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Abstract

Novel hierarchical CuS/ZnS hetero-nanowires were designed and successfully synthesized
through a template-free chemical solution method with a mixed solvent of dimethyl sulfoxide
and ethylene glycol. The precursors of CuS and the molar ratio of Cu:Zn, play a crucial role in
controlling the morphology of the CuS/ZnS heterostructure. The precursors of CuS serve both as
a source material for chemical transformation to CuS and as sacrificial templates for the growing
of ZnS nanosheets by adding zinc (II) ions, finally forming ZnS/CuS hierarchical nanomaterial

with p-n heterojunctions. The as-prepared samples were examined by X-ray diffraction, X-ray



photoelectron spectroscopy, scanning electron microscopy, transmission electron microscopy,
UV-visible diffuse reflectance spectrum and Brunauer-Emmett-Teller —measurement.
Photocatalytic activities for methylene blue are investigated under visible-light irradiation and
appreciably increased photocatalytic activity compared to individual counterparts is achieved by
hierarchical CuS/ZnS hetero-nanowires, The p-n heterojunction, one-dimensional nanostructures

and large specific surface area are responsible for the improved photocatalytic activities.

1. INTRODUCTION

The emerging energy crisis and environmental pollution have inspired the studies about energy conversion and
environmental remediation. Considerable efforts have been devoted to design and fabricate semiconductor
nanostructures with well-defined structures. They have unique size-dependent physical and chemical
properties and have promising applications for energy conversion and environment remediation, such as
sensors, nonlinear optical devices, solar cells, especially photocatalytic filed.'” Expanding the light-harvesting
range and suppressing the quick recombination of photo generated charge have paramount significance in the
field photocatalysis.”® To move toward this goal, engineering hetero-nanostructures by combination a
relatively wide band gap semiconductor with some narrow band gap semiconductors is one of the most
promising ways to achieve superior performances in wide range of applications. For examples, Zhang et al.
prepared In,S3/TiO; hierarchical heterostructures, which showed a higher visible light photocatalytic activity
than single TiO, or In,S;.” Kumar et al. enhanced the visible-light driven photocatalyst of NaNbO; by using
NaNbO;/CdS core/shell heterostructures.'’ In this context, it is feasible to form a coupled photocatalyst, which
not only allows a broader range of solar light absorption, but also significantly promotes the separation of

photogenerated charge carriers, thereby improves the photocatalytic efficiency.' "

In recent years, nanostructured transition-metal sulfide semiconductors, including ZnS,]3 CdS,14 MoSz,]5
WS,'¢ and CuS'” are generally viewed as excellent candidates for photocatalysts, due to their superior surface

chemical/electronic properties. Among them, ZnS and CuS are considered to be promising because of their low
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cost and no secondary pollution. ZnS, an important II (B)-VI (A) semiconductor with a wide band gap



(about 3.7 eV), has been widely investigated owing to its relatively tunable electric and optical properties,
which offers ZnS good photocatalytic activity.”>** However, ZnS can only response for the absorption of
ultraviolet (UV) irradiation, which greatly restricts its practical applications.”> Another enduring impediment in
the photocatalysis domain is the rapid recombination of photoinduced charge carriers.”* Hence, it is highly
desirable to design a photocatalyst with visible light activity and suppress charge carrier recombination to
improve the photocatalytic efficiency. In view of this, the composites of ZnS/CuS with various morphologies
including ZnS/CuS nanoflowers™, nanosheets™, and microspheres”” were prepared and showed a better
photocatalytic performance than the single component. The reason accounting for the remarkably enhanced
photocatalytic efficiency is the interfacial charge transfer (IFCT) and extensive absorption range origin of the
heterostructures of the composites. To the best of our knowledge, most of the reported ZnS/CuS composites
were synthesized through ion-exchange method due to the different solubility product (Ksp) of ZnS (1.6x1072%)
and CuS (6.3x107°), so the as-prepared ZnS/CuS core/shell composites normally have a core of ZnS and a
shell of CuS.*® It is well known that Cus is susceptible to photocorrosion.”” To some degree, it influences its
cycling performance. And in this regard, a CuS/ZnS core/shell heterostructure may passivate the trap states of
CuS and restrain the photocorrosion. However, there are few reports on the composite about CuS/ZnS
core/shell structure. In addition, most reported ZnS/CuS materials are spheres and flowerlike, which are easily
congregated under the photodegradation, and this may weaken the light harvesting. Though, ZnS/CuS
composites with different morphologies have been prepared, the preparation of CuS/ZnS core/shell structure
with 1D morphology is still a challenge. The construction of 1D heterostructures provides a feasible path in
electronic conduction along the axial direction and has new prospect to obtain high photocatalytic
performance. Therefore, systematic tuning of the composition, size, shape, and phase matched to metal sulfide

