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Abstract 

Water purification through photocatalysis is the most important requirements due to the increased health, 

environmental and energy conservation concerns. Metal oxides nanostructures have played a very prominent 

role in this direction. ZnO is a promising material in terms of nanostructuring and photocatalysis. This study 

presents a unique easy-to-follow synthesis method for ZnO micro- and nanowires by a flame- based 

approach. The photocatalytic activity of these grown ZnO nano- and microwires against methylene blue 

(MB) has been investigated in detail and a possible decomposition pathway is proposed. During repeated 

photocatalysis, a significant improvement in the decomposition rate was achieved which is mainly attributed 

to surface modifications of the ZnO wires due to the reaction with MB as confirmed by Raman-spectroscopic 

and X-ray photoelectron spectroscopy (XPS) investigations. The impact of the MB over involved 

nanostructures is thus an important aspect for the efficiency of the photocatalysis which is briefly presented 

here. 
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1. Introduction 

Industrial progress has provided several human friendly utilities in every field however, simultaneously it 

has created an enormous amount of chemical waste which is polluting the natural water and the surrounding 

environment.[1–5] Specially in the last two decades, the amount of dye pollutant remaining into the natural 

occurring water bodies has tremendously increased because of an abrupt expansion of mass production.[6,7] 

This points out the absolute necessity for developing efficient water purification methods with high 

efficiency. Photocatalytic degradation of the dye[1] and adsorptions of contaminants[8–10] are the two most 

versatile strategies for water purification technologies. Both of these methods involve different material 

forms such as porous nanomembranes and nanoparticle.[4,5]. However, only adequate nanomaterials with 

well-defined shapes are mainly relevant for photocatalysis.[11–13] Therefore, a non-toxic nanomaterial 

based photocatalytic approach for water purification is a key requirement along with being user friendly, 

cost-effectiveness, rapid system and scalability, etc. Scientific community has been focused in the direction 

of nanomaterial-based photocatalysis for decomposing organic dyes.[14] The retractability of such 

nanoparticles is another challenge as it is complicated and requires either advanced filtering techniques or 

centrifugation process (which does not guarantee their complete removal). For purification of large water 

volumes, the water has to pass through the decomposition cells and those cells have to be used multiple 

times. Therefore, in the nanopowder based photocatalysis systems, the retractability, reusability, large scale 

production (nanomaterials are often expensive), etc. are still very important open challenges. 

 

Material choice becomes rather very important when it comes to nanomaterials based photocatalysis. Metal 

oxide semiconductors [14–16] are probably the most relevant candidates. Among all, the TiO2 is particularly 

well known for its use in photocatalytic water purification[17,18] however its long recovery time between 

photocatalytic cycles has been a major drawback.[19] Therefore, zinc oxide (ZnO) due to its unique physical, 

chemical, and biocompatibility features has been widely utilized for photocatalytic degradation of dyes.[11] 

ZnO is a direct bandgap semiconductor (~ 3.37 eV), it exhibits very unique defect chemistry.[11] These 

defects interestingly introduce states within the ZnO bandgap opening the possibility of visible light 

absorption and corresponding photocatalysis.[11,20,21] Because of its hexagonal-wurtzite crystal structure, 

nanostructures of almost any desired complex shape can be grown by wet chemistry and many other 

innovative methods.[11] Based on the mentioned features, ZnO nanostructures are among the highly 

investigated material towards efficient photocatalytic degradation of different dyes.[11,22,23] For example, 

complex shaped ZnO nanostructures made out of one dimensional rods are very advantageous as they exhibit 

minimum agglomeration and also offer high accessible surface area.[22] Furthermore, due to their 

hexagonal-wurtzite crystal structure, ZnO nanostructures exhibit several surface facets which contribute 

towards photocatalytic response.[22,24] The capabilities of ZnO nanostructures for treating different 

pollutants and organic dyes have been investigated. The involved photocatalytic mechanisms are carefully 

studied and understood.[4] Additionally, versatility of  nanostructuring by simple approaches, such as flame 

transport synthesis,[25] and many others, opens scope of ZnO nanostructures towards commercial water 

purification and photocatalysis related applications. 

 

Various nanostructures from ZnO, such as nanowires, nanotubes, nanobelts, etc. have been investigated 

towards photocatalytic response and the fundamental understandings indicate that surface is the most 

important parameter contributing to photocatalytic response.[26] Higher the surface area, better the 

photocatalytic response, including an additional contribution from crystalline facets.[22,26–28] Measuring 
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the overall surface accessible for photocatalytic activity is challenging as the agglomeration of nanoparticle 

powder in dispersion cannot be neglected and this requires uniform nanostructures. Additionally, the 

contribution of nanostructures on photocatalytic dye degradation has been investigated, except fewer studies 

exists of the impact of photocatalytic experiment on the surface of the involved nanostructures. The effects 

of the dye on the surface of these nanoscale materials would be a very important information for the broad 

photocatalysis community. Realizing the importance of these aspects, a compatible nanostructural ZnO was 

selected, i.e., ultralong (up to several millimeters long) ZnO micro- and nanowire for photocatalytic 

investigations against methylene blue (MB) dye degradation. These micro-and nano ZnO wires can easily 

be tracked before and after photocatalytic treatments and their surface modifications after a PC process can 

be monitored with SEM. In the present work, ZnO micro-and nanowires synthesized by FTS process were 

used to study the photocatalytic degradation of methylene blue. The observations suggest that microscopic 

structural pattern on the microwire surface exhibit higher catalytic activity (of ~ 5.2 times) in contrast to ZnO 

thin films. Multiple photocatalytic cycles forms crease patterns on the microwires, effects of these patterns 

on the photocatalytic property of the wires. SEM, Raman and X-ray photoelectron spectroscopies, etc. were 

employed to study the microwires before and after photocatalysis. The photocatalytic results have been 

carefully presented and discussed including possible MB decomposition pathways. 

