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up the environment. Since Fujishima and 
Honda first reported UV light-induced 
water splitting assisted by TiO2 to pro-
duce hydrogen,[1] TiO2 photo catalysts 
have gained gradual attention owing to 
their low cost and environmental friendli-
ness.[2] However, UV light constitutes only 
a small amount (less than 5%) of the solar 
spectrum leaving the rest as waste energy. 
Therefore, great effort has been devoted to 
broadening the absorbance wavelength of 
TiO2-based photo catalysts and designing 
new materials with improved visible-light 
photocatalytic activity.[3]

As a p-type semiconductor, Cu2O exhibits a narrower band 
gap of 2.0–2.2 eV (3.20 eV for TiO2). As a result, it has poten-
tial applications in visible-light-driven photocatalysis.[4] To date, 
many attempts have verified the sufficient photocatalytic ability 
of Cu2O.[5] For example, Luo et al. fabricated Cu2O nanowire 
arrays by anodization for use in solar water splitting with the 
system delivering a high photo current density and good sta-
bility.[6] In addition, transition metal sulfides with narrow band 
gaps, such as CdS,[7] CuS,[8] PbS,[9] and MoS2,[10] have also been 
investigated for visible-light-driven photocatalysis. Zheng et al. 
designed hierarchical MoS2 nanosheet@TiO2 nanotube arrays 
for efficient water splitting.[11] Other heterostructures, such as 
CdS/MoS2,[12] MoS2/Ni3S2,[13] and MoS2/Cu2O,[14] with opti-
mized photocatalytic performance have been successfully syn-
thesized as well. Ternary sulfides, in particular, possess more 
complex functions with adjustable properties dependent on the 
ratios of the constituent elements. They have also been widely 
applied in photo voltaic devices, sensors, and artificial photo-
synthesis.[15] For example, CdIn2S4,[15] ZnIn2S4,[15] AgIn5S8,[15] 
In4SnS8,[16] and Zn0.2Cd0.8S[17] have demonstrated visible-light 
photocatalysis. Specifically, CuxMoySz with different elemental 
compositions has shown great photo and electrical characteris-
tics for use as an electrode material in solar cells and Mg bat-
teries.[18] Despite its applications, the design of more compli-
cated CuxMoySz structures with photocatalytic applications have 
not been reported.

In this work, Cu2Mo6S8 films with needle-leaf-like structures 
were obtained by in situ hydrothermal conversion of Cu(OH)2 
nanowires on Cu plates. The highly crystalline hierarchical 
Cu2Mo6S8 films had excellent visible-light photocatalytic activity 
in the degradation of methylene blue dye. Electrochemical anal-
ysis revealed that the Cu2Mo6S8 electrodes possessed consid-
erably lower charge transfer resistance, which likely played an 
important role in their excellent photocatalytic response.

Ternary sulfide Cu2Mo6S8 films with needle-leaf-like structures are grown on 
copper plates via a facile two-step route. The needle-leaf-like Cu2Mo6S8 struc-
tures are directly converted from pregrown Cu(OH)2 nanowires on copper 
plates via a hydrothermal process. Interestingly, under visible light the hierar-
chically structured Cu2Mo6S8 films exhibit significantly improved photocata-
lytic performance in the degradation of methylene blue dye when compared 
to Cu(OH)2 nanowires. This result is attributed to the larger surface area from 
the dendritic Cu2Mo6S8 structures and the inherently faster charge transport 
rate of Cu2Mo6S8 as compared to Cu(OH)2.