semiconductor or heterojunctions can tune physical behavior of CuS/ZnS.

In this work, we present the fabrication of hierarchical CuS/ZnS hetero-nanowires with different ratios of
CuS:ZnS via a solution-based and template-free method in a mixed solvent of dimethyl sulfoxide and ethylene
glycol. CuS/ZnS hetero-nanowires were extensively characterized and investigated. The factors influencing

formation of CuS/ZnS hetero-nanowires were discussed and the photocatalytic activities of as prepared



CuS/ZnS hetero-nanowires under visible light irradiation were investigated by degradation of MB solutions. A
possible photocatalytic mechanism of CuS/ZnS hetero-nanowires is proposed as well. An in-depth study of

mechanism suggesting the formation of heterojunctions attribute to the enhanced photocatalytic activity.

2. EXPERIMENT SECTION

2.1 Materials
Copper (II) nitratetrihydrate (Cu(NOj3),-3H,0), zinc (II) nitrate hexahydrate (Zn(NOs), 6H,0), thiourea
(CH4N;S), hydrogen peroxide (H,O,, 30%), ethylene glycol (EG), methylene blue (MB) and dimethyl
sulfoxide (DMSO) were purchased from Beijing Chemical Reagent Company. All the above reagents were

analytical grade and used without further purification.

2.2 Synthesis of CuS/ZnS Hetero-nanowires
The CuS nanowire precursors were prepared as our previous work”’ and served as a scaffold for the fabrication
of CuS/ZnS hetero-nanowires. In a typical process, 2 mmol Cu(NO;),-3H,0 was dissolved in the mixed
solvent (120 mL) with a volume ratio of Vpyso/Veg=1/3 under stirring in a three-neck flask at room
temperature. Then the flask was placed into oil bath and heated at 145 °C and maintained for 4 hours under
nitrogen ambience to generate green-yellow CuS nanowire precursors. Afterwards, 1 mmol Zn(NO;),-6H,O
dissolved in mixed solvent was dropped into the solution and stirred gently for 30 minutes. At last, 10 mL of
mixed solution containing 0.685 g of thiourea (9 mmol) was added to the solution drop by drop through a
syringe under vigorous stirring and reacted for another 2 hours. The final products labeled as CZ,s were
centrifuged and washed several times by distilled water and ethanol and dried in a vacuum drying oven at
60 °C for further characterization. CZy, was synthesized under the same condition except that the different
molar ratio of CuS to ZnS is 0.2. The schematic illustrations for the process to synthesize CuS/ZnS
heterostructures are shown in Scheme 1. For comparison, pristine CuS nanowires and ZnS were prepared by a

similar process in the absence of Zn(NOs), 6H,0 and Cu(NOs), 3H,0, respectively.
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Scheme 1. Schematic illustration of the synthetic route of the CuS/Zn$ hetero-nanowires.

2.3 Characterization
The phase compositions and crystal structures of the as-prepared samples were characterized using a Philips
X’Pert Pro Multipurpose X-ray diffraction (XRD) analysis with Cu Ko radiation at 40 kV and 40 mA,
scanning ranges from 10° to 80° at a scan rate of 0.02° per step. The valence types of samples were detected by
PHI QUANTERA-II SXM X-ray photoelectron spectroscopy (XPS). The morphologies of the samples were
characterized by scanning electron microscopy (SEM) on a JEOL JSM-7500F microscope operated at 25 kV
and transmission electron microscopy (TEM) on a JEOL JEM-2100F field emission microscope at 100 kV. The
UV-visible diffuse reflectance spectrum (UV-vis DRS) of samples were recorded from 200 nm to 800 nm on
U-3900, Hitachi, and BaSO, was used as a reflectance standard. Nitrogen adsorption—desorption isotherms,
specific surface area was analyzed by using Quanta autosorb iQ system and the pore size diatribution was

determined by the Barrett-Joyner-Halenda (BJH) method.

