 3B), 

which originate from the pore formation between the MoS2 

flakes after inserting Fe3O4@Cu2-xS NPs, and a small portion 

of pores in the range of 3.7~5.2 nm is associated with the 

small meso- and micropores formed between MoS2 sheets 

during their irreversible restacking, indicating that 

Fe3O4@Cu2-xS NPs do not insert into sheets of a small amount 

of MoS2.
16

 So, the two types of pore size distribution should 

be clearly attributed to different spatial structure of 

frameworks. Brunauer Emmett Teller (BET) analysis 

demonstrates a specific surface area of 66.85 m
2
 g

-1
 for the 3D 

Fe3O4@Cu2-xS-MoS2F, which is 340 times as much as MoS2 

nanosheets (0.19 m
2
 g

-1
).  

     The UV-vis absorption spectroscopy of 3D Fe3O4@Cu2-xS-

MoS2F solutions showed an intense broad band in the range of 

700-1800 nm (Figure 3C), which is similar with the 

Fe3O4@Cu2-xS NPs (Figure S8) due to the localized surface 

plasmon resonances in vacancy-doped semiconductors.
17

 In 

contrast, 2D MoS2 nanosheets solutions did not exhibit any 

appreciable absorption in that spectral range (Figure S9). The 

above results indicated that the 3D Fe3O4@Cu2-xS-MoS2F was 

formed. In addition, the strong absorption in the NIR range 

implicates the potential application of this nanohybrids in NIR 

light photocatalysis. Furthermore, the formation of 

Fe3O4@Cu2-xS-MoS2F and their superparamagnetic property 

were confirmed by FT-IR spectra and vibrating sample 

magnetometer (VSM) (Figure S10 and S11 as well as related 

discussions in the supporting information). Moreover, a 

typical survey XPS spectrum in Figure S12A clearly shows 

the presence of copper, sulfur, carbon, oxygen, nitrogen, iron, 

and molybdenum in 3D Fe3O4@Cu2-xS-MoS2F. The high-

resolution N1s and O1s spectrum shows the presence of 

amide (394.6 eV) and phenolic oxygen (531.7 eV), 

respectively (Figure S12). As shown in Figure 3D, the upshift 

of the phenolic O1s from 531.7 for Fe3O4@Cu2-xS-MoS2F to 

532.0 eV for DPA-MoS2 is attributed to the coordination of 

oxygen atoms to copper.
18

 Figure S12E shows the binding 

energies of Cu 2p3/2 and Cu 2p1/2 peaks at 932.2 and 952.3 

eV, respectively, which can be attributed to the Cu
+1

 state.
19

  

    Arylated heteroarenes are widely used in materials science 

due to their interesting optical and electronic properties
20

 as 

well as biomedical applications as peptide mimetics
21

 or 

drugs.
22

 Recently, direct utilization of visible sunlight in 

combination with metal and metal-free catalysts
23

 received 

significant attention as a promising method for the C−H 

arylation with diazonium salts.
24

 Based on the strong 

absorption band of 3D Fe3O4@Cu2-xS-MoS2F in the range of 

700−1800 nm, we decided to investigate the direct arylation 

of heteroarenes between diazonium salts with heteroarenes by 

using this heterogeneous catalyst and irradiating with NIR 

light (≥700 nm) at 25 
0
C for 1 h. Among the different solvents 

tested (Table S1), ethanol was found to be a good solvent for 

the photoreaction (Table S1 entry 6). Meanwhile, the 

photocatalytic activities of MoS2, Fe3O4@Cu2-xS, simply 

mixed Fe3O4@Cu2-xS and MoS2, and Fe3O4@Cu2-xS-MoS2F 

without light were also carried out. As shown in Figure S13, 

the use of Fe3O4@Cu2-xS-MoS2F catalyst resulted in > 98% 

yield under NIR light. However, no traceable products were 

detected for control experiments. Also, we found that the 

photocatalytic activity of the Fe3O4@Cu2-xS sample and 

simply mixed Fe3O4@Cu2-xS and MoS2 was significantly 

lower than that of the Fe3O4@Cu2-xS-MoS2F sample, which 

reveals that the 3D porous assembly structure plays an 

important role for the enhancement of the photocatalytic 

activity.  

