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Abstract 

Several oxide ceramics, notably ZnO and TiO2 are known to catalyze decomposition of organic 

molecules in water under ultra-violet irradiation. Here we describe fabrication of highly flexible 

ZnO-based hierarchical nanostructure obtained by growing radially oriented ZnO nanowires on 

poly-L-lactide nanofibers. Utilizing the flexibility and high surface area of polymeric nanofibers 

as novel ‘substrate’ for growth of the photochemically active ZnO nanowires we show a proof-

of-principle demonstration of a ‘continuous flow’ water treatment set-up. We have monitored 

photocatalytic decomposition of known organic pollutants, such as methylene blue, 

monocrotophos and diphenylamine under illumination with ultraviolet light using this highly 

flexible hierarchical nanostructure. 

1. Introduction 

Photochemical properties of ZnO, particularly the photocatalysis of organic compounds in water 

is receiving recent attention due to the severe ecological impact of various industrial and 

agricultural pollutants in water bodies.1 The use of metal oxides as photocatalysts for such 
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applications is attractive mainly due to the relatively simple photo-decomposition process and 

their capacity to convert a large number of organic pollutant molecules into less harmful 

compounds.2 

Although TiO2 (mostly anatase phase) has been extensively studied as effective photocatalyst, 

recently ZnO has been shown to be more effective than TiO2.3 The ZnO-mediated photocatalysis 

process under UV and visible light irradiation has been successfully used to decompose organic 

dye molecules (as a model organic contaminant) for the past few years.4 It is fairly well 

established that the electron hole pairs generated in the metal oxide, as a result of photo-

excitation, interacts with the solvent to produce chemically reactive free radicals (usually the 

holes generate OH•),5 which attacks specific bonds of the organic molecule and leading to its 

decomposition.2 Additives like H2O2 and S2O8
2− is known to enhance the photodecomposition of 

organic molecules by metal oxides.2 

Most of the studies on the use of ZnO nanostructures for photocatalytic decomposition of organic 

molecules involve colloidal nanoparticles. Commercially available TiO2 (Degussa P25), a widely 

studied material in the field of photocatalytic reactions, is also in powder form and is used for 

photocatalytic decomposition by dispersion in water along with the organic contaminant.6 A 

colloidal suspension of nanoparticles collectively has a high surface area, resulting in efficient 

decomposition of the organic molecule. However there is a need for the removal of the metal 

oxide nanoparticles from the ‘slurry’, which is time consuming and is usually accomplished by 

centrifugation.2 The need for such expensive additional processing step for removal of the active 

material from the slurry can be avoided by using the powder as nanoparticulate film on a 

substrate,7 or nanowire arrays (NWA) grown on a substrate.8 For a given area of the substrate, 

oriented NWA has a higher surface area than a nanoparticulate film. Indeed there are several 

reports in the literature describing photocatalytic decomposition of organic dyes using oriented 
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ZnO NWA grown on a substrate by various techniques like gas phase deposition or chemical bath 

deposition.9 

Chemical bath deposition is a straight forward technique to obtain well aligned ZnO NWA on a 

wide variety of substrates, including Si wafer, glass, ITO coated glass.10 It is energy efficient 

fabrication route to obtain very well aligned ZnO NWA avoiding the need for high temperatures, 

vacuum, and specialized substrates that are required for vapor-phase fabrication.11 The freedom 

in choice of substrate for growing ZnO NWAs by chemical bath deposition was demonstrated 

recently by Baruah et al.12 by using commercially available non-woven polyethylene microfibers 

as a substrate material. 

Extending this idea of fibrous substrates, we notice that nanofibers are an exciting new class of 

material with diameters ranging from a few nanometers up to micrometers.13 These fibers are 

typically two or three order of magnitude smaller than fibers conventionally produced. Their 

small size gives them high surface area-to-volume ratio and flexibility in surface functionalities. 

