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General Introduction 

 

   Environmental pollution has become a significant concern due to its detrimental effect on the 

environment, human health, and the economy1. Nowadays, the increasing levels of pollution can be 

directly attributed to the global trends of urbanization and industrialization, which are often driven by 

economic development2,3. Particularly, with a demographic burden of 8 billion people,  and a 

continuously growing global industrialization reaching 6.1 % in 2021, today’s world is facing an 

unprecedented existential threat to the sustainability of surface and groundwater4–6. For instance, 

loaded effluents with recalcitrant organic toxic molecules/particles from refineries, petrochemicals, 

pharmaceuticals, plasticizers, and many other industries, are continuously accumulating in aquatic 

mediums3. According to the World Health Organization (WHO), 80 % of human diseases are 

waterborne7. Recent studies also disclosed that 50 % of child deaths are correlated with water 

pollutants8. For example, phenol is used for the synthesis of a wide range of goods including herbicides, 

paints, cosmetics, lubricants, phenolic resins, plastics, and nylons, in addition to alkylphenols and 

ethoxylated products9. However, when reaching potable water, the molecules are broadly known for 

their harmful and recalcitrant nature10,11, causing acute toxicity for humans above 0.001 mg/L12. 

Another comprehensive example is the contamination by microplastic (MP) particles. These are water-

insoluble synthetic polymers of diverse shapes, with sizes ranging from 1 μm to 5 mm13. Because of 

their infinitesimal size, they can easily find their way into our food chain to threaten human health14. 

In this view, it was reported that a single human can ingest between 39,000 – 52,000 MPs per year via 

food and beverages, along with 4000 MPs to 90,000 MPs if tap and bottled water are respectively 

consumed15. Thus, there is an urgent need to tackle the menace of these pollutants. 
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In this regard, several technologies have been implemented including, but not limited to, flocculation, 

coagulation, activated carbon, chemical precipitation, biodegradation, filtration, evaporation, solvent 

extraction, ionic exchange, membrane separation/bioreactors, thermal degradation, incineration, and 

landfills16–18. However, these technologies show low efficiency, large utilization of energy and are 

bounded by economic constraints16–18. Consequently, advanced oxidation processes (AOPs) have 

emerged as efficient, promising, and inexpensive techniques, to tackle different types of organic 

pollutants in aquatic mediums19,20. Among these AOPs, heterogeneous photocatalysis is considered an 

efficient and cost-effective method due to the photocatalyst reusability and lack of secondary disposal 

requirements3,21,22. It is based on generating highly reactive oxygen species (ROS) such as hydroxyl 

radical (OH•) and superoxide radical (O2
•⁻) upon the exposure of a photocatalytic material to light23. 

These ROS are well-known for their strong oxidation capacity toward organic matter, leading to their 

mineralization into less harmful molecules such as H2O and CO2
24. For instance, hydroxyl radical ranks 

as the second-highest oxidizing species with a potential E⁰(OH/H2O) = +2.8 vs. normal hydrogen 

electrode (NHE)20.  

Amongst different types of photocatalytic materials, Zinc oxide (ZnO) has been attracting large 

attention due to its strong oxidation ability, low production price, and low degree of toxicity to 

marine/human life18,25–27. Furthermore, ZnO is an intrinsic n-type semiconductor due to the presence 

of native defects such as O vacancies and Zn interstitials in its crystalline structure, which can 

potentially increase the range of its visible light absorption28,29. Moreover, its wurtzite structure consists 

of alternatively arranged Zn2+ and O2− ions along the c-axis, leading to different polarity behavior at 

the polar c-planes and the nonpolar m-planes. This, polarity effect has been shown to strongly affect 

the surface reactivity and stability in addition to the optical and electrical properties30. Because the 
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crystalline structure and the physical properties of ZnO are dependent on the synthesis methods, thus, 

its photocatalytic activity is quite different according to the selected preparation procedure28,31–34.  

Although different works have reported the synthesis of nanostructured ZnO for photocatalytic 

applications25, few studies discussed the effect of different microstructures on the degradation kinetics. 

Moreover, to the best of our knowledge, no previous research focused on how the difference in 

molecular structures and bond energy affects the rate of decomposition. Thus, this thesis addresses the 

removal of organic pollutants over different ZnO nanostructures, synthesized by sol-gel and 

hydrothermal growth processes. Particularly, it focuses on: i) the degradation mechanisms of organic 

molecules with different chemical structures, ii) the photo-oxidation of low – density polypropylene 

microplastics under natural sunlight, and iii) the enhancement of a ZnO/Fenton coupled process. The 

objective and novelty of this work are developed in the following section.  

 Objectives of the Ph.D. work and Manuscript outline 

First, the degradation mechanisms and kinetics were investigated on different pollutant molecules 

(phenol, methylene blue, and humic acid) and polypropylene microplastics over ZnO thin films and 

nanorods. Porous and wrinkled films were synthesized by finely tuning the heat treatment during the 

sol-gel dip coating technique, while ZnO nanorods were deposited on mesh and glass substrates via 

seeding and hydrothermal growth. Although the new materials exhibited high surface area and showed 

improved degradation kinetics, nonetheless the rapid recombination rate of the e -/h+ pairs continued 

hampering its photocatalytic activity. To overcome this limitation, ZnO films were coupled to other 

oxide materials (TiO2) or an oxidation process (photo-Fenton-like). The creation of this semiconductor-

semiconductor heterojunction enables an enhancement of electron transfer in the new structure. 

Moreover, with the ZnO/Fenton processes running concurrently some of the photo-generated electrons 
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by the photocatalyst are trapped by the iron catalyst, thus inhibiting electron-hole recombination from 

one side, and accelerating the regeneration of the Fenton reagent (Fe3+/Fe2+) from the other side. 

Furthermore, novel ZnO thin films were designed for self-cleaning applications. The system couples 

the sol-gel chemistry with the self-assembly of polymers under optimized heat treatment. Our approach 

reported for the first time the successful fabrication of macroporous ZnO coatings by controlling the 

heat treatment of hybrid organic/inorganic films. Different templating agents were used spanning from 

homo to di- and tri-block copolymers. The results of this study provide valuable insights into the 

development of highly efficient photocatalytic systems for environmental remediation. These themes 

are further developed in the following chapter. 

In Chapter I, we address the impact of the pollutant’s molecular structure on the degradation kinetics. 

Although closely related parameters to the degradation kinetics such as the wavelength and intensity 

of the irradiation light, the type of semiconductor, and the photocatalyst-pollutant ratio, have been 

extensively studied in the literature. However, the effect of the structure of organic is barely 

investigated. For this reason, ZnO nanorods (NRs) were coated on glass substrates to evaluate the 

influence of the oxidative pathway of three different aromatic structures: i) a single aromatic ring 

(phenol), ii) a poly-aromatic ring (methylene blue), and iii) a complex macromolecule (humic acid). 

The kinetics of all the chosen molecules were studied to disclose the correlation between the apparent 

degradation rate constants with the dissociation bond energy and the number of oxidation steps in each 

organic molecule. 