2.4 Photocatalytic Experiments
Methylene blue, one of familiar and typical dyes containing N-group, was carried out to evaluate the
photocatalytic performance of as-prepared samples. The experiment was performed at room temperature and
the specific process was as follows: First, 20 mg as-prepared catalyst was dispersed into 200 mL MB solution
with the concentration of 10 mg/L under vigorously stirred for 1h in the dark to establish the
adsorption/desorption equilibrium. Then, 200 uL. H,O, was put in the solution and a 300 W xenon lamp with a

UV-cut off filter (>400 nm) was placed 62 cm away from the solution and employed as a visible-light



spectrophotometer to trigger the photocatalytic reaction. Every 10 minutes, 3 mL solution was taken out and
filtered with a 0.22 um membrane. The concentration of MB was detected by an ultraviolet and visible
spectrophotometer. The characteristic absorption peak of MB at 664 nm was chosen to monitor the whole

photodegradation process.

3. RESULTS AND DISCUSSION

XRD analysis was applied to determine the ingredient and crystalline structures of as prepared samples. The
patterns of CuS, ZnS and CuS/ZnS composites with different ratio of ZnS are shown in Figure 1. All the
diffraction peaks in Figure la can match well with the hexagonal phase of CuS (JCPDS No. 06 0464) and the
diffraction peaks of as-prepared ZnS in Figure 1d can be indexed to the standard peaks of hexagonal phase
ZnS (JCPDS No. 36-1450). The diffraction peaks of CuS/ZnS composites in Figure 1b, ¢ contribute to CuS
and ZnS. The observed peaks at 26=27.2°, 27.7°, 29.4°, 32.0°, 33.0°, 48.2°, 52.8°, and 59.3° can be indexed to
the (100), (101), (102), (103), (006), (110), (108), and (116) reflections of CuS respectively. The diffraction
peaks at 28.5°, 30.5°, 47.5°, 56.4° can be indexed to the (002) (101) (110) (112) reflections of ZnS hexagonal
phase. No new phases can be detected in the CuS/ZnS composites. A careful examination of the XRD patterns
reveals that the intensities of ZnS diffraction peaks are gradually strengthened with the increasing of the ratio

of ZnS:CuS, which is consist with the content of ZnS as we designed.
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Figure 1. XRD patterns of (a) CuS, (b) CZ0.2, (c) CZ0.5, and (d) ZnS.



SEM and TEM are used to characterize the morphologies of as-prepared samples. The typical SEM image in
Figure 2a displays that the product of CZ, 5 is composed of nanowires with uniform diameter of about 100 nm
and lengths up to several micrometers. More details of CZ, s nanowires are revealed in the high magnification
image and shown in the inset. Compared with precursors of CuS and pristine CuS nanowires (Supporting
Information, Figure Sla,b), CZs keeps a similar 1D nanostructure as that of the CuS precursors and pristine
CuS nanowires, but instead of original smooth surface, there are many uniform sheets inserting on the surface
of the nanowires and forming a fluffy hierarchical nanostructure. 1D CZ, s hetero-nanowires were further
investigated by TEM and HRTEM and shown in Figure 2b, c. It reveals that many nanosheets vertically insert
on the nanowires, which are consistent with the SEM images. As shown in the high-resolution TEM image in
Figure 2c, the lattice fringes can be obviously observed, suggesting the well-defined crystal structure. The
lattice spacing of 0.19 nm corresponds to the (110) plane of ZnS and the lattice spacing of 0.28 nm
corresponds to the (103) plane of CuS respectively. The Selected Area Electron Diffraction (SAED) pattern of
CZy s shows the well-defined diffraction rings in Figure 2d. The rings can be readily indexed to the (103), (108)
planes of CuS and (102), (110) planes of ZnS, which are consistent with the XRD results. These results imply
that ZnS and CuS could form a p-n heterojunction instead of physical mixture. Both the 1D structure and
heterojunctions are believed to improve the transfer of photogenerated electrons and holes between ZnS and
CuS, enhance the charge separation and benefit for the catalysis performance of material, which will be

particularly discussed afterwards.”’