The high specific surface is highly desirable for applications that depend on surface reactions or 

other phenomena that occur at interface surfaces, such as separation/filtration membranes and 

surface–supported chemical reactions.14 Nanofibers are commonly prepared in the form of a 

nonwoven mat via electrospinning technique, which offers a simple and versatile route to the 

large-scale production of fibers from a variety of materials. 

In order to obtain a large active surface area of ZnO Liu et al.15 and Wang et al.16 performed 

electrospinning of organometallic precursor followed by calcination at high temperatures to 

obtain nanofibrous ZnO and TiO2 respectively. Wang et al. also showed that nanofibrous ZnO 

outperformed nanoparticulate ZnO in the photocatalytic degradation of organic dye molecules 

and attributed this to the porous nature of the nanofibers. The final product described in both 

these reports is a ceramic material which is not flexible. Increasing the interactive surface area for 
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photocatalysis by fabricating ZnO NWA over a very large rigid substrates, would make the whole 

material difficult to use and immerse into the reservoir of ‘contaminated’ water. 

In order to overcome these problems, we report the fabrication of highly flexible nanofibers of 

poly-L-lactide (PLLA) by electrospinning. And we use this as a ‘substrate’ for growth of radially 

oriented ZnO nanowires by chemical bath deposition. Such hierarchical nanostructured material 

retains the flexibility and high surface area of the polymeric nanofibrous mat and has the 

additional photochemical functionality of ZnO NRA. As a direct result of the high flexibility of 

this hierarchical nanostructure, we devised a simple set up for rapid photocatalytic decomposition 

of organic contaminants in water in a continuous flow mode.  

2. Experimental Procedure 

2.1 Synthesis of ZnO NRAs on Si wafer: The ZnO NRAs were synthesized based on a procedure 

described elsewhere.11 5 mM ethanol solution of zinc acetate (Aldrich 98%) was prepared and 

drop-casted on a clean Si Wafer and heated to 300 °C on a hot plate. This ‘seeded’ substrate was 

placed in a beaker with aqueous solution containing 20 mM each of Zn(NO3)2 (Merck 99%) and 

hexamine (Merck 99.5%) and heated to 75 °C for 6 hours. The substrate was then washed and 

oven dried at 120 °C and used for material characterization. 

2.2 Fabrication of highly flexible nanofibrous mat of poly-L-lactide (PLLA): Poly-L-lactide 

(Aldrich, Mw = 100000) nanofibers were fabricated by electrospinning technique. The polymer 

was dissolved in chloroform (7 wt %) and stirred for 2 h. Then it was loaded into a syringe with a 

stainless steel needle (0.8 mm in diameter) and connected to the anode of voltage supply 

(Brandenburg). A collector covered with aluminum foil was connected with the cathode of 

voltage supply. A voltage of 10 kV was applied between the needle and the collector. The needle 

containing the polymer solution was attached to a syringe pump (Cole-Parmer) in a horizontal 

mount. The distance from the tip of the needle to the collector is 10 cm and the flow rate is 1 
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mL/h. The potential was applied to the hypodermic needle (Admix) on the end of the syringe 

using high voltage power supply.  

2.3 Synthesis of PLLA-ZnO hierarchical nanostructure: The PLLA nanofibers were immersed for 

30 minutes into a colloidal ZnO suspension that was prepared based on a method described by 

Bahnemann et al.17 and then allowed to dry. This ‘seeded’ nanofibers was immersed into a mixed 

aqueous solution of 20 mM each of Zn(NO3)2 and hexamine and heated to 75 °C for 6 hours. The 

PLLA-ZnO hierarchical nanostructured material so prepared was washed and then dried in a 

vacuum oven for 1 hour. 

2.4 Continuous flow photocatalysis treatment of organic molecules: The PLLA-ZnO hierarchical 

nanostructured material so prepared was inserted into a glass tube. This column was connected to 

a 50 ml glass bottle (reservoir) and a quartz flow cell, via a peristaltic pump. The flow cell was 

inserted into a UV-Vis spectrophotometer (Cary 100 Bio), to monitor the changes in absorption 

spectra in real time. The solution was pumped at a flow rate of 5 mL/minute. Typically, 20 mL 

water solution of the organic compound (5 ppm) was added to the ‘reservoir’ and allowed to run 

through the PLLA-ZnO hierarchical nanostructure for 30 minutes before illumination with a 100 

W mercury vapor lamp. 