In Chapter II, the photocatalytic degradation was further investigated at the macroscopic level, on 

polymeric particles such as Microplastics (MPs). In this view, the photodegradation of low-density 

polypropylene (LD-PP) microplastics (300 μm) was studied over 16 consecutive days of real sunlight 
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irradiation. ZnO nanorods (NRs) were hydrothermally coated on a glass-fibers mesh to trap the LD-PP 

particles close to the photocatalyst. The evolution of the microplastics' oxidation was quantified by 

tracking their carbonyl index (CI) over the experimental time through the ATR-FTIR technique and by 

evaluating the cracks formation and the changes in their microstructure by SEM-FEG. 

In Chapter III, novel template-free, porous, and wrinkled ZnO thin films were designed by sol-gel 

dip-coating technique. The material was characterized by SEM, HRTEM, XRD, UV-vis, and 

ellipsometry. A wrinkled structure with a porosity of ∼ 22–25 % and an average pore diameter of ∼ 

24 nm were revealed, promoting the adsorption of pollutants onto the films' surface. The photocatalytic 

activity of ZnO films denoted the efficiency of this facile and low-cost approach of synthesis compared 

to some laborious methods using organic templates and/or doping metals. 

In Chapter IV, a homogenous photo-Fenton-like process was coupled with the previously designed 

ZnO thin films at near-neutral pH. The photo-generated electrons by the photocatalyst are trapped by 

the iron catalyst, thus inhibiting electron-hole recombination, and accelerating the Fe3+/Fe2+ 

regeneration respectively.  

In Chapter V, a novel macroporous ZnO structure was designed by coupling the sol-gel chemistry 

with the self-assembly of polymers. The advanced synthesis approach resulted in macroporous ZnO 

films of controlled pore diameter. The photodegradation of organic species at ZnO interfaces 

demonstrated that this new porous structure exhibited higher degradation kinetics due to its unique 

porosity that provides a higher surface area with respect to the amount of the coated material. These 

results highlight the potential of these ZnO coatings for self-cleaning coatings with photocatalytic 

properties. 
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Impact de la Structure Chimique des Polluants sur le Taux de 

Dégradation Photocatalytique 

   Les cinétiques de dégradation photocatalytiques dépendent généralement de plusieurs paramètres, 

tels que la longueur d’onde, l'intensité de la source d'irradiation, les propriétés physicochimiques du 

semi-conducteur, le pH, ainsi que le rapport molaire photocatalyseur:polluant1–4. Bien que ces 

paramètres aient été largement étudiés dans la literature5–7, très peu de travaux discutent l’effet de la 

structure chimiques sur la cinétique de dégradation. Plus spécialement, cette discussion a été 

principalement abordé d'un point de vue mécanistique.  

Dans ce chapitre, nous étudions l’effet de la structure chimique de polluants sur leurs cinétiques de 

dégradation photocatalytique. Plus précisément, le photocatalyseur est composé des nano bâtonnets 

d'oxyde de zinc (ZnO) déposés sur des substrats de verre par une méthode de croissance hydrothermale. 

Le choix de ce photocatalyseur se justifie par son caractère peu polaire entrainant une sélectivité 

d’adsorption comparable aux molécules polaires choisies: i) le phénol (un seul cycle aromatique), ii) 

le bleu de méthylène (MB : plusieurs cycles aromatiques), iii) l’acide humique (HA : macromolécule 

complexe)8. L’extraction des constants de vitesses apparents (kaap) à partir des données cinétiques, 

montrent l’ordre de dégradation suivant : MB (kaap 0.0486 min-1) > HA (kaap 0.0314 min-1) > phénol 

(kaap 0.0228 min-1). Bien que les structures moléculaires du bleu de méthylène (MB) et d’acide 

humique (HA) soient plus complexes que celle du phénol, ils présentent des taux de dégradation 

relativement plus élevés. Cette observation est à relier à la structure des molécules et donc à leur énergie 

de dissociation. Plus précisément, étant donné que le MB présente une énergie de dissociation de liaison 

relativement faible (~ 76 kcal.mol−1) notamment au niveau du (C–S+=C), ce dernier a tendance à 

s'oxyder plus facilement que le phénol sous l'attaque des espèces réactives de l'oxygène (ROS)9–12. De 

manière similaire, l’acide humique possède une énergie de dissociation de liaisons (C–N–C et C–O–



 

 

  

C) beaucoup plus faible (~ 79 kcal.mol−1)13, comparée au phénol (minimum ~ 97 kcal.mol−1)10, ce qui 

accélère visiblement sa dégradation. Ces résultats montrent le lien entre l’énergie de liaison des 

différentes molécules (ou énergie de dissociation) et les cinétiques de dégradation. Plus elle est faible, 

plus les cinétiques sont rapides. 
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06, 4 Place Jussieu, 75005 Paris, France 

⁑ RS2E, Réseau Français sur le Stockage Electrochimique de l’Energie, CNRS 3459, 80039 Cedex 1 

Amiens, France 

₽ Chemical Engineering Department, Faculty of Engineering, University of Balamand, P.O. Box 33, 

El-Koura, Lebanon. 

KEYWORDS: ZnO Nanorods, Photocatalysis, Organic pollutants, Molecular structures, Degradation 

rate, Pseudo-first order.  

ABSTRACT: The kinetics of photocatalytic degradation depend closely on several parameters, such 

as the source and intensity of the irradiation light, as well as the semiconductor nature, the 

photocatalyst-pollutant ratio, and the structure of organic molecules. However, the effect of the latter 

on degradation rates is rarely investigated in the literature and is mostly discussed from a mechanistic 

point of view. In this work, ZnO nanorods were coated on glass substrates and used as photocatalysts 
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to evaluate the kinetic behavior of three different aromatic structures: i) a single aromatic ring (phenol), 

ii) a poly-aromatic ring (methylene blue), and iii) a complex macromolecule (humic acid). The kinetics 

of all the tested molecules obey a pseudo-first-order model regardless of the initial concentrations (5, 

10, and 20 ppm), and the apparent rate constants are largely controlled by the bond dissociation energy 

and the number of oxidation steps in each organic molecule. For instance, methylene blue presents the 

weakest dissociation bond energy and the highest degradation rate constant (k = 0.0714 min-1) 

compared to humic acid (k = 0.0314 min-1) and phenol (k = 0.0228 min-1) for 5 ppm initial 

concentrations. Thus, its degradation is 3 and 1.4 times faster than that of humic acid and phenol 

respectively. 

1. INTRODUCTION 

A prospering chemical industry plays a pivotal role in today’s economy by contributing to 4% of 

global GDP and directly employing over 15 million people1–3. Furthermore, the progressive industrial 

development is continuously providing the main economic sectors with a wide range of chemicals that 

are used in the production of many end products spanning from pharmaceuticals4 and fertilizers5, to 

smartphones6 and machinery components7. However, when some of these chemicals reach out into the 

ecosystem, they become a major environmental concern8–10. Amongst these, phenol for example is 

used either as a raw material or an intermediate (35% of its total usage) to synthesize a variety of 

products, including herbicides, paints, cosmetics, lubricants, phenolic resins, plastics, and nylons, in 

addition to alkylphenols and ethoxylated components11. However, the phenolic molecule is broadly 

known for its acute toxicity and recalcitrant nature12,13, causing great harm once discharged into the 

environment14,15. 