    Subsequently, we investigated the substrate scope of the 

Fe3O4@Cu2-xS-MoS2F catalyst mediated direct C-H arylation 

(Table 1). Gratifyingly, substrates bearing both electron-

withdrawing as well as donating and neutral functional groups 

could be activated. Thus, the corresponding products were 

obtained in yields up to 72% (3a-3h). Moreover, the 

Fe3O4@Cu2-xS-MoS2F photocatalyzed C−H arylation was also 

effective for other heteroarenes, such as thiophene and 

pyridine, and the corresponding products were obtained in 

moderate to good yields (9a-11c). Interestingly, our catalyst 

could achieve moderate to good yields in very short time 

(within 1h), which is better than that of other reported 

photocatalysts.
25

  

Table 1. Substrate Scope of Furan with Aryldiazonium Salts. 

 
Reaction conditions: 0.1 mmol 1a-h, 1 mL EtOH, 1 mL heteroarene, 2 mg 3D 
Fe3O4@Cu2-xS-MoS2F, irradiation with Xenon lamp equipped with 700nm 

cutoff filter for 1 h under argon atmosphere. All the yields were determined by 

GC.  

     Good recyclability is the main superiority of heterogeneous 

catalysts. The reusability of Fe3O4@Cu2-xS-MoS2F catalyst in 

the direct arylation of heteroarenes between aryldiazonium 

tetrafluoroborate with furan was also tested. The active 

material was separated from the reaction mixture via magnet, 

and reused directly for 6 times. To our delight, no obvious 

deactivation was observed. The yield of the desired product 

amounted to 93% at the sixth cycle (Figure 4A). Meanwhile, 

the TEM and SEM results of the used catalyst show no 

obvious change in morphology or aggregation of the 

Fe3O4@Cu2-xS-MoS2F and Fe3O4@Cu2-xS nanoparticles 

(Figure S14), showing a good recyclability in this type of 

photocatalytic arylation of heteroarenes  reactions. 

   A plausible mechanism for this photoreaction is depicted in 

Figure 4B, similar to used TiO2 catalyst.
25

 Based on our 

findings (Figure S15 as well as related discussions in the 
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supporting information) and some literature reports, we 

concluded that the diazonium salt reacts with the ethanol to 

form the azoether 4,
25

 and then the aryl radical 5 is produced 

by a single-eletron transfer (SET) from the excited state of 

photocatalyst Fe3O4@Cu2-xS-MoS2F. Addition of aryl radical 

5 to heteroaromatic 2 forms radical intermediate 6, which is 

further oxidized by photocatalyst or by azoether 4 in a radical 

chain transfer mechanism to give carbocation intermediate 7.  

The desired coupling product 3 was formed by the 

rearomatization of 7. In addition, the more efficient adsorption 

of substrate molecules on MoS2 provides a high concentration 

of substrates near to the Fe3O4@Cu2-xS NPs inserted between 

the layers of MoS2, leading to highly efficient contact between 

them. Thus  the photocatalytic process is promoted. 

 
Figure 4. (A) Catalytic cycle of the Fe3O4@Cu2-xS nanoparticles (blue 

column) and the 3D Fe3O4@Cu2-xS-MoS2F (red column). (B) Postulated 

reaction mechanism for the 3D Fe3O4@Cu2-xS-MoS2F-mediated direct 

arylation of heteroarenes. 

     In summary, a new porous MoS2-based framework was 

successfully synthesized by covalent functionalization of 

exfoliated MoS2 nanosheets with LA-DPA followed by 

coordination with Fe3O4@Cu2-xS NPs. The novel, MoS2-based 

catalyst exhibits excellent NIR- light-driven photocatalytic 

activity and stable cycling for the direct arylation of 

heteroaromatics at room temperature, superior to those of 

MoS2, Fe3O4@Cu2-xS, simply mixed Fe3O4@Cu2-xS and MoS2 

samples, and recently reported photocatalysts. The improved 

photocatalytic activity of such hybrid framework may be 

associated with abundant porosity, high specific surface area, 

the enhanced adsorption capacity to substrates, good NIR 

light capture, and good structural stability. Thus, such 3D 

MoS2 based-frameworks show the potential to use solar 

energy. Our findings pave the way to build reliable 3D MoS2 

hybrid frameworks for the expanding utilization of solar light 

and achieving high photocatalytic efficiency.   
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