Photocatalysts

1. Introduction

In a world ever more hungry for high-performance devices, the 
need for greater amounts of energy has only grown larger with 
each day. A consequence of increasing energy requirements 
has placed a strain on current methods of generation as well 
as lead to unprecedented levels of environmental pollution. 
While developing less polluting energy generation methods is 
an essential requirement, in the meantime it is necessary to 
mitigate the pollution generated from existing fossil fuel-based 
methods. Photocatalysis is one promising approach for simul-
taneously generating additional energy and helping to clean 
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2. Results and Discussion

The complete growth process is illustrated in Figure 1. There 
are two steps involved in fabricating Cu2Mo6S8 needle-leaf-
like films. First, the Cu plates were immersed in an aqueous 
mixture of NaOH and (NH4)2S2O8 for 20 min with blue films 
subsequently appearing on the Cu substrates. X-ray diffraction 
(XRD) indicated that the diffraction peaks of the blue films 
matched well with the standard Cu(OH)2 phase (JCPDS card 
No.13-0420) (Figure 2). Peaks at 24.0°, 34.4°, 36.1°, 40.2°, 51.3°, 
and 53.4° could be assigned to the (021), (002), (111), (130), 
(060), and (150) facets of the orthorhombic Cu(OH)2 phase, 
respectively. Subsequently, the Cu(OH)2 films were subjected 
to a simple hydrothermal reaction in a precursor solution con-
taining Na2MoO4 and CH3CSNH2 in a molar ratio of 1:2 at 
200 °C for 24 h. The film color subsequently changed from blue 
to black. The corresponding XRD pattern of the black films 
(Figure 2) with diffraction peaks located at 29.0°, 33.2°, 36.7°, 
37.8°, 46.2°, and 48.7° could be indexed to the (211), (122), 
(104), (220), (223), and (321) planes of the hexagonal Cu2Mo6S8 
phase (JCPDS card No.47-1519), respectively. The presence of 
several diffraction peaks from Cu2O, MoS2, and Cu(OH)2 was 
also observed. This suggests the formation of impurities during 
the hydrothermal transformation of Cu(OH)2 into Cu2Mo6S8.

Scanning electron microscopy (SEM) was used to examine 
the morphologies of the as-prepared samples. Figure 3a shows 
the Cu(OH)2 nanowires. The length of the Cu(OH)2 nano wires 
was 2–3 µm with a diameter of roughly 100 nm. However, 
after hydrothermal conversion, a hierarchical needle-leaf-like 
Cu2Mo6S8 dendritic structure formed. As shown in Figure 3b, 
the central trunk (length: ≈7 µm) of the Cu2Mo6S8 nanostruc-
tures became decorated with several Cu2Mo6S8 nanorod 
branches (length: 1–2 µm) exhibiting a needle-leaf-like den-
dritic structure. The formation of the dendritic structure is due 
to a homogeneous nucleation mechanism[2b] in which the dis-
solution-precipitation process occurred via the partial dissolu-
tion of Cu(OH)2 as the Cu source with subsequent precipitation 
of Cu2Mo6S8 crystals on the remaining Cu(OH)2 nanowires as a 
result of reaction between the Cu2+, Na2MoO4, and CH3CSNH2 
precursors. Next, Ostwald ripening of the Cu2Mo6S8 nanocrys-
tals and self-assembly of Cu2Mo6S8 nanorods continued to yield 
Cu2Mo6S8 needle-leaf-like structures. EDS measurements fur-
ther verified the elemental composition of the Cu2Mo6S8 sam-
ples. The EDS mapping and qualitative analysis (Figure 3c–g) 
suggested a uniform distribution of Cu, Mo, and S elements 
in the Cu2Mo6S8 samples. A small amount of oxygen (O) was 

found as well (Figure 3d) suggesting the presence of trace Cu2O 
or Cu(OH)2 as supported by XRD.

The morphology of the Cu2Mo6S8 sample was further con-
firmed by transmission electron microscopy (TEM). Figure 4a 
clearly depicts the needle-leaf-like structure of Cu2Mo6S8 and 
agrees well with the SEM characterization (Figure 3b). High-
resolution TEM (HRTEM) (Figure 4b) shows a distinct lat-
tice spacing of 0.298 and 0.267 nm which could be assigned 
to the (211) and (122) crystal planes of the standard hexagonal 
Cu2Mo6S8 phase (JCPDS card No. 47-1519), respectively. The 
selected area electron diffraction (SAED) pattern with bright 
diffraction spots (Figure 4c) further supports that the as-pre-
pared Cu2Mo6S8 structure is highly crystalline.