Controlled experiments were performed to understand the influence of the precursor on the formation of
CuS/ZnS hetero-nanowires. When adding Zn(NOj3), 6H,0, Cu(NOs),"3H,O and solvent together at the
beginning, the morphology of the product is flower-like structure instead of nanowires (Supporting Information,
Figure S1c). The ZnS nanomaterials prepared in the absence of Cu(NO;), 3H,0 bears sphere morphology with
the uniform size about 200 nm (Supporting Information, Figure S1d). It proves that the precursor serves as a
scaffold for the inserting of ZnS nanosheets. It should be pointed that Zn:Cu molar ratio also strongly affected
the nucleation and growth rate, and subsequently induced various morphologies. Compared the image of CZ s

and CZ, (Supporting Information, Figure S1e), both of them are keeping the 1D nanowires structures and there



are more sheets inserting on the surface of the CZ 5 than that of CZ,,, which provides more interconnection.
When the ratio of Zn:Cu is up to 0.7, the morphology changes from nanowires to flower-like multilevel
structure (Supporting Information, Figure S1f). The aforementioned results confirm the feasibility of our design

approach and the importance of CuS$ precursors and the ratio of Zn*".

Figure 2. (a) SEM, (b) TEM, (c) HRTEM image and (d) SAED patterns of samples CZjs.

XPS was used to illuminate the chemical states of the elements in the prepared samples. Figure 3a exhibits the
XPS survey spectrum of the sample CZgs. From the survey spectrum, the peaks of Zn 2p, Cu 2p, S 2p, C 1s
and O 1s can be easily observed. The peak of O and C should attribute to the CO,, O, and H,O absorbed on the
surface of the sample.*® Figure 3 b-d show the high-resolution XPS spectra of Zn 2p, Cu 2p, S 2p. As shown in
the Figure 3b, the binding energy peaks of Cu 2ps3, and Cu 2p;), at 932.8 eV and 952.6 ¢V are corresponding

to the typical values of Cu*" in CuS and agrees with the literature.”® In addition, there are several weak shake-

2+ 34-35

up satellite peaks at around 943.5 eV, indicating the paramagnetic chemical state of Cu Furthermore, the

excellent symmetry of the each peak of Cu 2p peaks clearly implies purity of Cu®". In the Figure 3c, the two



strong and symmetrical peaks at 1044.9 eV and 1021.9 eV are ascribe to the binding energies of Zn 2p;, and
Zn 2pyp, respectively, indicating the presence of pure Zn>".*® Figure 3d shows the S 2p XPS inspection of the
sample. The peaks at 161.9 eV and 162.8 eV ascribe to S* (2ps» and 2py») and indicate the presence of
composite metal sulfides’’. In general, it is rational to infer that the sample is composed of CuS and ZnS. It is

consistent with the XRD result.
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Figure 3. The XPS spectra of the CZ0.5: (a) survey spectra, (b) Cu 2p region, (c) Zn 2p region and (d) S 2p region.

The nitrogen adsorption-desorption measurements were performed to evaluate the specific surface area and
pore structure of samples. As shown in Figure 4, the isotherms profile display irreversible types IV (the IUPAC
classification), indicating the mesoporous structure of as-prepared samples.”® The hysteresis loops in curve of
CZy, and CZ, s classified as type H3 in the isotherms associates with slit-like loops and matches well with the
CuS/ZnS secondary structure.”” The adsorbed nitrogen volume surges where relative pressure close to unity,

implying the existence of large interconnected voids or void space within the nanowires, agreed with



nanosheets inserting on the nanowires.” The inset depicts a pore size distribution ranging from 2 to 30nm,
which is known to be optimal for catalyst applications and further indicates the presence of mesoporous
structure. The BET specific surface areas and pore volumes of all the samples are summarized in Table 1. As
shown in Table 1, CZy, and CZys exhibit higher BET surface areas and pore volume than that of CuS
nanowires. The increased specific surface areas of CuS/ZnS hetero-nanowire can be attributed to the formation
of CuS/ZnS hierarchical structure. The higher specific surface area and pore volume can offer more diffusion
paths for the related molecule transport and increased reactive sites between the electronic receptor and the

supplier, which can greatly improve the photocatalytic performance of CuS/ZnS.*
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Figure 4. The nitrogen adsorption-desorption isotherms and corresponding pore size distribution curves of CuS, ZnS, CZg»,

and CZOAS-

Table 1. BET surface areas and pore volumes of the prepared samples.