3. Results and Discussion 

Initially we synthesized the photoactive material, ZnO NRA, directly on Si wafer by chemical 

bath deposition based on a procedure described by Sugunan et al.11 The ZnO NRA so formed, 

were found to be highly crystalline and fairly well oriented as seen from the X-ray diffractogram 

(XRD) in Figure 1a. The major peaks were found to match with wurtzite phase of ZnO (JCPDS 

Card: 36-1451) and the single intense peak (due to [002] diffraction peak) shows that the 

nanorods are crystalline and well aligned. We found that the ZnO nanorods completely covered 

the Si wafer and formed a dense layer. Scanning electron microscopy (SEM) images taken at low 
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and high magnification shows uniform and well aligned growth of ZnO NRA over a large area 

(Figure 1b, c, & d). Transmission electron microscopy (TEM) and subsequent analysis of a 

single nanorod detached from this NRA clearly shows a single crystal microstructure 

corroborating the XRD data (Figure 1e & f).  

From a series of SEM images, the estimated average diameter of the ZnO rods was ~50 nm and 

the average length was ~1 µm. These values are known to be dependent on the exact growth 

conditions and the parameters affecting the length and diameter of the rods are the concentration 

and composition of the chemical bath, temperature and the growth time.10,11 We therefore 

employed the same growth conditions in all the fabricated ZnO NRA described in this work. 

Subsequently, we employed flexible nanofibrous mat of poly-L-lactide (PLLA), obtained by 

electrospinning, as a substrate for deposition of ZnO NRA. The dimension of the PLLA 

nanofibrous mat typically follows the dimension of the cathode plate and in this work it was 

typically 10 cm × 10 cm. In the obtained nanofibrous mat, the individual fibers are randomly 

oriented and from SEM images we estimated the average diameter of the PLLA fibers to be ~200 

nm (Figure 2a and b). 

Since the polymeric nanofibers cannot be heated to 300 °C we provided the initial nucleation 

sites for the growth of ZnO nanorods by depositing pre-synthesized colloidal ZnO nanoparticles. 

The subsequent growth of the ZnO NRA was performed under the same conditions as in the case 

of Si wafer substrate. SEM analysis of the nanofibers after ZnO deposition showed a hierarchical 

3-dimensional nanostructure consisting of polymeric nanofibers which were densely covered by 

radially oriented ZnO nanorods (Figure 3). The morphology of the ZnO nanorods was similar to 

those obtained directly on the Si wafer. The high specific surface area of nanofibers obtained by 

electrospinning is fairly well documented.18 From BET measurement, we found that a typical 

nanofibrous mat had a total surface area equivalent to square Si/glass substrate with 75 cm side 
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length. Since BET measurement is optimized for powder samples, and attaining similar 

compaction with a polymeric nanofibrous mat is difficult, our BET measurement has 

underestimated the true surface area. Our PLLA-ZnO hierarchical nanostructure was found to 

retain the high flexibility of the original PLLA nanofibrous mat, and it was possible to insert it 

into a glass tube (diameter ~1 cm) to form an ‘active-filter’. Figure 4a shows a photograph of the 

final material as prepared and after insertion into the glass tube showing the flexibility and 

compactness of this polymer fiber-ZnO hierarchical nanostructured material.  

We then used a ‘continuous flow’ photocatalysis set up to evaluate the performance of the 

hierarchical PLLA-ZnO nanostructure. An aqueous solution of organic compounds to be 

decomposed was passed through the glass tube containing the PLLA-ZnO nanofibers using a 

peristaltic pump. The glass tube was illuminated by a 100 W mercury vapor lamp (as UV light 

source) and the photocatalytic decomposition of the organic molecules was monitored by 

ultraviolet-visible (UV-Vis) spectroscopy. A schematic representation of the set up is shown in 

Figure 4b. For all the experiments, flow rate was maintained at 5 mL per minute, and the 

reservoir contained 20 mL of aqueous solution of organic molecules. We initially selected 

methylene blue as the organic molecule to be studied. When we passed a solution of methylene 

blue (5 ppm) through the glass tube containing the polymer/ZnO nanostructure we obtained 

~90% decomposition within 80 minutes (Figure 5). In order to evaluate the stability of the NRA, 

we washed the hierarchical nanostructure by passing de-ionized water through the glass tube for 

2 hours and then used a fresh solution of methylene blue and performed the experiment again. 