Figure 5 displays the UV–vis absorption spectra of Cu(OH)2 
and Cu2Mo6S8 samples. Compared to Cu(OH)2 nanowires, the 
hierarchical Cu2Mo6S8 film exhibited a slightly higher absorp-
tion response in the visible range from 400 to 800 nm. More-
over, the absorption coefficient (α) can also be calculated based 
on the Beer–Lambert law.[2b] The energy band gap (Eg) can be 
estimated by the conventional Tauc formula[2a]

( )gh A h E nα ν ν= −  
(1)

1240/ν λ=  (2)
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Figure 1. Schematic diagram of the two-step growth process for needle-leaf-like Cu2Mo6S8 films.

Figure 2. XRD patterns of Cu(OH)2, Cu2Mo6S8, and trace impurities in 
representative samples.
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where hv is the photon energy, A is the absorption constant, and 
n = 2 (indirect allowed transition) or 1/2 (direct allowed transi-
tion). Thus, the Eg vaules of the samples can be estimated from 
the interception of the tangent in the plots of (αhν)2 versus hv. 
As shown in Figure 5b, the energy band gaps of Cu(OH)2 and 
Cu2Mo6S8 were ≈1.61 and ≈1.60 eV, respectively. Consequently, 
these films likely possess photocatalytic activity under visible 
light irradiation.

The as-prepared samples were used as photocatalysts in 
the photodegradation of methylene blue (MB) dye under 
visible light (>420 nm) (Figure 6). Before irradiation, the 
samples were seperately immersed in a 5 ppm MB solution 
in the dark for 30 min to reach an adsorption–desorption 

equilibrium between the photocatalyst and the organic dye. 
Notably, the hierarchical Cu2Mo6S8 films exhibited strong 
adsorption of MB. Whereas Cu(OH)2 samples had relativley 
poor adsorption to MB. For comparison, a control experiment 
(no added photocatalyst, denoted as blank) was also con-
ducted. It revealed a slight tendency for MB to self-degrade 
under visible light. It is clear that the presence of Cu(OH)2 
had little effect on the visible-light-driven photodegradation 
of MB (Figure 6a). Significantly, the MB was degraded by 
66% in the presence of Cu2Mo6S8 photo catalyst under visible 
light after 2.5 h (Figure 6b,c). The degradation rate constant  
of MB can be calculated based on the first-order-kinetic  
equation below
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Figure 3. SEM images of a) nanowire Cu(OH)2 and b) needle-leaf-like Cu2Mo6S8 films. c) Layered EDS image and d) EDS elemental breakdown of a 
Cu2Mo6S8 film. e–g) EDS images for Cu, S, and Mo elements layered in (c).
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ln( / )0 tC C kt=  
(3)

where C0 is the initial MB concentration, Ct is the concentra-
tion after reaction time t, k is the rate constant, and t is the 
reaction time.[11,19] As shown in Figure 6d, the rate constant 
for Cu2Mo6S8 photodegradation was 0.438 h−1, more than ten 
times those of Cu(OH)2 (0.040 h−1) and the control experiment 
(0.034 h−1). These results strongly support the superior photo-
catalytic activity of the dendritic Cu2Mo6S8 films.

To further verify the superior photocatalytic ability of as-pre-
pared Cu2Mo6S8, several traditional photocatalysts were given for 
comparison. For example, Cu2O in various crystal forms were 
fabricated as photocatalysts for degradation of MB under visible 
light. After 4 h irradiation, the concentrations of the remaining 
MB were ≈85, 60, and 70% with the decay rates of 0.030, 0.115, 
and 0.073 h−1 for Cu2O cubes, Cu2O cuboctahedra, and Cu2O 
octahedra, respectively.[20] Another common metal sulfide photo-
catalyst, CdS, was also chosen as reference. CdS nanoparticles 
exhibited a degradation rate of 0.558 h−1.[21] It is worth noting 
that Cu2Mo6S8 showed a relatively higher decay rate (0.438 h−1) 
than Cu2O nanoparticles and only a slightly lower decay rate than 
that of CdS nanoparticles in the process of decomposing MB.