no. composition  morphology Sger (m°g") pore volume (cm’g™)
1 CuS nanowires 27.711 0.09817

2 ZnS sphere 123.3 0.319

3 CZo> hetero-nanowires 66.439 0.2368

4 CZys hetero-nanowires 98.507 0.2531
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Figure 5a shows the comparison of photocatalytic activity of CuS, ZnS, CZ, 5 and the mixture of ZnS and CusS.
It can be clearly observed that, under the same visible light irradiation, the UV-active ZnS shows a negligible
photocatalytic activity, and only 22% MB was degraded in 60 min, which should be attribute to the action of
H,0,. The degradation rate of CusS is faster than ZnS and the reason is that CuS is a narrow gap semiconductor
responding to visible light. In fact, CZ, s shows a substantial strength in both degradation rate and efficiency. It
exhibits an amazing efficiency (98%) of visible light photocatalysis in 60 min for CZy s, higher than that of
CuS (84%). It is well known that the morphology has influence on the catalytic performance. The sample of
CZys with lager specific surface area offers the most react sites, which accelerates the degradation.
Furthermore, to understand the role of heterostructure of CuS/ZnS, the photocatalysis experiment of physical
mixture of CuS and ZnS (with the ratio CuS:ZnS=1:0.5) was conducted. The efficiency of mixture (only 66%)
is lower than that of CZ, s in 60 min, which demonstrate the physical mixture without heterojunctions couldn’t
improve the photocatalytic performance. Figure 5b shows the evolution of UV-vis absorption spectra of MB
under visible irradiation with the presence of H;O, and CZ; 5. As can be seen, the characteristic peak at 664 nm
weakened gradually and no other peak appeared, which indicated that the degradation of MB molecular was a
direct cleavage of the aromatic ring not simple photooxidative N-demethylation.*' The high photodegradation
efficiency of CuS/ZnS hetero-nanowires catalysts can be explained by p-n heterojunctions that induce the
efficient separation of photogenerated electron-hole pairs and 1D structure that are benefical for the diffusion

. . 25,40
of reactant molecular to the active sites.
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Figure 5. (a) Comparison of photocatalytic efficiency of samples for the degradation of MB under visible light; (b)

Photocatalytic degradation of MB in the presence of CZ, s and 200uL H,O,.
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The cycling degradation test was performed to detect the stability of material CuS/ZnS hetero-nanowires. As
shown in Figure 6, the catalyst CZys did not exhibit any significant loss of activity, after 5 recycles for
degradation of MB under the same condition. In details, the efficiency can also be up to 93%, and the
efficiency reduction should be according to the loss of the catalyst during the progress of taking sample and
centrifugation. The result confirmed that the 1D hetero-nanowires were not deactivated during the

photocatalytic oxidation and the CuS/ZnS core/shell structure suppressed the photocorrosion successfully.
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Figure 6. Cycling degradation efficiency for the CZg .

To further explain the different photocatalytic performance of as-prepared CuS, ZnS and CuS/ZnS hetero-
nanowires, UV-vis DRS studies were measured, and the results are presented in Figure 7. As shown in the
pattern of ZnS, there is an absorption band in UV range and no absorption in the visible, which attributes to the
wide forbidden band that makes transition of the electron from valence band to conduction band hard.* The
relatively absorption at the wavelength of 320 nm is attributed to the intrinsic band gap absorption of ZnS, and
the band gap energy is calculated to be 3.9 eV according to the Tauc approach (Supporting Information, Figure
S2a). However, CuS have a widen absorption range from 200 to 800 nm, especially a strong absorption in 700-