Humic acid (HA) conversely, is a macromolecule of polymeric phenolic structure, classified as a 

natural organic matter (NOM) and widely found in soil and surface water16–18. The substance has been 
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mainly known for its important role in soil fertility in addition to its usage in chemical industries such 

as the production of concrete, ceramics, plastics, and papers19.  However, the existence of these 

molecules in water supplies is very undesirable because they display a high sorbing capacity for other 

pollutants in aquatic mediums and increase the level of total organic pollution20–22. For instance, their 

reaction with halogen-based oxidants leads to the formation of trihalomethanes (THM) with potential 

carcinogenic effects23,24. HA is also known for inducing cytotoxicity in many mammalian cells, growth 

retardation, and apoptosis in fibroblasts25–27.  

Methylene blue (MB) is a hetero-polyaromatic dye of wide industrial application, however, as the 

molecule is non-biodegradable, its accumulation in aquatic mediums could increase its toxicity to 

harmful levels28,29.  In addition, the molecule was recently found to be toxic and carcinogenic30. 

On the other side, due to the recalcitrant nature of these molecules, conventional treatment techniques 

(flocculation, coagulation, activated carbon, chemical precipitation, biodegradation, and filtration) and 

established recovery processes (evaporation, solvent extraction, ionic exchange, membrane 

separation/bioreactors, and electrochemical) have proven to be quite inefficient31,32. In this context, 

advanced oxidation processes (AOPs) such as photochemical oxidation, catalytic wet oxidation, 

sonochemical oxidation, O3 oxidation, electrochemical oxidation, Fenton oxidation, and photocatalysis 

are viewed as advantageous and cost-effective technologies for treating a wide spectrum of recalcitrant 

organic molecules in aquatic environments33. Particularly heterogeneous photocatalysis, a technique 

that is based on harvesting light energy, has been rapidly gaining attention34–38. Generally, the system 

consists of generating electron-hole pairs when a semiconducting material is exposed to a light 

source39. These electron-hole pairs are known for their capability of producing highly reactive oxygen 

species (ROS) such as hydroxyl radical (OH•) and superoxide radical (O2
•⁻) with strong oxidation 

ability toward organic matter, leading to their total mineralization into less harmful compounds such 

as H2O and CO2
40. Therefore, secondary disposal treatments are not required. 
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The photocatalytic degradation of these molecules is mainly governed by several parameters, such 

as the pH, molecules’ initial concentrations, light source/intensity, and the presence of electron and 

hole scavengers41,42. Although the effect of such parameters on the degradation kinetics has been 

extensively studied in numerous works41,43–46, to the best of our knowledge, one has reported yet how 

the difference in molecular structures and bond energy impact the rate of decomposition. In this sense, 

as each molecule follows a specific degradation pathway, the resulting oxidation steps will determine 

the apparent rate constant. In this work, we present a comparative degradation study of different 

molecular structures over zinc oxide (ZnO) nanorods (NRs) deposited on glass substrates by a 

hydrothermal growth method. The choice of ZnO nanorods is supported by the non-polar characteristic 

of the majority of its surface, which exhibits low selectivity toward polar molecules47. For this reason, 

the kinetic data was extracted from the photocatalytic degradation of i) single aromatic ring (phenol, 

M.W. = 94.11 g/mol), ii) poly-aromatic rings (MB, M.W. = 319.85 g/mol), and iii) complex 

macromolecules (HA, M.W. > 1000 g/mol).  

2. Experimental Section 

2.1 Chemicals 

Analytical grade Zinc acetate dihydrate (Zn (CH3COO)2·2H2O) (97%), Zinc nitrate hexahydrate (Zn 

(NO3)2·6H2O), and Hexamethylenetetramine ((CH2)6N4) were purchased from ACROS organics Spain. 

Phenol detached crystals (99+ %) were obtained from Fischer Scientific U.K. Humic Acid (technical 

grade) was obtained from Sigma–Aldrich Canada. Methylene Blue (laboratory reagent) was obtained 

from Paskem, India. 

2.2 Synthesis of ZnO NRs on Glass Substrate  

ZnO NRs were coated on microscope glass slides (4.5 cm × 2.5 cm) by a hydrothermal growth 

process48. First, the glass substrates were successively cleaned with soap water, ethanol, acetone, and 
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deionized water (DI). Then, a ZnO layer was seeded on the preheated substrates at 350 ⁰C, by spraying 

10 mM zinc acetate in DI water at a flow rate of 1 mL/min as seen in Scheme 1. Subsequently, the 

seeded substrates were soaked in a chemical bath at 90 ⁰C, containing equimolar concentrations 

(10 mM) of zinc nitrate hexahydrate as a precursor and hexamethylenetetramine as a nanostructuring 

agent. The bath was replenished with both solutions every 5 hours, and the cycle was repeated 3 times. 

The as-grown NRs were thoroughly washed with DI water and post-heated in the air at T = 350 ⁰C for 

1 h to ensure the removal of any remaining organic compounds within the metal oxide structure.  

 

Scheme 1. Synthesis procedure of the ZnO nanorods. 

2.3 Characterization Techniques 

The crystalline structure of the ZnO films was analyzed with a D8 Discover X-ray diffractometer, 

equipped with a Cu emitter anode (Kα1 and Kα2 of wavelength 1.54056 and 1.5444 Å respectively) 

and a 1D LYNEXEYE XE-T detector (Bruker). 

The surface morphology and the film’s thickness were evaluated by a field emission gun scanning 

electron microscope (FEG-SEM) model MIRA 3 TESCAN, set to a voltage of 15 kV. 
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The nanostructure and the lattice fringes’ spacing were examined by a transmission electron 

microscope (TEM) model TWIN 120 (TECNAI SPIRIT) equipped with a JEOL 100CF apparatus 

and coupled with selected area electron diffraction (SAED).  

The functional groups at the film’s surface were analyzed by Fourier-transformed infrared (FTIR) in 

attenuated total reflection (ATR) mode with an incidence angle of 45⁰ and a 4 cm−1 resolution using 

a Spectrum 400 model from PerkinElmer, equipped with an FR-DTGS detector (fast recovery 

Deuterated Triglycine Sulfate detector). 

The absorbance of the deposited ZnO nanorod films and the tracking of the degradation of organic 

molecules were performed at room temperature by using a Specord 50 plus UV-visible 

spectrophotometer from Analytic-Jena, Germany.  