 

2. Materials and Methods 

2.1 Synthesis of ultralong ZnO micro- and nanowires 

For the synthesis of the ultralong ZnO micro- and nanowires, a modified strategy of flame transport synthesis 

(FTS) method[25] was followed. As contrast to a muffle furnace, a furnace with gas inlets for N2 and 

pressured air (flow rate controlled by flowmeters) was utilized in modified FTS approach as shown in Figure 

1a. A metallic precursor - Zn wire (bought from Alfa Aesar GmbH & CoKG, Germany) – was placed in a 

metallic/ceramic crucible (the geometry of the wire is presented in the Figure 1a(i)). The crucible was the 

covered by a hollow ceramic cylinder with both open ends (Figure 1b). A couple ceramic stripes were placed 

on top of the ceramic cylinder to limit the oxygen turbulence flow during the growth process (the synthesis 

setup is shown in the Figure 1b). The furnace (supplied by Teyfel GmbH, Germany) was preheated to 800 

°C (in ambient oxygen atmosphere) and the crucible with the Zn precursor was inserted into the oven. The 

furnace was rapidly heated to 950 °C (with ramp rate of 25 °C/min), which was maintained for 15 minutes. 

During the process, additional source for pressured air was provided at a flowrate of 0.68 l/min. After the 

process, the furnace was left to naturally cool down and ZnO micro- and nanoscale wires grown (appears as 

white grass) over the edges of the crucible as well as over the ceramic stripes can be seen in Figure 1b. 

 

2.3. Morphological and surface characterization   

Morphology of the grown ZnO micro- and nanowires was studied using scanning electron microscopy (SEM) 

and energy-dispersive X-ray spectroscopy (EDS) (ZEISS Ultra Plus microscope, Kiel, Germany) with a field 

emission gun, operated at 8 kV for SEM imaging and at 20 kV for EDS characterization. For chemical 

analysis of the ZnO micro- and nanowire- were performed by Raman spectroscopy under ambient condition 

using WITec alpha300 RA, with a triple grating spectrometer (grating parameters were 600 g/mm BLZ = 

500NM) and a CCD detector. A green laser (excitation wavelength of 532.2 nm) was used. Spot size on the 

sample was of ~ 1.41 µm and maximum power at the sample surface was ~ 52 mW. The scattered beam was 

collected by an optical fiber (diameter of 50 µm). Obtained data was analyzed using a WITec Project 

manager. The X-ray photoelectron spectroscopy (XPS, Omicron Nanotechnology GmbH) was utilized for 
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surface characterization of the ZnO micro- and nanowires. The XPS measurements were performed on the 

ZnO microwires before and after the photocatalytic experiments and no ion beam treatment (surface 

cleaning) was applied prior to XPS analysis. The obtained spectra were charge referenced using aliphatic 

carbon at the binding energy of 285.0 eV.[29] The survey and high-resolution spectra were measured with 

pass energies of 100 eV and 30 eV, respectively. 

2.4 Photocatalytic response measurements 

For the evaluation of the photocatalytic activity, a setup described in a previously published work[30] was 

utilized, with a LED-based UV-source having a wavelength maximum at 365 nm (peak width measured to 

be of ~20 nm). The UV-light intensity at the cuvette’s surface was measured to be ~0.35 mW/cm2. A quartz 

cuvette (all five inner sides polished) holding a 2.5 µM aqueous solution of methylene blue and the sample 

in a sample holder was placed into the setup, which was equipped with an illumination opening (for UV 

light), spectrometer and a detector were passing and collecting the signal from the unilluminated areas. The 

solution was stirred for the whole duration of the measurement. The spectra were collected at every 5 min in 

a spectral range of 200-1000 nm using StellarNet EPP2000C-SR-50 spectrophotometer (with SL5-DH light 

source). Prior to each PC-experiment   ZnO structures were immersed into the MB solution and kept there 

under continues stirring for 20 minutes to rule out possible errors through sorption of MB molecules onto 

the ZnO surface.  After that, UV source was switched on and data collection started. For monitoring the 

impact of MB absorption onto ZnO the measurement without prior immersion and without UV illumination 

was carried out. Based on that, a time of 20 minutes was chosen to wait for in all further PC experiments 

involving ZnO structures and MB solution. MB stability under UV illumination was checked as well (Figure 

S1). The decrease in the measured peak intensity (specific for MB) under these conditions was about 0.04 in 

terms of relative absorbed intensity. Furthermore, in the subsequent PC experiments with ZnO structures 

involved the decrease of relative absorbed intensity was of 0.27; 0.5 and 0.96. Thus, the slight change in the 

MB concentration under UV illumination was considered as of least importance. 