Electrochemical impedance spectroscope (EIS) analysis of 
the Cu(OH)2 and Cu2Mo6S8 samples was performed to assess 
their charge transfer resistance. As shown in Figure 7a, the arc 
radius of Cu2Mo6S8 was much smaller than that of Cu(OH)2, 
implying a relatively lower charge transfer resistance (Rct) for 
Cu2Mo6S8. Moreover, the Rct values fitted by the ZSimDemo 

software were 883.5 and 42.03 Ω for Cu(OH)2 and Cu2Mo6S8, 
respectively. The large charge transfer resistance likely contri-
buted to the poor photocatalytic performance of Cu(OH)2 in the 
visible light degradation of MB.

Photoluminescence (PL) emission spectra is another way to 
investigate the recombination efficiency of the photogenerated 
charge carriers in semiconductors. As shown in Figure 7b, the 
emission spectra of Cu2Mo6S8 and Cu(OH)2 showed a similar 
shape with two main peaks at 401 nm (3.09 eV) and 426 nm 
(2.91 eV). In general, lower intensity emission peaks reflect 
longer lifetimes of photogenerated charge carriers with reduced 
recombination rates.[11,12] As expected, Cu2Mo6S8 exhibited sig-
nificantly weaker peak intensities when compared to Cu(OH)2. 
This suggests lower recombination rates which enables a supe-
rior photocatalytic activity for Cu2Mo6S8.

The photocatalysis mechanism and energy band structure 
of Cu2Mo6S8 are illustrated in Figure 8. In general, Cu2Mo6S8 
has a relatively narrow band gap of 1.60 eV, corresponding to 
the absorption of visible light. The electrons are rapidly photo-
excited from valance band (VB) to conduction band (CB) of 
Cu2Mo6S8, leaving behind holes in VB and producing elec-
tron–hole charge carriers. Thus, the photoinduced electrons 
are trapped by oxygen molecules in the MB solution, reducing 
oxygen molecules into superoxide radical anions. The latter can 
further decompose organic pollutants. On the other hand, the 
photogenerated holes can oxidize H2O or OH− to OH• radicals, 
which can further react with organic species as well. The whole 
process can be described as follows
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Figure 5. a) UV–vis absorption spectra of Cu(OH)2 and Cu2Mo6S8 samples, and b) band gaps estimated from the absorption edges of Cu(OH)2 and 
Cu2Mo6S8 samples.

Figure 4. a) TEM and b) high-resolution TEM (HRTEM) images of a Cu2Mo6S8 dendritic structure. c) Corresponding SAED pattern of (b) showing 
highly crystalline nature of strcuture.
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Cu Mo S hv(VL) Cu Mo S (e h )2 6 8 2 6 8 CB VB+ → +− +

 (4)

Cu Mo S (e ) O Cu Mo S O •
2 6 8 CB 2 2 6 8 2+ → +− −

 (5)

Cu Mo S (h ) H O Cu Mo S H OH•
2 6 8 VB 2 2 6 8+ → + ++ +

 (6)

Cu Mo S (h ) OH Cu Mo S OH•
2 6 8 VB 2 6 8+ → ++ −

 (7)

O H HO• •
2

+
2+ →−

 (8)

MB OH degradation process•+ →  (9)

MB e reduction reactionCB+ →−
 (10)

MB h oxidation reactionVB+ →+
 (11)

3. Conclusion

In summary, a ternary sulfide Cu2Mo6S8 film with needle leaf-
like structures was synthesized by a facile two-step method. 
The as-prepared Cu2Mo6S8 film showed excellent photocata-
lytic activity in the degradation of MB under visible light. This 
is largely attributed to the dendritic structure that possesses 
a large surface area for many reactions, and the low charge 
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Figure 6. UV–vis absorption spectra of a methylene blue (MB) solution at various irradiation times in the presence of a) Cu(OH)2 and b) Cu2Mo6S8 
photocatalysts under visible light (>420 nm). c) The corresponding degradation rates of MB as a function of irradiation time, and d) the plots of 
ln(C0/Ct) versus irradiation time for samples containing Cu(OH)2 and Cu2Mo6S8 photocatalysts.