We repeated this three times, and obtained almost identical decomposition rates for the three 

cycles (Figure 5). This indicates that the entire PLLA-ZnO hierarchical nanostructure is 

structurally and chemically stable.  



 

 - 8 - 

Two types of control experiments were studied, in the first; we passed the dye solution through 

the glass tube which contained only PLLA nanofibers with no ZnO NRA. In this case we 

observed that under illumination there was up to a maximum of 10% decomposition of methylene 

blue, which was probably due to direct photo-bleaching under UV-illumination. In the second 

control experiment, we passed dye solution through the glass tube containing the hierarchical 

polymer/ZnO nanostructure but this time with the illumination turned off. The glass tube was 

placed within a box to keep out ambient light. In this case we observed no decomposition at all 

for 80 minutes. These control experiments clearly show that photocatalysis in the presence of 

ZnO nanostructures is the main cause of decomposition of methylene blue in the solution. This 

method of ‘continuous flow’ photocatalytic decomposition of organic compounds in water is 

simple and effective as there is no need for separation of the photo-chemically active material 

from the reservoir, and the purified water can be collected from the reservoir directly.  

In a following study, we tested the photocatalytic decomposition of two widely used and 

extremely toxic organic compounds, monocrotophos (MCP; organophosphate insecticide) and 

diphenylamine (DPA; antioxidant for fruit storage). In one experiment, the reservoir was filled 

with aqueous solution of MCP (5ppm) and passed through the glass tube containing the 

hierarchical polymer/ZnO nanostructure under UV-illumination. The UV-absorption spectrum of 

the solution was recorded every 5 minutes and we observed a rapid decrease in the absorption 

peak at 215 nm, corresponding to the photocatalytic decomposition of MCP (Figure 6a). We also 

performed two control experiments (i) with no UV-illumination and (ii) with no ZnO nanorod 

arrays (data are not shown) and found negligible decrease in the absorption intensity at 215 nm in 

both the cases. In another experiment, to simulate a realistic situation, aqueous solution of MCP 

and DPA (5 ppm each) was passed through the glass tube containing the hierarchical 

polymer/ZnO nanostructure, under UV illumination and the UV absorption spectrum was 
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recorded every 5 minutes (Figure 6b). In this case, we observed a rapid decrease in absorption 

peaks at ~200 nm and 232 nm (for DPA) and 215 nm (for MCP). This demonstrates that 

simultaneous photocatalytic decomposition of more than one organic contaminant is possible 

using the ZnO nanorods in our system.  

In both the spectral series of Figure 6, although the spectral curve becomes almost flat at the end 

of the experiment, the decrease in absorption intensity was found to saturate at ~50% of its initial 

value. From reports in the literature describing use of TiO2 nanoparticles for photocatalytic 

decomposition of MCP, we find that it is common to have a saturation at ~50% decomposition in 

the absence of additives in the ‘slurry’.19 We are currently investigating methods to improve the 

decomposition percentage by testing the effects of various additives into the reservoir to aid the 

photocatalytic decomposition. These results will be described in details elsewhere.  