 

2.5 Local pH measurements  

The pH values in the electrolyte were measured 40 µm from the surface of the ZnO needles embedded in the 

polythiourethane (PTU) matrix. PTU purchased from Fluid-& Prozesstechnik GmbH (Waltershausen, 

Germany) is a two component thermoset, chemically inert after curing. After mixing the two components, 

hexamethylene diisocyanate (HDI) and pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) at a weight 

ratio of 1.4:1, the mixture was poured into a cylindrical mould with a diameter of 30 mm and 20 mm in 

depth. This mixture was then allowed to cure. ZnO needles were dropped after 20 minutes of curing on to 

the surface of the partially cured PTU to avoid sinking of the needles. The sample was then place in a furnace 

at 80 °C overnight for complete curing. Top layer of the sample was sanded to remove the polymer coating 

and to expose the ZnO surface. The PTU holder under stagnant conditions with a commercial scanning ion-

selective electrode technique (SIET) equipment from Applicable Electronics, which was controlled by LV4 

software from Science Wares. The local pH was mapped using a glass-capillary microelectrode with a tip 

orifice diameter of 1.8±0.2 µm. Glass-capillaries were back-filled with an inner reference solution (0.01 M 

KH2PO4+0.1 M KCl) and tip-filled with a H+-selective membrane cocktail based on tridodecylamine (Fluka, 

Ref. 95293, Sigma Aldrich, Germany). A homemade Ag/AgCl/0.1 M KCl, 0.01 M KH2PO4 electrode was 

used as the external reference electrode. A point by point, move - wait (0.6 s) - measure (0.8 s) scheme took 

approximately 40 min to complete a 400-points line scan.  More details of the experimental setup can be 

found elsewhere.[31] 
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3. Results and Discussion 

3.1 Growth of ultralong ZnO micro- and nanowires 

The FTS growth process works on the principle of solid vapor solid growth from Zn vapor and ambient 

oxygen into the flame (converts metallic Zn microparticles/wire into vapor phase) inside the oven. If there 

is no catcher substrate, the normal nucleation and growth process leads to formation of tetrapodal shaped 

particles. However, if there is any defect site available, it works as a favorable nucleation center leading to 

prominent 1D nanostructure growth.[11,25,32] The applied catcher substrate in the present work offers many 

defect sites which facilitate 1D ZnO nanowire growth in the FTS process. The nanowire dimensions 

(diameter, length) are mainly influenced by the existing precursor material which is relatively high in present 

case and hence growth of ultralong ZnO micro- and nanowires with length scales of nearly up to 1.5 cm can 

be grown as shown by SEM image in Figure 1c. A big piece with several ZnO wires was harvested and 

analyzed in SEM which confirmed the interconnected tetrapodal networks as the base (Figure 1d). The long 

ZnO micro- and nanowires (Figure 1c) exhibit hexagonally facetted morphologies (Figure 1e). The SEM 

analysis (Figure 1c) reveals that the cross-section of the grown ZnO micro- and nanowires range from 

200 nm to 7 µm and their lengths range from hundreds of micrometers to several millimeters with very high 

aspect ratio of ~ 1:1000. The growing procedure of the modified-FTS process was investigated by SEM 

which suggests that it follows a two-step growth process. On the defect sites offered by the catcher substrate, 

initially a ZnO network is grown which then serves as bed for the growth of long ZnO micro- and nanowires. 

The most outstanding aspect of presently adopted synthesis is not only the rapid and homogeneous growth 

of the ZnO micro- and nanowires but also the fact that these ZnO micro- and nanowires are firmly attached 

to the underneath ZnO bed, making their utilizations even easier, as there is no need to use any outside 

substrate for the wire’s growth, which were directly used here also without any further modification. 

 

3.3. Photocatalytic degradation response  

MB decomposition process 

ZnO nanostructures, in general, exhibit good photodegradation capabilities against methylene blue.[1,4,6] 

The involved photocatalytic degradation paths and results corresponding to grown ZnO micro- and 

nanowires with respect to MB are briefly presented in Figure 2. The mechanistic insights about the MB 

decomposition process under the attachment of OH∙ radical attacks and aromatic central ring protonation (by 

𝐻+ and/or free electrons) are given in Figure 2a and corresponding photodegradation mechanism by ZnO 

micro- and nanowires under UV illumination (Figure 2b). During the photocatalysis study, the UV-visible 

spectra was recorded at every 5 min intervals under UV light on and off conditions (Figure 2d-e) which is 

plotted in Figure 2c. The intensity of the absorption peak at 664 nm (reported as the MB characteristic peak) 

was monitored throughout the PC process and is plotted versus the time of the reaction (Figure 2c). It can 

be clearly observed that the photodegradation mechanism occurs much faster under the UV light ON 

condition in concurrence with from literature studies on ZnO based MB degradation.[33] It is very obvious 

from the shown result that without UV–irradiation, the MB degradation response from the ZnO micro- and 

nanowires is quite negligible (Figure 2a). Several literature studies suggest that the presence of the OH∙ 

radicals are the most necessary elements towards the degradation of MB molecules.[34–38] The OH∙ radicals 

are formed at the surface of ZnO micro- and nanowires when illuminated with UV light of λ ≤367.9 nm 