2.4 Set-Up of the Photocatalytic System 

The as-prepared ZnO (NRs) films were immersed inside Pyrex photocatalytic reactors of 50 ml, filled 

with 45 ml MB, phenol, and HA aqueous solutions, respectively. Three different concentrations of 5, 

10, and 20 ppm were used for each molecule. In all cases, the dipped area of the films corresponds to 

10 cm2. The photocatalytic reactors were initially kept in the dark for 12 h to demonstrate the 

insignificant adsorption of the polar molecules at the non-polar surface of the ZnO NRs. The 

photocatalytic tests were carried out at RT for 6 hours using a UVA lamp of λ = 365 nm. The light 

source was placed 5 cm from the photocatalyst surface. The received illuminance by the photocatalysts 

was measured by a Testo 450 luxmeter of ±3 % precision (from Testo, France) and found to be equal 

to ~ 500 lux. The photocatalytic degradation of the organic molecules was tracked by UV-visible 

spectroscopy with a sampling interval of 1 hour. 
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3. Results and Discussion 

3.1  ZnO NRs Microstructure 

 Morphology   

A field emission gun scanning electron microscope was used to evaluate the films’ microstructure. 

Figure 1a reveals well-aligned nanorods with respect to each other. All the rods are characterized by 

hexagonal shapes, straight sides, and regular ends (Figures 1a & b). The lengths, and diameters of ZnO 

NRs were estimated by analyzing the SEM micrographs with ImageJ software. For that purpose, the 

rods’ boundaries were carefully highlighted by a threshold segmentation step to identify them. As a 

result, the nanorods are characterized by an average diameter (w) of ∼ 50 nm (population standard 

deviation σ = 4.7 nm), a length (l) of ∼ 1.55 μm (population standard deviation σ = 0.14 μm), and a 

remarkably high ratio of l:w ~ 31. 

The morphology was further investigated by transmission electron microscopy. Figure 1c shows a 

typical low-magnification TEM image of an intact section that was finely extracted from the ZnO film. 

As could be seen, each nanorod has a uniform diameter along its entire length, indicating their 

anisotropic growth along the +c-axis direction (inset of Figure 1c). Moreover, the individual rods 

appear to be well-faceted along the ±c-axis (Figure 1d) with highly defined crystal boundaries and very 

low surface defects (inset of Figure 1d).  
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Figure 1. (a) SEM top view image for ZnO NRs after post-heat treatment in the air at 350 ⁰C for 1h. Inset: Cross-sectional 

view of “a”, (b) High magnification view of “a”. Inset: Nanorods with a common hexagonal shape, (c) TEM images of an 

extracted bush-like fragment from the ZnO film of “a”. Inset: Schematic illustration of a grown rod in the +c direction, (d) 

Free-standing ZnO nanorod separated with sonication. Inset: Zoomed-in view of “d”. 
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 Surface Area 

Because the BET technique requires both destructive removal of the thin film and large sample size 

(over 100 coated glass substrates), the exposed surface area (SA) of  the ZnO nanorod films  was 

estimated from Eq. 1 assuming that all the rods are characterized by a regular hexagonal shape49:  

SA = [
1

4
(3√3𝑤 2) + 3𝑤𝑙] 𝑑                                                     (Eq. 1) 

where w, l, and d refer to the average diameter, the average length, and the average density of the 

nanorods (counting per μm2), respectively. The latter was obtained from the analysis of the SEM 

micrographs as previously depicted (∼5.5 NRs/μm2). Therefore, a SA of ∼ 350 cm2 was measured, 

corresponding to a 10 cm2 coated substrate. After measuring this surface area, the film was carefully 

extracted with a fine blade and weighted with an analytical balance. As a result, a specific surface area 

of ~ 25 m2/g was obtained, quite comparable to its observed counterpart on synthesized material with 

similar procedures49 and threefold higher than that of commercial ZnO nanorods50. Moreover, the 

obtained SA is higher than most of the reported values for different microstructures of ZnO such as 

tetrapods50, flower-like microparticles51, nanowires52, macroporous foam53, and porous thin films54. 

Although hollow sphere ZnO films exhibit a relatively higher SA, their fabrication procedure is quite 

complex and expensive, in addition to the requirement of carbon-based templates55. The synthesis 

approaches, type of nanostructure, and surface areas of ZnO coatings in this work and other recent 

studies are listed in Table 1.  
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Table 1. Synthesis approaches and surface areas of ZnO coatings with different morphologies. 

Reference Synthesis Approach ZnO micro/nanostructure  Surface-Pore diameter 

Sulciute et al. 50 combustion method Tetrapods ~22 m2/g 

Pugliese et al. 51 hydrothermal process Flower-like nanoparticles ~20 m2/g 

Gu et al. 52  Hydrothermal method Nanowires ~10.4 m2/g 

Kovačič et al.53 
High Internal Phase Emulsion 

Technique 
Macroporous foam 

~5.5 m2/g 

Smith et al. 54 Magnetron sputtering Porous thin films ~~11.8 m2/g 

Zhang et al. 55 
Template-based method with carbon 

microspheres  

Hollow spheres 
~ 37 m2/g 

This study Hydrothermal method Nanorods ~ 25 m2/g 

 

 Crystalline Structure  

The XRD data of the as-synthesized ZnO nanorods show a characteristic pattern of hexagonal 

wurtzite crystal structure confirmed by JCPDS No. 01-086-3978 with a = b = 3.248 Å and c = 5.202 Å 

(Figure 2a)56–58. The strongest diffraction at 34.46⁰ demonstrates a preferential orientation along the 

(002) crystal plane, confirming the anisotropic growth in the +c-axis direction. The formation of this 

nanostructure during the hydrothermal-growth mechanism is primarily directed by the 

hexamethylenetetramine structuration agent (non-polar). It was suggested that this molecule 

preferentially chelates and covers the non-polar sides of the hexagonal rods, leaving, therefore, its top 

polar facet exposed for growth59. Consequently, this leads to the formation of ZnO nanorods with high 

crystallinity.  
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 Figure 2. (a) XRD pattern of ZnO NRs after post-heating in the air at 350 ⁰C for 1h, (b) TEM image of a free-standing 

ZnO nanorod. The insets show a high magnification area of “b” and its SAED respectively. 

Additionally, the TEM images in Figure 2b (lower inset) clearly reveal that the crystal boundaries are 

well-defined and characterized by regular lattice fringes of 0.262 nm. This value corresponds to the 

interplanar spacing of d002 and further supports the nanorods’ preferential orientation in the (002) 

direction. The SAED pattern on the other side came to combine altogether regularly organized dots 

that correspond to the (002) growth direction with a weakly pronounced circular ring representing the 

(103) plan (Figure 2b (upper inset)). This agrees well with the XRD measurement.  

Besides the well-known impact of the crystallinity on the photoactivity of ZnO, another important 

factor that significantly affects it, is the material texturization60,61. Therefore, mono-crystal ZnO with a 

low-defected surface was reported to exhibit superior photocatalytic activity, making it a good 

candidate for the removal of organic contaminants 58,62. 
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 Surface Functions 

 The vibrational behavior of Zn-O bonds was characterized by FTIR spectroscopy and plotted in Figure 

3. The spectrum of zinc oxide nanorods shows 4 functional groups located at 540, 750, 895, and 1063 

cm−1.  

