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Abstract The cotton cellulose nanofibers(CCNFs)/ZnO/

CuS nanocomposites have been successfully fabricated by

the electrospun-hydrothermal method and successive ionic

layer adsorption. The results of XRD, SEM and TEM

indicate that the CuS are successfully combined with the

ZnO. The photocatalytic activity of the CCNFs/ZnO/CuS

nanocomposites is investigated by the degradation of

methylene blue under visible light irradiation, and it is

demonstrated to be significantly enhanced after the CuS is

introduced. Furthermore, the direct interfacial charge

transfer of the ZnO/CuS is considered as the main reason

for the enhancement.

1 Introduction

Cotton cellulose, as an abundant polymer in nature, with

vast attractive properties, including biocompatibility,

biodegradability, thermal and chemical stability [1]. Par-

ticularly, it can be processed into various forms, such as

membrane, sponges, microspheres, non-woven or knitted

textiles, which promote it for being widely used in the

industry. With the further research, the applications of the

cotton cellulose is vastly expanded, especially incorpora-

tion of various functional nanomaterials into cotton cellu-

lose, which is regarded as one of the most effective ways

for improving the surface properties of nanomaterials.

Unquestionable, the interfacial bonding force between

cotton fibers and nanometer material is the most important

factor to form functionalized cotton fiber. Compared with

the microfibers, the nanofibers with higher surface volume

value and smaller diameter [2, 3] could provide large

numbers of favorable coordination active sites, which may

introduce lots of remarkable physical and chemical prop-

erties and makes them to be a competitive candidate in

many important applications, such as thin-film transistors,

lithium-ion batteries or tissue scaffolds [4–7], including the

photocatalytic pollutant degradation, and our previous

work have also researched about the electrospinning

method to obtain ultra-fine natural cotton cellulose nano-

fibers [8].

With the rapid development of industry, the increasingly

environmental pollution has attracted researchers’ exten-

sive attention. Series of ways are explored to ease the

actuality, including the physical and chemical method,

especially the photocatalysis, with the low cost and high

recycle, is considered as a green and continuable ways. Up

to now, lots of researches have been done, such as ZnO

nanoparticles [9], nanosheets, TiO2 nanotubes [10], and so

on. However, most of the photocatalysts could acquire

further improving with the good dispersibility. What’s

more, in view of the economic efficiency, the recycling of

the photocatalyst is another important factor in future

application.

Based on above reasons, the cotton nanofibers is chose

as an ideal substrate to load and disperse the photocatalysts
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with its recoverable toughness fibrous structure and suffi-

cient load sites. Compared with other materials, ZnO

nanomaterials have been studied extensively due to their

high controllability, physical and chemical stability

[11–13]. However, limited by its wide bandgap (3.37 eV),

a drawback of using in photocatalysis is that it could be

only activated by UV light. As the typical method, the

metal/semiconductor or semiconductor heterojunction

materials provide a novel ideal to ameliorate the actuality,

because those structures could increase the light absorption

and utilization, modify band gap position, facilitate charge

rectification and improve carrier separation efficiently.

Series of metal modified photocatalyst have been resear-

ched and acquired encouraging results, such as Pt [14, 15],

Au [16, 17] and Ag [18], which display an obvious

enhancement. On the other hand, in view of costing, nar-

row band gap materials modified semiconductor hetero-

junctions with the increasing visible light absorption and

high-efficiency carrier separation play an important role in

photocatalysis, such as CdSe/ZnO [19], CdS/ZnO [20] or

PbS/ZnO [21]. However, the toxicity and harmful effects of

cadmium or plumbum couldn’t be neglected. Hence, vari-

ous environmentally friendly materials have been investi-

gated, in particular the CuS, as an eco-friendly and

economic materials has become a research focus in visible

light photocatalysis [22–26].

In this paper, we prepared the CCNFS/ZnO/CuS com-

posites with excellent visible light photocatalyst by a

simple electrospun-hydrothermal method and successive

ionic layer adsorption reaction. Further, the mechanism of

enhancement of visible light photocatalytic activity was

investigated.