(larger then ZnO bandgap energy[23]) resulting in the creation of electron-hole pairs. The absorbed oxygen 

species and OH- ions react with the photogenerated carriers leading to the formation of and OH∙ 

radicals.[22,35] The Fourier transform infrared spectroscopy studies from existing literature suggest that 
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during decomposition pathways the side chains of MB are attacked by OH∙ radicals which leads to 

demethylation process.[34,36] The literature works suggest that the color change in MB contributes to the 

protonation in the aromatic ring H+ or photogenerated holes and it is most likely reversible reaction 

process[36,39–41] but it is still an open question being actively discussed. 

 

3.4 Self-nanostructuring: Effect of photocatalyst on ZnO micro- and nanowires 

Morphological evolutions 

The literature suggests that all the nanomaterials based photocatalytic research works have been nicely 

reported and discussed about the response of involved nanomaterials towards photocatalytic degradation of 

dyes under UV illumination. However, the effect of photocatalytic dye-based solutions under UV 

illumination over the involved nanoparticles cannot be completely ignored as in nanoscale dimensions their 

surfaces are very sensitive to any surrounding disturbances, especially if it is in a wet chemical form. The 

FTS synthesized ZnO micro- and nanowires (reference samples) were repeatedly treated with MB 

photocatalytic process and after several cycles a visual change in the color was realized which motivated us 

to investigate more in this direction. The ZnO micro- and nanowire samples (after 1, 2 and 4 cycles) were 

investigated in SEM in detail which confirmed formation of rippled type pattern (concentric rings) at the 

entire surface as shown by SEM images in Figure 3a-f. It can be clearly observed that with increasing 

number of MB exposure cycles, the ripple shaped structures got prominent (Figure 3a-f) which is most likely 

due to the dissolution of Zn2+ and O2- ions from the surface in MB solution (under UV-light exposure). 

Additionally, the rippled structure might be an indication of certain planes, that are perpendicular to the c-

axis, to be more dissolved in a PC process than the others. Such behavior of single-crystalline ZnO structures 

has been observed and confirmed in the studies on preferential wet-chemical etching.[42] Depending on 

utilized etchants the polar planes ((10-11) and (000-1), consisting of oxygen ions) were selectively removed 

or stayed intact, respectively. Thus, the MB exposures induce a nanostructuring phenomenon at the surface 

of ZnO micro- and nanowires and these ripples shaped etched nanostructures (Figure 3a-f) increases the 

overall surface contributions which is accessible to MB. Analogous structures, built up of several planes of 

ZnO being stuck on top of each other, have been tested for the photodecomposition of the volatile organic 

compounds and have demonstrated an outstanding performance.[43] In a similar way, in present study as a 

consequence of increased surface area, the photocatalytic response against methylene blue was enhanced as 

shown in Figure 4a-e. For the ZnO microwires in the second PC cycle the measured absorbed intensity of 

MB characteristic peak went below 10% of the starting intensity after 90 minutes. This decrease is clearly 

visible from the spectral dependency of the absorbed intensity around 664 nm in Figure 4e. In order to 

understand the MB induced nanostructuring behavior, another sample of the ZnO micro- and nanowires was 

immersed into MB (1, 2 and 4 photocatalytic cycles for 2, 4 and 6 hours, respectively) without any UV 

illumination (Figure S2). It was observed that in the absence of UV illumination, no surface nanostructuring 

occurs as confirmed by SEM images (shown in Supporting Information Figure S2). Thus, the SEM 

investigations suggest that MB as such exhibits no role towards surface nanostructuring in ZnO micro- and 

nanowires but in combination with UV illumination, it has an effect towards interesting surface restructuring 

which has been investigated in detail here using different characterizations as reported in the following 

sections. 
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3.5. XPS analysis  

The XPS studies were performed on reference ZnO micro- and nanowires and after two cycles of methylene 

blue decomposition. Corresponding survey spectra of both specimens are presented in the Figure 5a, 

including peak assignments and elemental compositions. It can be clearly seen that only Carbon, Oxygen 

and Zinc elements were detected, with relatively high concentration of carbon (~11 at% for reference 

sample), which could be referred to surface contamination in the ambient atmosphere.[29] Noticeably, the 

original ZnO micro- and nanowires are oxygen deficient with Zn:O ratio of around 1:0.54, while after two 

MB decomposition cycles the Zn:O ratio has improved significantly (Zn:O~1:0.64) hinting towards the Zn 

oxidation in MB solution (See Table I). Two mechanism can be responsible, either, that after MB reaction 

(under UV illumination) some of the surface Zn2+ ions were photoetched and crystal stoichiometry was 

slightly changed or that the adsorbed oxygen species from the reaction solution contributed to the total 

increase in the oxygen content after the photocatalytic reaction. Furthermore, the amount of carbon has 

increased after photocatalytic measurements, which is most likely related to extra carbon adsorption during 

MB decomposition. C-1s high resolution spectra including deconvolution for both samples (before and after 

MB experiment under UV-light on condition) are shown in Supplementary Figure S3 a, c. The aliphatic 

carbon at 285.0 eV is the main component in these spectra, however, the additional carbon oxides (C-O, 

286.8 eV; C=O, 288.9 eV) or hydroxide groups were also detected on the surface. 