Since the site of photocatalytic decomposition is physically separate from the reservoir 

containing contaminated/infected water, the need for removal of the photocatalytic material is 

avoided. Thus the photocatalytic water treatment system described here can be easily modified 

for point-of-use applications. We are currently investigating the efficiency of photocatalytic 

decomposition under solar irradiation, which will further enhance the applicability of the material 

and the system described here. Since UV-irradiation is a well known sterilization technique and 

furthermore ZnO in the presence of UV light is also known to have enhanced antibacterial 

effect,20 we also envisage effective water treatment from microbial contamination. Scaling up of 

the fabrication of polymeric nanofibers, as well as the chemical bath deposition of ZnO nanorods 

is known to be straight forward and thus a larger scale water purification system with this 

material is also possible. 
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4. Conclusions 

Nanofibrous mat of poly-L-lactide, obtained by electrospinning, was used as a flexible and high 

surface area substrate for the growth of radially oriented ZnO nanorods by chemical bath 

deposition. The obtained hierarchical nanostructure was used in a ‘continuous flow’ 

photocatalysis system for decomposition of several known organic contaminants in water. Our 

material can be easily scaled up and the whole photocatalytic water treatment set up can easily be 

adapted either as a point-of-use system or centralized large-scale water purification system. 
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List of Figures  

 

Figure 1. Photoactive material characterization. (a) X-ray diffractogram of ZnO nanorods grown 

on a Si wafer. (b) Low magnification SEM image of ZnO nanorods grown on a silicon wafer, 

showing uniform coverage over a large area. (c) Typical high magnification SEM image of ZnO 

nanorods used for calculation of the average diameter of the nanorods (~50 nm). (d) SEM image 

taken from a tilted array of ZnO nanorods, showing good alignment. (e) & (f) Low and high 

magnification TEM images of a single ZnO nanorod showing the lattice fringes with a spacing of 

0.52 nm corresponding to the spacing of hexagonal (002) planes of ZnO.  
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Figure 2. Electrospun poly-L-lactide nanofibers. (a) Low resolution SEM images of PLLA 

electrospun nanofibers. (b) High resolution SEM image of electrospun nanofibers showing an 

average diameter of ca. 200 nm. 

 

 

Figure 3. Hierarchical fibrous polymer/ZnO nanostructures. Low magnification SEM image of 

the hierarchical nanostructure consisting of radially aligned ZnO nanowires grown on electrospun 

PLLA nanofibers. Inset: Schematic representation of the hierarchical nanostructure 
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Figure 4. Novel water purification system using hierarchical polymer/ZnO nanostructures. (a) 

Picture of the novel polymer/ZnO nanostructure inserted into a glass tube as a ‘point of use’ 

water treatment unit. A coin (1 €) is placed beside it as a size marker. Inset shows the actual size 

(and area) of the ‘as-made’ material, before it was inserted into the glass tube. (b) Schematic 

representation of the set-up, employed for ‘continuous-flow’ photocatalytic water treatment. 
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Figure 5. Photocatalytic decomposition of methylene blue. Curves marked with ‘circles’, 

‘triangles’ and ‘solid squares’ show the photocatalytic decomposition during first, second and 

third cycle (respectively), showing the stability of the hierarchical fibrous polymer/ZnO 

nanostructures. Dotted curve shows a control experiment performed under UV- illumination, 

where the dye solution is passed through a column containing no ZnO nanostructures. Curve 

marked with ‘diamond’ shows the non-illuminated control, where the dye is passed through a 

column with polymer/ZnO nanostructure, but under no UV-illumination.  
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Figure 6. Photocatalytic decomposition of known toxic contaminants. (a) Series of UV 

absorption spectra of aqueous solution of MCP, taken every 5 minutes (for 125 minutes) while 

undergoing ‘continuous-flow’ photocatalytic decomposition. ‘Solid triangle’ marker indicates the 

absorption peak (λ = 215 nm) that was monitored to follow the decomposition. Inset shows 

percent decomposition over time. (b) Series of UV absorption spectra of a mixture of MCP and 

DPA taken every 5 minutes (for over 100 minutes) while undergoing ‘continuous-flow’ 

photocatalytic decomposition. The symbols (‘solid triangle’ for MCP; ‘star’ for DPA) indicate 

the peak absorption for the corresponding molecules. Inset shows the percent decomposition, 

‘circles’ for MCP and ‘triangles’ for DPA. The absorption data for MCP may have interference 

from the absorption of DPA. 