 

Figure 3. ATR-FTIR spectrum of the ZnO NRs after a post-heating in the air at 350 ⁰C for 1h. 

The strong absorption peaks at ~ 540 and 750 cm−1  represent the stretching vibrations of Zn–O bonds63–

66 and thus confirm the formation of zinc oxide coatings. In addition, it was suggested by da Silva-Neto 

et al. that the observed peak in the region of 895 cm−1  is mainly associated with the tetrahedral 

coordination of Zn within the wurtzite ZnO lattice67. The weakest peak at ~ 1063 cm−1 mainly arises 

from the C–O stretching vibration band of chemisorbed organic molecules at the film’s surface63. This 

confirms the need for annealing the as-synthesized films at T > 350 ⁰C. 

 Optical Properties  

The optical properties of the films were determined at various steps of the synthesis of ZnO i) after 

deposition of seeded particles: ii) after drying the as-grown ZnO nanorods at RT, and iii) after annealing 
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the nanorods at 350 ⁰C. As seen in Figure 4a, the seeded ZnO layer (black curve) shows a significant 

absorption in the UV region < 400 nm corresponding to its intrinsic bandgap energy68. 

 

Figure 4. (a) Room-temperature UV-vis absorbance spectrum of seeded ZnO, ZnO NRs after the hydrothermal growth and 

ZnO NRs after the post-heat treatment in the air for 1h, (b) Optical bandgap (Eg) obtained from the derivative of the 

absorbance spectrum of (c). 

As the ZnO nanorods are grown and the film thickens, the absorbance intensity strongly increases by 

∼ 10 times at λ = 367 nm. This surge is accompanied by the appearance of a weak absorption area in 

the visible region from 400 to 800 nm (red curve). Such a progressive increase in the absorption profile 

from the visible to UV range is probably due to the film’s diffusivity. Moreover, the effect of heat 

treatment on the nanorods resulted in a slight increase in the light absorbance below 400 nm. This 

behavior is probably due to the complete removal of chemisorbed organic precursors and the fine 

enhancement in crystallinity (blue curve)69,70. The optical band gap (Eg) of ZnO was also calculated at 

each of the synthesis stages. For this reason, the first derivative of the absorbance with respect to photon 

energy (dA/dE), was plotted as a function of photon energy (E) (Figure 4b)71. Hence, Eg could be found 

at the first maximum on the lower energy side. It is observed that upon the heat treatment, the optical 
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bandgap slightly decreases from 3.30 to 3.29 eV, probably due to the formation of new donor and/or 

acceptor levels within the ZnO energy gap, such as oxygen and zinc defects58.  

3.2 Kinetic Degradation of Phenol, Methylene Blue (MB) and Humic Acid (HA) 

The photodegradation kinetics are intimately related to the type and intensity of irradiation sources, 

the bandgap energy of the photocatalyst, and the initial concentration of organic molecules, in addition 

to their molecular structures41,72,73. The latter could strongly affect the degradation rate due to the 

difference in the molecular geometry and bond energy of each component. Thus, the photocatalytic 

degradation was performed as a function of the type and the initial concentration of organic molecules 

under UVA irradiation of λ = 365 nm. The choice of a 365 nm irradiation wavelength is encouraged 

by the very low absorbance of organic molecules in the UVA range, limiting their degradation by 

photolysis. 

 Effect of the initial concentrations  

Generally, the generation/migration of the photo-generated electron-hole pairs and subsequently their 

direct reaction (or that of the produced ROS) with the organic molecules occur successively74. In this 

respect, each of these steps may become rate-determining for the photocatalytic mechanisms. Hence, 

it was shown that at high initial concentrations (𝐶0) of organic compounds (𝐾. 𝐶0 ≫ 1), the reaction 

rate is mainly governed by the generation and migration of e− _ h+ pairs, and thus it slowly increases 

with 𝐶0 or remains constant (zero-order reaction)75. However, at relatively low initial concentrations 

(1 ≫ 𝐾. 𝐶0), the chemical reactions between the ROS and the molecules determine the reaction rate, 

which may be commonly noticed by a significant increase of 𝐾 while increasing 𝐶0
75–77.  Thus, to 

predict the effect of the molecule structures on the degradation rate and oxidative mechanisms, a 

relatively low initial concentration range between 5 and 20 ppm was chosen. The photocatalytic 
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degradations of phenol and humic acid (5, 10, and 20 ppm) were conducted at RT, under an irradiation 

source of 365 nm, and over an experimental time of 360 minutes, as shown in Figures 5a & b.  

 

Figure 5. Comparative photodegradation kinetics under UVA light of λ = 365 nm between 𝐶0 = 5, 10, and 20 ppm of (a) 

Phenol and (b) Humic acid. 

The degradation kinetics were calculated from the Langmuir–Hinshelwood kinetic model (Eq.2)78: 

𝑟 = −
𝑑𝐶

𝑑𝑡
=

𝐾𝑟 .𝐾.𝐶

1+𝐾.𝐶
                                                               (Eq.2)   

where 𝑟, 𝐶, 𝐾, 𝐾𝑟 , and 𝑡 represent the reaction rate, molecule concentration at time 𝑡, adsorption 

equilibrium constant, limiting rate constant of reaction at maximum coverage, and contact time, 

respectively. 

At small (mM) initial concentrations, (𝐾. 𝐶0 ≪ 1), Eq. 2 may be simplified to the apparent rate order 

(Eq.3)78: 

𝑟 = −
𝑑𝐶

𝑑𝑡
= 𝐾𝑎𝑝𝑝. 𝐶                                                     (Eq.3) 

where 𝐾𝑎𝑝𝑝, is the apparent degradation rate. Simple integration of this equation for 𝐶 = 𝐶0 at  𝑡 = 0 

gives Eq. 4: 
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ln (
𝐶0

𝐶
) = 𝐾𝑎𝑝𝑝 . 𝑡                                                               (Eq.4) 

Therefore, 𝐾𝑎𝑝𝑝 may be obtained from the slope of the linear curve in the plot of 𝐿𝑛 (𝐶0/𝐶) vs. 𝑡, where 

(𝐶0/𝐶) is equal to (𝐴0/𝐴)according to the Beer-Lambert law Eq.5. 

𝐴0 = 𝜀 × 𝐿 × 𝐶0                                                            (Eq.5) 

wherein 𝐴0, 𝐴, 𝐶0, 𝐶, 𝜀 & 𝐿 refer respectively to the molecule light absorbance at 𝑡0, molecule light 

absorbance at 𝑡, molecule concentration at 𝑡0, molecule concentration at 𝑡, molar absorptivity, and 

length of the light path.  

 

The photocatalytic degradation curves reveal that the kinetics of all the tested molecules obey the 

pseudo-first order. In the absence of the ZnO NRs, the blank solutions manifest insignificant 𝐾𝑎𝑝𝑝𝑠. 