 

The high resolution XPS measurements (Figure 5 b,c) conducted on the oxygen peak revealed several 

distinctive characteristics. The deconvolution was done with three components denoted as OI, OII and OIII. 

The main peak OI has a binding energy of 530.5 eV and has been assigned to the O2- anions in the wurtzite 

structure of ZnO.[44,45] The envelope form of the oxygen peaks (shown in the Figure 5b-c) suggest the 

presence of the peaks OII and OIII with slightly higher binding energies. As described in literature, these 

peaks originate from O2- crystal ions in an oxygen-deficient surrounding[45–47] and from OH- (531.09 eV) 

or O2(533.0 eV) species adhered at the crystal´s surface.[44–46] Based on the fitting of the O-1s for pristine 

ZnO and ZnO after MB reaction (under UV illumination), the approximate amounts of OI, OII and OIII were 

determined (given in Table II). The obvious conclusion from these calculations is that the ratio of the lattice 

oxygen atoms (OI signal) to the loosely bound oxygen and OH- or O2
2- species (OII+OIII) is 1:0.40 (untreated 

ZnO) and 1:0.68 (ZnO after 2 MB cycles). This again confirmed the slightly increased amount of other 

oxygen species which have originated after the MB decomposition reactions at the surface of ZnO micro- 

and nanowires. Additionally, the increased amounts of OII species (loosely bound oxygen ions) is ~ 27.6% 

after MB-treatment as compared to ~18.2% for untreated sample pointing towards a possible alterations in 

the crystal structure of ZnO micro- and nanowires after the photocatalysis process (under UV illumination). 

The comparison (overlap) of two oxygen peaks for treated and untreated ZnO is presented in the Figure S3b, 

along with the Zn-2p doublet spectra (Figure S3d), once more illustrating the enhanced oxidation after MB 

experiment which supports the formation of wrinkled nanostructures at the surface as shown in Figure 3. 

 

3.6. Raman spectroscopy studies  

The photodegradation process of methylene blue very likely occurs simultaneous to the dissolution of ZnO 

surface. The possible compositional changes in the ZnO micro- and nanowires after a PC cycle were tracked 

via Raman spectroscopy studies. Scans in the Figure 6a & 6b display surface scans of a reference ZnO 

microwire and a microwire after two PC cycles. The spectral scans were generated by using the filter of 100-

600 cm-1 (in this spectral range characteristic peaks of ZnO are the most intensive). These scans show several 
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inhomogeneities in ZnO peak intensities in case of treated ZnO microwires. Both, the treated and untreated 

ZnO micro- and nanowires samples exhibit the typical peaks for wurtzite crystal structure of ZnO in the 

recorded spectra. All the Raman peaks, described in literature[48] (E2
1,low; E2

2-E2
1; E2

2,high; A1(TO); 

E1(LO)) were identified (Figure 6c,d) in the obtained spectra. A broad peak at 2750-2800 cm-1 was 

additionally observed for the treated ZnO micro- and nanowires, which could be assigned to the organic 

residue on the surface of the ZnO after the photocatalysis (SEM image in Supporting Information, Figure 

S4). Anyhow, almost no traces of OH- ions were observed in the Raman spectrum corresponding to treated 

ZnO micro- and nanowires (with MB under UV illumination). The single spectrum taken from the green 

marked points in the surface scans from treated and untreated micro- and nanowires reveals a noticeable 

difference in the E2
2 (high) peak. The E2

2 high peak is known to indicate the crystalline quality of the ZnO 

wurtzite structure. The treated ZnO micro- and nanowires show a considerable decrease in E2
2 high peak’s 

intensity, indicating an increased lattice disorder at the surface. Considering the wavenumber region from 

520 to 650 cm-1, the peaks A1(LO) and E1(LO), known for the oxygen disorder in the lattice, are more vividly 

present for the treated ZnO micro- and nanowires. Thus, an increase in the Raman bands are most likely due 

to the oxygen disorder, and an indication of distorted crystallinity (E2
2 high decrease) in the ZnO micro- and 

nanowires after several cycles of MB decompositions (under UV illumination on condition) and both 

altogether confirm the occurrence of structural changes at the surface of the ZnO micro- and nanowires. The 

SEM, XPS and Raman spectroscopy results altogether indicate a surface nanostructuring of ZnO micro- and 

nanowires during photocatalytic treatments under UV illumination. 