2 Experimental

2.1 Chemicals and materials

Cotton cellulose (DP = 12,000) got from Zhejiang Academy

of Agricultural Sciences. Methanol (CH3OH, C99.5%, AR),

anhydrous ethanol (C2H5OH, C99.7%, AR) were purchased

from Hangzhou GaoJing Chemical Reagent Co. Ltd. The N,

N-dimethylacetamide(DMAc, C99.5%, AR), hexamethylene

tetramine(HMTA, C99.0%, AR), zinc nitrate(Zn(NO3)2�
6H2O, C99.0%, AR), zinc acetate(Zn(CH3COO)2�2H2O,

C99.0%, AR) were supplied by Tianjin YongDa Chemical

Reagent Development Center. Lithium chloride(LiCl,

C99.5%,AR), coppeer acetatemonohydrate (CuCOOH�H2O,

C99.95%, AR), sodium sulfide nonahydrate(Na2S�9H2O,

C98.0%,AR)were purchased fromAladdinReagentCo. Ltd.,

sodium sulfide nonahydrate(Na2S�9H2O, C98.0%, AR) were

purchased from Shanghai Macklin Biochemical Co. Ltd. The

cotton cellulose and chemicals were used without further

purification, LiCl was preprocessed to remove the water.

2.2 Preparation of CCNFs/ZnO/CuS

nanocomposites

CCNFs were obtained by electrospinning process accord-

ing to our previous work [8]. The growth of ZnO nanorod

has been achieved by hydrothermal synthetic method.

Firstly, the cotton nanofibers were drop-coated 15 times

with 20 mM zinc acetate(Zn(CH3COO)2�2H2O) ethanol

solution and annealed at 150 �C for 3 h to get the ZnO seed

layer. Then, the CCNFs with ZnO seed layer was placed in

a 30 ml autoclave containing an aqueous solution of

25mMol Zn(NO3)2�6H2O and 25 mMol HMTA. The

autoclave was sealed in an electric oven under 90 �C for

10 h. Finally, CuS nanoparticles were deposited on

CCNFs/ZnO by the successive ionic layer adsorption

reaction [15]. The as-prepared CCNFs/ZnO were immersed

in 50 mMol Na2S�9H2O and keep 5 min, then immersed in

25 mMol CuCOOH�H2O for 5 min. Such a cycle was

repeated 2 9 0, 2 9 1, 2 9 2, 2 9 3 times and the

obtained samples were labeled as C–Zn–Cu-0, C–Zn–Cu-1,

C–Zn–Cu-2, C–Zn–Cu-3, respectively. Between two pro-

cessing cycles, the sheets were kept drying for 5 min at

50 �C.

2.3 Characterization methods

The surface morphology and structure of the samples were

investigated using Field-emission scanning electron

microscope (FESEM, Hitachi S-4800). The crystal struc-

tures of the samples were further characterized by X-ray

diffraction (XRD, Bruker AXS D8-discover, Cu-Ka of

1.5418A) and transmission electron microscope (TEM,

JEM-2100, 200 kV). UV–Vis absorption spectrophotome-

ter (U-3900 Hitachi equipped with a 30 mm integrating

sphere) was used to investigate ultraviolet and photocat-

alytic performance of the nanocomposites.

2.4 Photocatalytic activity

The photocatalytic activities of the synthesized samples

were evaluated by the photocatalytic degradation of MB in

an aqueous solution under visible irradiation (PHILIPS,

500 W, k C 420 nm). In the experiment, 50 mg of pho-

tocatalyst were added into 60 mL MB solution (10 mg/L).

Prior to irradiation, the solution mixture was agitated for

30 min to ensure the adsorption–desorption equilibrium.

The catalyst suspension was subsequently irradiated under

visible light. Adequate aliquots (4 mL) of the suspension

were extracted for analysis. The filtrates were analyzed by

recording variations at the wavelength of maximal
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absorption in the UV–Vis spectrophotometer. Where C0

was the absorbance of solution in adsorption–desorption

equilibrium, while C was the absorbance of solution in

different duration.

3 Results and discussion

Figure 1 is the XRD spectra of the as-prepared CCNFs/

ZnO/CuS with different ratio. As shown, the noncrystalline

CCNFs without obvious diffraction peak, including the C–

Zn-Seed, which could be attributed that the ZnO seeds with

low crystallinity and the less concentration. As revealed,

the C–Zn–Cu-0 shows typical diffraction peaks of

ZnO(PDF-36-1451), which is corresponding to previously

literatures [9]. With the cycle time increasing, the peaks of

CuS(JCPDS-no. 06-0464) enhanced gradually, which could

be ascribed to the increasing amount and crystallinity of the

CuS, but some peaks of pure CuS didn’t exist in the

nanocomposites, which indicate that the nanoparticles own

the preferential growth [27]. It’s interesting that the (103)

peak of CuS superpose with the (100) peak of ZnO, as

shown, about the 31.8�, the intensity of the peak increase

with the CuS and exhibits an obviously broadened, which

could be attributed to the smaller grain size of the CuS. All

above indicate that the CCNFs/ZnO/CuS nanocomposites

are successfully prepared.