For instance, slightly detectable rates of ~ 6 × 10-7 min-1, and 8 × 10-5 min-1, are observed 

independently of the initial concentrations of phenol, and HA, respectively, indicating the negligible 

effect of photolysis (Figure 5). However, this behavior is more pronounced in the case of MB where a 

𝐾𝑎𝑝𝑝𝑠 of 1 × 10-4 min-1 is detected due to its higher absorbance in the UVA range (data not shown). 

After using the photocatalysts, the kinetic rates drastically increase, for different initial concentrations 

of the three pollutants. For example, the degradation rate of HA registers higher values of 0.0314 min-

1 and 0.013 min-1 for 5 and 20 ppm, respectively, compared to the blank sample (8 × 10-5 min-1). The 

decrease in the observed first-order rate constant at high concentration is certainly due to the occupation 

of all catalytic sites on the ZnO NRs surface. The photocatalytic performance of the synthesized 

nanorods came quite comparable to the reported kinetic data for various ZnO photocatalysts79,80. In 

addition, the non-polar characteristic of the majority of ZnO NRs surface, which exhibits low 

selectivity toward polar molecules47 makes them a suitable material for this study. 

 

https://www.google.com/search?sa=X&bih=696&biw=1536&hl=en&q=Molar+attenuation+coefficient&stick=H4sIAAAAAAAAAOPgE-LQz9U3MEzLzlPiBLGM0vKKKrW0spOt9FNTSpMTSzLz8_TT8otyS3MSraC0QmZuYnqqQmJecXlq0SNGE26Blz_uCUtpT1pz8hqjKhdXcEZ-uWteSWZJpZA4FxuUxSvFzYWwgWcRq6xvfk5ikUJiSUlqXinYHoXk_NS0tMzkzNS8EgCzMCt3mgAAAA&ved=2ahUKEwj6wu74-NPzAhU68uAKHaR7Cb0Q24YFegQIPBAD&cshid=1634559591471876
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 Influence of oxidative pathways on degradation rates 

 The effect of the oxidative pathways on the degradation rate was investigated by choosing the lowest 

initial concentration of 5 ppm (shorter experimental time) for each of the organic molecules. The 

evolution of the UV-vis spectra of the MB, phenol, and HA is reported in Figures 6a, b, and c for over 

6 hours of irradiation. 

MB is generally characterized by 3 absorption bands (Figure 6a). The first two are of high energy π – 

π* transition, corresponding to the B-Band and E-Band of the benzene ring, and located at λ ~ 247 and 

293 nm, respectively81,82. The third peak, which is responsible for the blue color of the dissolved dye, 

corresponds to the low energy n – π* transition around 665 nm (where n is the free doublet on the 

nitrogen and sulfur atom of the chromophore groups, –C=N and –S=C, respectively)83. The observed 

shoulder at 605 nm refers to a vibronic transition 0-1 (level 0 of the ground state to level 1 of the excited 

state)81,84. To monitor the decomposition of the MB at the different molecular bonds, its 

photodegradation was tracked at the wavelengths 247, 293, and 665 nm. The same analytical method 

was applied to the phenol molecule. Its photodegradation was then tracked at λ ~ 192, 212, and 270 

nm, referring to the π – π* transitions of the E1-Band, E2-Band, and B-Band, respectively, as seen in 

Figure 6b82. The inset provides better visualization of the absorbance variation of the molecule at λ ~ 

270 nm. As for the humic acid, the photodegradation of the molecule was studied at the single peak of 

λ ~ 250 nm. This peak corresponds to the π – π* electronic transitions of the polycyclic aromatic 

structure, including the phenolic group, aniline derivatives of benzoic acids, and polyenes (Figure 6c)85. 
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Figure 6. UV-vis spectra of the UVA-photodegradation (λ = 365 nm), carried out over the as-prepared ZnO NRs film and 

plotted in function of experimental time for (a) 5 ppm MB (b) 5 ppm phenol, and (c) 5 ppm HA, (d) Comparative 

photodegradation kinetics of 5 ppm phenol (tracked at λ = 270 nm), 5 ppm HA (tracked at λ = 250 nm), and 5 ppm MB 

(tracked at λ = 665 nm). 

The photocatalytic degradation behavior, in Figure 6d, reveals that the apparent degradation rates are 

the following: MB 𝐾𝑎𝑝𝑝𝑚𝑖𝑛
 (0.0486 min-1) > HA 𝐾𝑎𝑝𝑝 (0.0314 min-1) > Phenol 𝐾𝑎𝑝𝑝 (0.0228 min-1).  

𝐾𝑎𝑝𝑝𝑚𝑖𝑛
 of methylene blue represents the slowest measured rate at λ = 247 nm. The apparent 
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degradation rates for MB, HA, and phenol molecules that were recorded at the different absorbance 

peaks, are summarized in Table 2.  

Table 2. Apparent degradation rates for MB, HA, and phenol molecules, recorded at the different absorbance peaks of each 

and normalized to the immersed specific area of ZnO NRs (~ 0.035 m2). 

λ 

(nm) 

MB 

Kapp (min-1) 

Phenol 

Kapp (min-1) 

HA 

Kapp (min-1) 

Transition 

Type 

192 - 0.0228 - π – π* 

212 - 0.0222 - π – π* 

247 0.0486 - - π – π*  

250 - - 0.0314 π – π* 

270 - 0.0228 - π – π* 

293 0.06 - - π – π*  

665 0.0714 - - n – π* 

 

The degradation rates of HA, MB, and phenol are mainly governed by the amount of hydroxyl radicals 

and the chemical structures of the organic molecules86–88. The presence of these radicals was verified 

by measuring the photocatalytic efficiency of ZnO NRs before and after the addition of isopropanol 

quenching agent, in the case of MB (data not shown). Furthermore, as all the prepared ZnO NRs 

photocatalysts are highly homogeneous, the expected amount of hydroxyl radicals is similar for all 

experiments. Thus, the kinetic degradation rates are controlled by the complexity of pollutant 

structures. In this regard, the oxidative pathways of each molecule are estimated based on the obtained 

kinetic data from the UV-vis measurements. For instance, the changes in the UV-vis spectra of phenol 

show quite a similar degradation kinetic of ~ 0.0222 min-1 at the three absorbance peaks of 192, 212, 

and 270 nm (Table 2). This relatively low rate constant is due to the high dissociation molecular 

bond energy of ~ 97.12 kcal/mol89. As these peaks reflect the E1-, E2-, and B-band transitions, their 

reduction at the same rate indicates a complete transformation of the molecule. This is confirmed by 



 

Chapter I 

 28 

the absence of any absorbance peaks that arise from the formation of intermediates (Figure 6b). As 

reported elsewhere, the phenolic ring reacts with the •OH to produce dihydroxy benzene, where its 

further oxidation either leads to a ring cleavage or the formation of quinone-like intermediates90,91. The 

faster degradation of the latter compared to phenol leads directly to its ring cleavage via a single 

oxidation step, giving oxalic and maleic acids91,92. Thus, the rupture of the phenolic ring is the rate-

determining step92. The proposed mechanism of phenol degradation is illustrated in Figure 7a. 