 

3.7. pH-mappings of ZnO treated MB solutions 

The photocatalysis mainly took place at the ZnO micro- and nanowire surface and hence the major 

involvement of the OH- ions and their radicalization via photo-created charge carriers at the ZnO surface 

result in methylene blue undergoing a decomposition reaction. This leads to an unbalance between the H+ 

and OH- amounts in the aqueous medium where the photodecomposition reactions take place and it might 

instantly influence the pH value of the surroundings regions in the solution. This change in pH values was 

traced via an in-situ measurement setup during an on-going photocatalysis experiment and corresponding 

results are shown in Figure 7. Based on the previously performed EDX analysis, the setup of the wires 

embedded in PTU (chosen due to its optimal stiffness required for polishing without damaging the immersed 

structures) with the upper layer being polished, revealing uncovered ZnO surface for the reactions to take 

place during the pH mapping (Figure 7a, b). The maps of local pH distribution were taken in a plane 40 µm 

from the polished surface of PTU holder incorporating ZnO needles (Figure 7c). The pH value of the 

aqueous electrolyte directly above the ZnO needles was slightly shifted to more alkaline values when the 

photocatalytic process was activated (Figure 7d-f). While the difference between the bulk pH and the highest 

pH values above ZnO needles was roughly constant during the UV irradiation, 0.23 pH units (Figure 7d-f), 

this difference increased abruptly to 0.42 pH units difference (Figure 7g) as soon as the UV-illumination 

was switched off and then gradually decreased from 0.31 pH units (1.5 hours) to 0.15 pH units after (16.5 

hours), Figures 7 h and i. The slight differences, compared to bulk pH, visible at the middle right side of the 

maps (Figure 7d-i) might have been originated from the cavity in the polymer mold (bubble artifact 

happened during the preparation, Figure 7c), where the electrolyte could not circulate freely and hence could 

not immediately accommodate the changes produced through the reactions at the surface of ZnO micro- and 

nanowire. 
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3.8. Self-nanostructuring mechanism  

The observed nanostructuring phenomenon in ZnO structures by photocatalytic solution under the UV 

illumination condition is quite interesting and fairly very new. Most of the ZnO nanostructures based 

photocatalysis works in the literature mainly discussed about the effect of ZnO nanomaterials towards 

photocatalytic dye degradation rather than vice versa, i.e., not even a single report can be found which talks 

about the role to photocatalytic solution over nanoparticles, at least to the best of our literature knowledge. 

However, photocatalytic solution mediated dissolution of quantum dot structures from other semiconductors, 

such as, CdS, under light illumination has been reported.[49,50] It has been found that the parameters like, 

semiconducting nature of involved material, light illumination, and the chemical response (electron or hole 

capturing abilities) of the photocatalytic dye play a very important role. The light illumination (with 

wavelength in the vicinity of the bandgap) leads to creation of electron-hole pair generation. The surface re-

structuring phenomenon in CdS quantum dots has been reported in methylviologen solution (organic dye) 

and light illumination (in the bandgap wavelength region). [49,50] Methylviologen exhibit strong electron 

acceptor tendency and the light illumination leads to creation of electron-hole pairs in CdS quantum dots. 

The majority of generated electrons are captured by the methylviologen solution thereby leaving many hole 

behind which then react with surface atoms of the quantum dots.[49,50] Thus, the excessive holes can then 

initiate the dissolution of the semiconductor’s surface leading to a photocorrosion process up to a great 

extent. To confirm the role of e-h pairs during the photocatalytic process, the methylviologen (MV2+), a 

commercial dye was added to the solution which served as an electron scavenger preventing the newly 

created electrons from recombination with holes and this lead to a rapid dissolution.[50] Similar to CdS, ZnO 

is a direct band gap semiconductor and the involved methylene blue dye is strong electron acceptor hence 

we strongly believe that electron-hole creation under light illumination is most likely responsible for the 

observed self-nanostructuring under light illumination condition. The UV light illumination creates e-h pairs 

in ZnO and even light below bandgap energy can also excite e-h pairs because of interesting surface 

defects.[51] No change in surface morphology of ZnO micro- and nanowires immersed in methylene blue 

was observed after several cycles and multiple hours (Supplementary Information, Figure S2). The MB 

molecules in present case of UV illuminated ZnO micro- and nanowires, act as electron scavengers leading 

to a hole mediated photocorrosion[33] which can be represented by the equation (4): 

ZnO + 2h+ → Zn2+ + 1/2O2           (4)  

The photocorrosion behaviors under light illumination have been mainly reported for semiconducting 

quantum dots[49,50] or nanofilms[33] but considering into account their very nanoscale dimensions, the 

changes in the size and morphology were quite crucial aspects. In another case, the atomic layer deposited 

(ALD) ZnO nanofilm was up to 50% destroyed after 24 hours of photocorrosion and thus, the active ZnO 

nanofilm layer necessary for photocatalytic activity was disrupted and became highly porous.[33] The 

present observations demonstrate that the surface accessibility plays very important role, towards both, the 

photocatalytic degradation response against methylene blue (Figure 4) as well as self-nanostructuring 

(Figure 3). In the self-nanostructured ZnO micro – and nanowire samples with selectively removed planes 

along the c-axis, the interchange of MB molecules in the solution is much faster and hence enhanced the 

overall response. The photocatalytic data of self-nanostructured ZnO micro – and nanowires displayed an 

enormous improvement in the degradation rate, reaching the values of k =0.0215±8.23*10-4 min-1 from the 

linearly fitted data (Figure 3, Table III). With increase in number of photocatalytic cycles under UV 

illuminated ZnO micro- and nanowires, the self-nanostructuring behavior has become prominent (Figure 3) 

which is in good agreement too as each photocorrosion cycle (due to MB) lead an enhanced surface 

accessible for MB molecules in subsequent photocatalytic cycles and hence an improved response (Figure 
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3a,b,e, f). Somehow, the prominent difference in the profile C/C0 for the second and the first PC run could 

be understood with consideration of photogenerated charge carriers and their behaviour at the ZnO surface. 