Figure 2 shows the morphology of the samples in dif-

ferent stage. Figure 2a is the SEM of the as-prepared pure

CCNFs, as seen that the interlaced CCNFs with a diameter

of about 100–200 nm is uniform and smooth, which could

provide sufficient site for ZnO seeds. As shown in Fig. 2b,

compared with the pure CCNFs, after the ZnO seeds are

coated onto the surface, the fibers become rough. With the

further crystal growth, Fig. 1c is the CCNFs/ZnO

nanorods, which clearly shows that the ZnO nanorods

tightly cover the surface of the CCNFs. Figure 2d–g show

the high resolution SEM images of CCNFs/ZnO with dif-

ferent concentration of CuS(C–Zn–Cu-0, C–Zn–Cu-1, C–

Zn–Cu-2, C–Zn–Cu-3). As shown in Fig. 2d, the as-pre-

pare CCNFs/ZnO without deposited CuS is smoothly and

with uniform diameter about 60–80 nm, lengths about

600–800 nm. As shown in Fig. 2e–f, the ZnO branchs

become rough and the nanoparticles increase with the

cycling times during synthesis obviously, those could be

attributed to that the CuS deposited on the surface of the

ZnO nanorods. It is evident that the grain size and the

distribution of CuS nanoparticles are homogeneous, and

the further structures are characterized by TEM.

Figure 3a is the TEM of the C–Zn–Cu-2. As shown, the

rodlike ZnO branch is covered with CuS nanoparticles,

which is corresponding to the SEM images. Further, the

HRTEM is used to characterize the crystal structure. As

shown in Fig. 3b and c, the lattice spacing of 0.247 nm

corresponds to the (101) plane of the ZnO and the lattice

spacing of 0.321 nm corresponds to the (101) plane of the

CuS, respectively (The TEM images of C–Zn–Cu-0, C–

Zn–Cu-1, C–Zn–Cu-2, C–Zn–Cu-3 are shown in ESI

Fig. S1).Fig. 1 The XRD spectra of the CCNFs/ZnO/CuS with different ratio

Fig. 2 SEM of the CCNFs/ZnO/CuS. a the as-prepared CCNFs, b the

CCNFs/ZnO Seeds, c the CCNFs/ZnO, d–g high resolution SEM

images of C–Zn–Cu-0, C–Zn–Cu-1, C–Zn–Cu-2, C–Zn–Cu-3
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Figure 4 is the XPS of the as-prepared CCNFs/ZnO/CuS

nanocomposites. As shown in Fig. 4a, the full survey

indicate that the presence of Zn, Cu, S in the as-prepared

sample. In Fig. 4b the two peaks fitted at 1021.5 1044.7 eV

correspond to the Zn 2p 3/2 and Zn 2p 1/2 of ZnO,

respectively. Two strong peaks at 935.1 and 955.1 eV are

observed in the Fig. 4c, consistent with the reported values

of binding energies of Cu2? 2p3/2 and 2p1/2, respectively.

It’s interesting that, on the sides of Cu2? 2p3/2 and 2p1/2,

two high-intensity components (932.2 and 952.1 eV)

appeared, which could be assigned to the Cu? oxidation

state, which is corresponded to the previous literature [28].

In addition, the satellite peaks further confirms the exis-

tence of Cu2? vacancy [28]. In Fig. 4d, the main peak at

162.7 eV is attributed to S 2p.

The result of the XRD measurement, together with the

result of the SEM, HRTEM and XPS measurement suggest

that the CuS nanoparticles are successfully introduced into

the CCNFs/ZnO system.