On the other side, methylene blue demonstrates distinct rates of decline for its absorbance peaks at λ = 

247, 293, and 665 nm, namely at ~ 0.0486, 0.06, and 0.0714 min-1, respectively (Table 2). This implies 

that the decomposition of the conjugated system of phenothiazine chromophores (–C=N and –C=S) 

and the rest of the benzene structure follow different kinetics. When the MB molecules are attacked by 

the ROS, their degradation can undergo three different paths simultaneously. In consequence, the 

demethylation and N-demethylation of the MB were commonly observed at the beginning of the 

degradation due to the high vulnerability of the N–CH3 bond that breaks down to form dimethylamino-

intermediates93. Such molecules were frequently reported elsewhere, where intermediates such as 

formaldehyde (HCHO) or formic acid (HCOOH) were detected as soon as the degradation started93–97. 

In addition, the oxidation of the weak chromophore C–S+=C at very early stages of the degradation 

paves the way for the hemolytic cleavage of the thionine ring via a desulfurization pathway, resulting 

in various sulfoxide or sulphone intermediates94. Accordingly, Houas et al. (2001) reported the 

formation of sulfoxide intermediates and SO4
2– ions during the beginning of MB photocatalytic 

degradation by TiO2, confirming the opening of the thionine ring98. In addition to the desulphonation 

and demethylation reactions, the imino-group at the central heterocyclic rings is also prone to early 

oxidation, producing aniline and nitrate anions93,94. Moreover, the behavior of the MB in a highly rich 

medium with hydroxyl radicals was investigated by Huang et al. (2010) who also found that the 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phenothiazine
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulfone
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aniline
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molecule’s degradation follows the same pathway95. Such an oxidation mechanism agrees with the 

bond dissociation energy theory, wherein bonds of lower energy tend to decompose first: CH3–

N(CH3)C6H5  (70.8 kcal/mol) < C–S+=C (76 kcal/mol)  <  C–N=C (87.4 kcal/mol)  <  N(CH3)2–C6H5 

(93.2 kcal/mol)  <  H2N–C6H5 (10.2.6 kcal/mol)89,94,95,99.  

Once the central ring is broken (Step 1, Figure 7b), the resulting hydroxylated species, such as the 

relatively less stable hydroquinone or hydroquinone-like intermediates, are well known to undergo fast 

oxidation into acetic acids, maleic acids, oxalic acid, CO2, and H2O2 (Step 2, Figure 7b)56. Because 

these benzene rings are already hydroxylated with two or more –OH, their ring opening at this stage 

requires only one oxidation step, contrarily to phenol (which needs two or more oxidation steps). 

Consequently, due to this unique mechanism of MB degradation that bypasses the formation of highly 

stable species like phenol, methylene blue shows faster degradation kinetics100–103. The proposed 

mechanism of MB degradation is visualized in Figure 7b. 

Similarly, the degradation of the macromolecular HA into smaller polyaromatic intermediates begins 

at its weakest bonds: C–N–C, and C–O–C104,105. Herein, the slower photodegradation rate of HA 

(0.0314 min-1) compared to that of MB (0.0714 min-1) indicates that the weakest molecular bond of 

MB (BDE of C6H5–SC6H5 = 76 ± 2 kcal/mol) is oxidized faster than that of HA (BDE of C6H5–O 

(C6H5) = 79.4 ± 2 kcal/mol)104. Hence, the HA molecule decomposes into various structures of 

polyaromatics, with absorption bands ranging between ~ 180 and 320 nm, corresponding to high-

energy π – π* (K-, B-, and E-bands) transitions. Because the UV-vis spectrums of the HA and its 

intermediates are expected to overlap with each other, the real degradation kinetics may be hindered. 

For instance, the degradation of the HA byproducts was shown to proceed with ring cleavage steps to 

give new intermediates such as dibutyl phthalate, and glyoxylic acid23. Further oxidation of the latter 

can result in aliphatic species like octadecanoic or hexadecanoic acids23. Relatively small molecules i. 
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e. the glyoxylic acid are also observed at advanced degradation time23. Although the photodegradation 

kinetics of humic acids appear to be slightly higher than those of phenol, the complete mineralization 

of the HA molecule and its byproducts generally follows a longer pathway. The formation of 

intermediates in the course of HA degradation is shown in Figure 7c. 

 

Figure 7. Photocatalytic degradation pathway of dissolved (a) Phenol, (b) Methylene Blue, and (c) Humic acid. 
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4. Conclusion 

In this study, ZnO nanorods were synthesized by hydrothermal growth. The influence of the oxidative 

pathway on the degradation rate was investigated through different chemical structures, including 

phenol, methylene blue (MB), and humic acid (HA). Although the molecular sizes of MB and HA are 

larger than those of phenol, they show relatively higher degradation rates. For instance, the removal of 

90% of MB and HA is 3 and 1.4 times faster than the removal of phenol at the same concentration. 

This is due to the structure and bond energy differences between the concerned molecules.  More 

specifically, as MB presents relatively weak dissociation bond energy (~ 76 kcal/mol) at the thionine 

ring, the latter tends to easily oxidize under the attack of ROS and dissociate into hydroxylated 

aromatics with more than two –OH groups. As such highly hydroxylated intermediates require 

relatively fewer oxidation steps than phenol to achieve the ring cleavage, MB blue registers higher 

apparent constant rates. In a similar way, the HA molecule possesses much weaker dissociation 

molecular bond energy (~ 79.4 kcal/mol), compared to phenol (minimum ~ 97.12 kcal/mol) and 

therefore shows more rapid degradation. Therefore, despite the complexity of the molecule, its 

degradation kinetics are mainly governed by the cleavage of the weakest molecular bonds. 
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De l'Échelle Moléculaire à l'Échelle Microscopique : Compréhension de 

la Photodégradation des Particules de Microplastiques de Polypropylene 

   Après l'étude de la photodégradation au niveau moléculaire, il était important d’étudier l’efficacité 

des nano bâtonnets de ZnO sur des particules polymériques aux masses moléculaires beaucoup plus 

importantes comme les microplastiques (dizaines de milliers de g/mol)1. Ces particules non traitées 

présentent un danger majeur sur l’écosystème et la vie humaine2. Leur taille comprise entre l μm et 5 

mm les rendent accessibles aux animaux marins, envahissant ainsi la chaîne alimentaire et menaçant la 

santé humaine3. En effet, il a récemment été rapporté qu'une personne pourrait ingérer entre 39 000 et 

52 000 particules microplastiques (MPs) par an via les aliments et les boissons, à cela s’ajoute entre 4 

000 et 90 000 MPs par an si l'eau du robinet et l'eau en bouteille sont respectivement consommées4. De 

plus, ces MPs sont connus pour leur nature récalcitrante, leur grande résistance à la dégradation 

naturelle et leurs capacités d’adsorber à leurs surfaces d’autres molécules nocives 5. Dans ce contexte, 

des particules de polypropylène ayant une faible densité de 905 Kg/m3 (LD-PP) et un diamètre de 300 

μm, ont été sélectionnées comme polluants aquatiques modèles.  