First, during the UV illumination generated charge carriers are trapped at the defect cites in ZnO, where with 

contribution of MB molecules (from the solution) the surface restructuring occurs. Simultaneously to that, 

the rest of the photogenerated charge carriers participate in the photocatalytic process at the ZnO surface. As 

soon as the defect cites are dissolved, the PC process runs more effectively, as more and more of the created 

free charge carriers can participate in the photocatalysis. The Table III compares the rate constants for 

different samples which indicate the ZnO micro- and nanowires after two decomposition cycles exhibit a 

maximum rate constant. The linear fitting of the -ln(C/C0) was performed based on the Langmuir-

Hinshelwood model following a pseudo-first-order kinetics (equation 5): 

ln (
𝐶0

𝐶
) = k𝑎𝑏𝑠 ∙ 𝑡       (5) 

The coefficients utilized in the fitting are presented in the Table IV. After repeating experiments under 

identical experimental conditions several times, it has been observed that the photocorrosion starts at certain 

points on the ZnO facets and defect locations (these flames made ZnO micro- and nanowires exhibit many 

kinks and edges). The most active surfaces are etched easily and in case of ZnO, it is most likely the (0001) 

plane but the existing surface defects are also easily locations for the start of the etching process. It is assumed 

that both of them, the high energy surface facets as well as surface defects in the flame grown ZnO micro- 

and nanowires are responsible for the observed photocorrosion behavior but to exactly confirm this, advance 

studies based on in-situ TEM and chemistry techniques under optimal experimental conditions would be 

necessary. 

 

4. Conclusions 

Photocatalysis using compact micro- and nanostructures from semiconductors under harsh conditions is a 

very intriguing research topic for relevant chemical purifications. In the present work, the single crystalline 

ZnO micro- and nanowires were efficiently synthesized and characterized via SEM and Raman spectroscopy 

investigations. In order to study the role of overall surface area and geometry, the ZnO micro- and nanowires 

were compared to a 2D ZnO substrate. The photocatalytic response from the ZnO micro- and nanowires and 

the 2D ZnO against methylene blue decomposition was analyzed. Comparison showed that the pristine ZnO 

micro- and nanowires exhibit better performance. It is observed that the PC effect is strongly influenced by 

UV light irradiation, which results in much better performance. Additionally, a photocorrosion mediated 

self-nanostructuring behavior of the ZnO micro- and nanowire surface was observed after photocatalytic 

cycling under UV illumination. The UV induced electron-hole creation and the strong electron capturing 

capabilities of MB lead the photocorrosion process on the surface of the ZnO micro- and nanowires. Both, 

the PC degradation and photocorrosion depend on the accessible surface and are complementary to each 

other. Each photocatalytic cycle resulted in overall increased accessible surface which lead to enhanced 

photocorrosion and after several cycles a significant improvement in both responses is observed. The SEM, 

Raman spectroscopy and XPS studies confirmed the self-structuring in ZnO micro- and nanowires due to 

photocatalytic cycling and the in-situ pH mapping analysis showed an instantaneous change in pH value in 

the areas surroundings the wires. The presented interplay of photocatalysis and photocorrosion processes in 

ZnO microwires during the degradation of methylene blue under UV illumination would be of high interest 

for metal oxide based photocatalytic water purification. 
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Figures and Captions 

FIGURE 1 

 

 

Figure 1. (a) Schematic of the setup for the controlled ZnO growth. (b) A camera image of the working setup 

after the synthesis took place, where the white wires with a length of several millimeters could be 

distinguished at the top of the cylinder with bare eyes. (c)-(e) SEM images on the ZnO microstructure 

synthesis of pristine ZnO wires: (c) a clearly visible substrate beneath the wires (indicated in blue) from 

which the growth of the ZnO microwires takes place. (d) The substrate is covered with 3D-facets randomly 

oriented to each other. (e) Distinct hexagonal facets of a single ZnO microwire having a hexagon - shaped 

cross section. 
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FIGURE 2 

 

 

 

Figure 2. (a) Steps of the MB decay. First the methyl-containing sides are getting attacked by OH∙ radicals, 

leading to a demethylation of the side-chains. This is followed by the protonation of the aromatic central ring 

via 𝐻+ and/or free electrons. Both processes cause a color change observed during the PC process. (b) A 

general overview of a ZnO microneedle with adsorbed MB molecules. After UV is switched on, the radicals 

are formed causing the reactions described in (a). (c) Catalysis comparison of the degradation performance 

of ZnO microwires (µ-wires) without UV source (black points) and with UV source turned on (red points). 