Figure 7. a) The Nyquist plots for Cu(OH)2 and Cu2Mo6S8 with inset showing an enlarged view of the circled area. b) Room-temperature PL emission 
spectra of Cu(OH)2 and Cu2Mo6S8 under an excitation wavelength of 370 nm.
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transfer resistance. This is the first report of Cu2Mo6S8 with 
a hierarchical structure and visible-light-driven photocatalytic 
response. This work will likely attract more interests in Cux-

MoySz and other ternary sulfides for additional photocatalytic 
applications.

4. Experimental Section
Preparation of Dendritic Cu2Mo6S8 Films: Copper plates (3 cm × 1.5 cm) 

were polished with abrasive paper and cleaned by ultrasonication in 
acetone and deionized water for 10 min. The cleaned copper plates were 
immersed in a 0.1 M HCl aqueous solution for 2 min to remove surface 
impurities. To obtain the 1D Cu(OH)2 nanowires, the pretreated copper 
plates were vertically immersed in an aqueous solution containing 1 M 
NaOH and 0.05 M (NH4)2S2O8 for 20 min and then dried in air. The 
obtained blue samples were subsequently placed in a 100 mL Teflon-
lined stainless steel autoclave containing 50 mL of deionized water 
with 12.5 mg of Na2MoO4 and 25 mg of CH3CSNH2. The hydrothermal 
reaction was performed at 200 °C for 24 h. After cooling to room 
temperature, the black films grown on the copper substrates were 
removed, rinsed with deionized water several times, and then dried in 
vacuum at 40 °C for 2 h to yield the final dendritic Cu2Mo6S8 films.

Characterization: The phase identification was performed by XRD 
(Panalytical X'pert PRO). The morphologies and lattice structures of all 
samples were observed by field-emission scanning electron microscopy 
(FESEM OXFORD ZEISS SIGMA) and TEM (JEOL JEM-2100) with 
an acceleration voltage of 200 kV. UV–vis absorption spectra were 
obtained using a UV–vis spectrophotometer (Macylab UV-1800A). PL 
measurements were performed on a F97 (Lengguang Tech.) EIS analysis 
was carried out on an electrochemical workstation (CHI 600E) in a three-
electrode system with an Ag/AgCl electrode as the reference electrode, 
Pt foil as the counter electrode, and the as-prepared samples on copper 
substrates as the working electrode with 0.1 M Na2SO4 solution as the 
electrolyte. The frequency of the EIS test ranged from 10−1 to 105 Hz.

Photocatalytic Activity Measurements: The photocatalytic activity of 
the as-prepared samples was evaluated by the photodegradation of MB 
dye under visible-light irradiation (λ > 420 nm) at room temperature. A 
300 W Xe lamp (CEL-HXF300,15 A) with a 420 nm cutoff filter was used 
as the light source, placed 25 cm away from the glass reactor, and sealed 
with aluminum foil leaving a window of 2.25 cm2 (1.5 cm × 1.5 cm) 
for sample irradiation. Each sample (3 cm × 1.5 cm) was vertically 
immersed in 50 m of 5 ppm MB solution. Before light irradiation, the 
solution was stirred and kept in the dark for 30 min to achieve an 
adsorption–desorption equilibrium between the photocatalyst and the 
dye. Subsequently, the MB solution with catalyst was irradiated with 
visible light while ensuring that the window and the center of the light 
source are aligned. Every 30 min, a 2.5 mL aliquot of the MB solution 

was taken out for analysis. The tested solution was then returned to the 
glass reactor. The concentration of MB was determined with the UV–vis 
spectrophotometer by monitoring the intensity of the absorption peak 
at 664 nm.
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