As shown in Fig. 5, the as-prepared CCNFs/ZnO(C–Zn–

Cu-0) exhibits weak absorption in the visible region of

400–800 nm, while all the CCNFs/ZnO/CuS composites

exhibit obvious absorption in visible region, as the curves

shown, the absorption intensity increases with the amount

of CuS, which is corresponded to previous literatures and

Fig. 3 TEM of the CCNFs/ZnO/CuS. a TEM of the single CCNFs/

ZnO/CuS nanocomposites, b HRTEM of ZnO, c HRTEM of CuS

Fig. 4 The XPS of the CCNFs/ZnO/CuS nanocomposites a Full survey, b Zn 2p spectrum, c Cu 2p spectrum, d S 2p spectrum
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also considered as one of the main reasons for the

enhancement of visible light photocatalysis. What’s more,

the additional absorption in the range of 700–750 nm is

due to the d–d transition of Cu2? [29, 30].

As shown in Fig. 6a, the photocatalytic activity of the

C–Zn–Cu-X composites is evaluated by the decomposition

of MB under visible light. It is obviously that the pure

CCNFs are deactivated under visible light. As seen, the

CuS with weakly photocatalysis because of its feeblish

dispersibility, and the CNNFs/ZnO also with weakly pho-

tocatalysis which caused by the surface defect of ZnO [9].

It is interesting that the nanocomposites(C–Zn–Cu-1, C–

Zn–Cu-2, C–Zn–Cu-3) exhibit remarkable photocatalysis

after CuS are introduced, as seen, the degradation increases

with the CuS (*97.9%) until C–Zn–Cu-2, then decrease,

which indicates that the suitable amount of CuS can

effectively improve the visible light photocatalytic

performance.

As a remarkable photocatalyst, it is interesting to

investigate the recycling stability and retrievability of the

C–Zn–Cu-2 under visible light. As shown in Fig. 6b, after

nine consecutive recycle, the photocatalysis decrease less,

which may bring an advantage to the photocatalyst for the

promising practical application.

Based on the above result, it is significantly to investi-

gate the role of CuS in the CCNF/ZnO/CuS nanocompos-

ites. In this system, after CuS were introduced into the

nanocomposites system, the direct interfacial charge

transfer (IFCT) from the VB of ZnO to CuS could be

considered as the main reason [22, 31, 32]. Under the

visible light, electrons in the VB of semiconductors are

directly transferred to Cu2? and reduced to Cu?, which

plays an important role in charge separation and reducing

recombination, then the produced Cu? is converted back to

Cu2? when it reacts with adsorbed O2 dissolved in the

solution [33, 34]. So the proposed mechanism of the

heterostructure could be described as follows [22, 35]:

2Cu2þ þ 2e� ! 2Cuþ ð1Þ

2Cuþ þ O2 þ Hþ ! 2Cu2þ þ H2O2 ð2Þ
H2O

:
2 ! 2 � OH ð3Þ

What’s more, as the presence of defect, the ZnO could

response for part of visible light, as shown in Fig. 7, which

is a typical process and could make the ubiquitously pre-

sent molecular oxygen to form �O2 [9]. These two pro-

cesses are considered as the main reasons for the visible

light photocatalysis. In addition, Benefiting from the 3D-

net structure, majority of photons remain within the branch

structure until completely absorbed, which is also consid-

ered as a nonnegligible reason. At the same time, the

branch structure could promote the CCNFs/ZnO/CuS

nanocomposites dispersing in sewage to utilize the lumi-

nous energy more effectively. It is interesting that there is

Fig. 5 UV–visible absorption spectra of the CCNFs/ZnO/CuS

nanocomposites with different amount of CuS

Fig. 6 a Photocatalytic degradation of MB solution by C–Zn–Cu-X composites with different amount of CuS under visible light irradiation,

b recycle curve of C–Zn–Cu-2

J Mater Sci: Mater Electron (2017) 28:4669–4675 4673

123



an obvious decrease with excess amount of CuS, which

result from decreased active sites caused by superfluous

CuS nanoparticles loaded on the surface.

In light of the above advantages, the 3D CCNFs/ZnO/

CuS nanocomposites can efficiently degrade the MB

solution and be expected to be a remarkable catalyst.

4 Conclusions

In summary, the CCNFs/ZnO/CuS nanocomposites pre-

pared by a simple process and proved excellent visible light

photocatalytic activity in MB degradation, which could be

mainly attributed to the unique IFCT behaviour of the ZnO/

CuS heterostructure and the defect in ZnO nanorods. In

addition, the 3D net structure is also considered as an

important reason for remarkable catalytic properties. Such

recyclable composites may bring new insight to design the

green and highly efficient catalyst in environmental pol-

lution control and potential soft photoelectric technological

applications.
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