Green dotted lines indicate the absorbed intensities at the MB characteristic peak of λ=664.08 nm at 𝑡1 =30 

min and 𝑡2 = 60 min. Insets (d) and (e) show the individual spectra taken with UV source off and on, 

respectively. Each spectrum was taken in 5 min intervals. 
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FIGURE 3 

 

 

Figure 3. ZnO microwires after self-structuring during the photocatalysis: a) and b) – after 1 PC cycle, c) 

and d) after 2 PC cycles, e) and f) after 4 PC cycles. Closer look at the material’s surface (b, d and f) reveals 

that the structured trenches develop a deeper profile, which increased with the number of PC cycles they 

were subjected to. 
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FIGURE 4 

 

 

 

 

Figure 4. (a) Catalysis comparison of the degradation performance of ZnO microwires (µ-wires) with UV 

source turned on. Each spectrum was taken in 5 min intervals. PC performance of ZnO structures: 

microstructured ZnO substrate (red), as-grown ZnO µ-wires first cycle (green) and as-grown ZnO µ-wires 

(blue) in the second cycle. For all the curves a C/C0 ratio in (a) and -ln(C/C0) ratio in (b) was calculated, 

where C0 is the initial concentration of MB (in absorption %) and C is a measured value of MB concentration 

in time intervals of 5 min. For each of the structure types mentioned in (a) and (b) the UV-Visible measured 

spectral data (with 5 min interval) is depicted in (c)-(e) accordingly. 
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FIGURE 5 

 

 

Figure 5. The results of XPS measurements: a) survey spectra together with at% concentrations of a ZnO µ-

wires reference sample and ZnO µ-wires sample after two MB cycles; b) and c) high resolution O-1s spectra 

including peak deconvolution for the ZnO reference and cycled sample, respectively. 
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FIGURE 6 

 

 

 

Figure 6. Raman spectroscopy of a reference ZnO microneedle and a microneedle after 2 cycles of MB 

photocatalysis. (a, b) Surface scans over ZnO needles. (c) Comparative Raman spectra taken from points 

marked with green circles in the surface scans (a) and (b). Blue marked region in (c) shows the organic 

residues present in the microwire after 2 MB decomposition cycles. Black dotted square indicates the region 

that a magnified image is taken from. (d) Magnified single spectra for k values 75-800 cm-1. Here the peaks 

E21low, E22-E21, A1(TO), E1(TO), E2high, A1(LO) and E1(LO) are marked with dashed lines. Blue doted 

square indicates the region where the A1(LO) and E1(LO) become more pronounced for the treated ZnO 

microwires. 
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FIGURE 7 

 

 

Figure 7. EDX maps (Zn and O) of polished ZnO - PTU samples with ZnO surface exposed for the reactions 

(a,b). (c) Light microscopy images of the pH mapping area. Selected pH maps on ZnO needles embedded 

into a PTU matrix with PC happening at ZnO surface exposed to MB solution and UV illumination (d-f) and 

relaxation process after UV is switched off (g-i). pH values corresponding to a color in the map is indicated 

on the right side of the corresponding map. Time sequences were taken after 25 min (d), 1 h (e) and 1.5 h (f) 

with UV illumination being switched on. Chosen relaxation sequences were taken after 1 h (g), 1.5 h (h) and 

16.5 h (i) after UV source was turned off.  The size of each pH map in microns is shown in X and Y axes.  

Please note that the pH maps have slightly different scale to better highlight the area of local pH changes. 
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Table I: Atomic concentration of chemical elements for reference and MB cycled sample (Carbon content 

excluded for the calculations) 

 

 Zn, at % O, at% 

ZnO µ-wires (reference) 65 35 

ZnO µ-wires after 2 cycles 61 39 

 

Table II: Relative concentrations of O-I, O-II and O-III components based on deconvolution of high-

resolution O-1s peaks 

 

 ZnO µ-wires (reference) ZnO µ-wires after 2 cycles 

O-I, at % 71.3 59.6 

O-II, at% 18.2 27.7 

O-III, at % 10.5 12.7 

 

Table III: Rate constants for different ZnO catalyst structures 

 

 ZnO 

microstructured 

substrate 

microwires 

first run 

microwires 

second run 
Rate constant 

k𝑎𝑏𝑠, [min-1] 

0.00332±2.61*10-4 0.00654±3.44*10-4 0.0215±8.23*10-4 

 

Table IV: Parameters for the linear fitting of the –ln(C/C0) coefficient 

Equation y = a + b*x 

Weight No Weighting 

  Flat ZnO 

substrate with 2D 

ZnO structures 

ZnO 

microwires, 

1st run 

ZnO microwires, 

2nd run 

Residual Sum 

of Squares 

0.01884 0.03924 0.18132 

Pearson's r 0.95117 0.97588 0.98777 

Adj. R-Square 0.89912 0.9497 0.97425 

-ln(C/C0)  Value Standard Error 
Flat ZnO 

substrate with 2D 

ZnO structures 

 

Intercept 0.09392 0.01469 

Slope 0.00332 2.60938E-4 

ZnO microwires, 

1st run 
Intercept 0.15399 0.02012 

Slope 0.00654 3.44625E-4 
ZnO microwires, 

2nd run 
Intercept -0.02739 0.04558 

Slope 0.0215 8.23335E-4 

 