800 nm assigned to the d-d transition of Cu®"***™*

The relevant band gap is 1.55 eV (Supporting Information,
Figure S2b), which agrees with the reported value.”” Compared with ZnS, CuS, and the mixture of ZnS and
CuS, the UV-vis DRS profile of CZ, 5 hetero-nanowires present a combination of the spectral features of ZnS

and CuS alone, and conveys a broadened absorption range, a shift in the absorption onset to longer

wavelengths, as well as the intensity increasing. It demonstrates that the CZg s hetero-nanowires possess both

12



UV and visible light response, which indicates an enhanced photocatalytic performance. The longer
wavelength absorption and observed broadening of the absorption spectra should be scrutinized in terms of the
nanowires hierarchical structure and the formation of p-n heterojunctions. It has been reported by Hong et al.
and Zhang et al. that the IFCT in the heteronanostructures of CuS/ZnS nanoflowers spheres and CuS/ZnS
porous nanosheets is beneficial for the photogenerated charge separation and then enhance visible light
photocatalytic activity.” ** Li et al. also reported that photo-generated holes from the valence band (VB) of
CdS transferred to the defect states of the heterojunction, interfacial Zn,.,Cd,S layer, because of the lower
holes acceptors band, thus enhanced the charge separation and transport efficiency.”” The responding CZ s
band gap calculations (Supporting Information, Figure S2c) gives the band gap 1.86 eV for CZ,s which is
larger than that of CuS and smaller than ZnS. The appropriate band gap may play a transition role in boosting

the separation of electrons and holes.
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Figure 7. UV-vis DRS absorbance spectra of as-prepared CuS, ZnS, mixture and CZ, s hetero-nanowires.

Based on the results, the improved photocatalytic performance should be ascribed to the follow aspects: First,
the nanosheets inserted on the nanowires increase the specific surface area of materials, which increases the
active site in the photodegradation process. Second, the p-n heterojunctions facilitate the interfacial charge
transfer and suppress the combination of holes and electrons. Third, the 1D structure is in favor of the electron
transfer along the axial direction, accelerating the rate of electrochemical reaction processes. The possible

photocatalytic mechanism of MB using CuS/ZnS hetero-nanowires as photocatalyst describes in Scheme 2.
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The light penetrates through the bulk solution to reach the CuS surface. CuS as a visible light photo sensitizer
can response to the visible light due to its suitable band gap energy, While the ZnS cannot response to the
visible light because of the large forbidden band gap. The valence electron of CuS is excited by visible light
and transits to its conduction band, and it forms holes at valence band at the same time. It is forbidden that the
electrons and holes of CuS transfer to the corresponding conducted band and valence band of ZnS because of

#49 But the electrons on the surface of CuS can be captured by the O, and form

the type (I) structure.
superoxide anion (-O,.) The -O,, with strong oxidizability, not only can degrade MB directly but also react

with H,O and generate OH- to degrade the MB indirectly. In addition, because of the existences of Zn

vacancies on ZnS and interface, the holes on CuS transfer to the vacancies of ZnS and heterojunctions, as was
reported by the related literature.*” The transferred holes also engage in the photocatalysis process, which has
been proved by the trapping experiment conducted by concerned investigators.”® ** As mentioned above, the
electrons and holes delocalize in the broader space, which increases the stability of them and results in the

separation of electrons and holes, improving the photocatalysis efficiency.
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Scheme 2. The photocatalytic mechanisms of CZ 5.

CONCLUSIONS
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In summary, we fabricated high performance 1D hierarchical CuS/ZnS hetero-nanowires with p-n junction
using a chemical solution method. The precursors and Cu:Zn molar ratio played an important role in control of
the morphology of products. The hetero-nanowires CZ, s exhibited great photocatalytic degradation ability
under visible light, and the MB molecules were almost degraded completely in 60 min. It is p-n
heterojunctions, 1D nanoporous structure, and the larger specific surface area that account for the enhanced
visible li,ght photocatalytic activity. In addition, the outer ZnS shell restrains the photocorrosion of inner CuS,
improved the cycling performance. This chemical solution method is simple and efficient to synthesis the other

dual metal sulfides core/shell structure, holding great promising.
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