Dans ce chapitre, les nano bâtonnets de ZnO, ont été déposés sur une grille en fibres de verre (synthèse 

hydrothermale). Ce type de substrats de grande surface spécifique a été choisi  afin de piéger les LD-

PPs ayant tendance à flotter à la surface de l’eau et d'augmenter par conséquent le temps/surface de 

contact avec le photocatalyseur. La dégradation photocatalytique de ces billes a été évaluée pendant 16 

jours consécutifs d'irradiation au soleil, en suivant l'évolution de l'indice de carbonyle (obtenu via ATR-

FTIR) et de leur microstructure (via microscopie MEB). L’indice de carbonyle (CI) représente le degré 

d'oxydation des particules de polypropylènes et est définie comme étant le rapport d'absorbance entre 

la bande attribuée aux fonctions carbonyles (entre ~ 1550 – 1850 cm−1) et celle d'une fonction alkyle 

de référence (CH et CH3 entre ~ 2700 – 2750 cm−1)2,6. Dans le système dépourvu du photocatalyseur 



de ZnO, un indice de carbonyle de 11.6 a été enregistré, présentant un faible taux d’oxydation après 

196 heures d’irradiation. Cependant, l’utilisation du ZnO permet une augmentation importante du CI 

allant jusqu’à 57,2 dans les mêmes conditions qu’auparavant. Dans ce cas, nous avons distingué deux 

régimes aux cinétiques différentes. Entre 0 et 117 heures, la faible valeur de CI est attribuée à une 

oxydation graduelle de la surface des particules. Entre 117 et 196 heures, l'évolution de la 

microstructure des LD-PPs par microscopie MEB a révélé un processus de dégradation de la surface et 

la formation de cavités et des fissures. Ces modifications augmentent significativement la cinétique 

d'oxydation des billes de polypropylène, à cause d’une plus grande surface disponible pour l'attaque 

des espèces réactives de l'oxygène (ROS). Cette étude met en évidence le potentiel de cette approche 

« photocatalytique » pour lutter contre les microplastiques présents dans les eaux usées. 

Références 

(1) Andrady, A. L. Microplastics in the Marine Environment. Marine Pollution Bulletin 2011, 62 (8), 

1596–1605. https://doi.org/10.1016/j.marpolbul.2011.05.030. 

(2) Uheida, A.; Mejía, H. G.; Abdel-Rehim, M.; Hamd, W.; Dutta, J. Visible Light Photocatalytic 

Degradation of Polypropylene Microplastics in a Continuous Water Flow System. Journal of 

Hazardous Materials 2021, 406, 124299. https://doi.org/10.1016/j.jhazmat.2020.124299. 

(3) Frias, J. P. G. L.; Nash, R. Microplastics: Finding a Consensus on the Definition. Marine Pollution 

Bulletin 2019, 138, 145–147. https://doi.org/10.1016/j.marpolbul.2018.11.022. 

(4) Cox, K. D.; Covernton, G. A.; Davies, H. L.; Dower, J. F.; Juanes, F.; Dudas, S. E. Human 

Consumption of Microplastics. Environ. Sci. Technol. 2019, 53 (12), 7068–7074. 

https://doi.org/10.1021/acs.est.9b01517. 

(5) Hamd, W.; Daher, E. A.; Tofa, T. S.; Dutta, J. Recent Advances in Photocatalytic Removal of 

Microplastics: Mechanisms, Kinetic Degradation, and Reactor Design. Front. Mar. Sci. 2022, 9, 

885614. https://doi.org/10.3389/fmars.2022.885614. 

(6) Liu, Q.; Liu, S.; Xia, L.; Hu, P.; Lv, Y.; Liu, J.; Chen, Z.; Huang, Y.; Li, G. Effect of Annealing-

Induced Microstructure on the Photo-Oxidative Degradation Behavior of Isotactic Polypropylene. 

Polymer Degradation and Stability 2019, 162, 180–195. 

https://doi.org/10.1016/j.polymdegradstab.2019.02.023. 

 



Chapter II 

40 

 

Natural Sunlight Accelerated Photocatalytic 

Degradation of Polypropylene Microplastics over 

ZnO Nanorods 

Elie A. Daher‡†, Yara Hammoud ‡, Christel Laberty Robert†⁑, Wael Hamd ₽* 

‡ Petrochemical Engineering Department, Faculty of Engineering III, CRSI, Lebanese University, 

Rafic Hariri Campus, Hadat, Lebanon. 

† Laboratoire Chimie de la Matière Condensée de Paris LCMCP, Sorbonne Université, UPMC Paris 
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ABSTRACT: Microplastic pollution has become one of the major concerns of our time. With over 5 

trillion plastic particles floating in oceans and seas, these pollutants pose a severe threat to the 

environment and human health. Recently, advanced oxidation processes have emerged as a promising 
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technology to tackle this issue. In this context, many studies have focused on heterogeneous 

photocatalysis as an effective process. Therefore, we fabricated ZnO-based photocatalysts, 

hydrothermally coated onto a glass fiber mesh. Photocatalytic degradation of low-density 

polypropylene MPs (300 µm) was carried out under natural solar irradiation in a batch reactor. The 

evolution of microplastics’ oxidation was quantified by monitoring the carbonyl index (CI) over 16 

consecutive days. A significant CI of 57 was obtained, around 5 times higher than the natural 

degradation process (without photocatalyst). 

1. Introduction 

Since the synthesis of the 1st plastic in 1907 by Leo Hendrik Baekeland, the material’s global 

production has at least amplified by around 6 times, an amount that sums up to approximately 

surpassing 300 million tons per year1,2.  As a result of this booming, today’s world is producing twice 

as much plastic waste as two decades ago, with ~ 91 % being either discharged in landfills, incinerated, 

or leaked into the environment whereas just ~ 9 % successfully recycled3. With such a relentlessly 

growing industry, ineffective waste management procedures resulted in plastic litter infiltrating the 

ecosystem, and endangering aquatic and groundwater sustainability4. In this scope, it was reported that 

more than 5 trillion plastic debris weighing over 260,000 tons have been released into the world’s 

oceans and seas5. Among these floating plastics, more than 92 % are classified as microplastics (MPs)5. 

These latter are water-insoluble synthetic polymers of diverse shapes, with sizes ranging from 1 μm to 

5 mm6 formed either as engineered micro-sized plastic beads to be used in cosmetics and beauty 

products (primary sources), or through the gradual disintegration of larger plastic objects (secondary 

sources)7. 
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The level of toxicity of MPs primarily depends on their chemical structures in addition to additives’ 

integration, which ensures better cross-linking during the polymerization process8. 

Microplastics are relatively stable, and persistent particles with a chemical structure falling into two 

categories: i) homo-chain plastics (C-C bond in the main chain like polystyrene (PS), polypropylene 

(PP), polyethylene (PE), etc.) and ii) hetero-chain plastics (different bonds in the main chain like 

polyethylene terephthalate (PET), polyamide (PA), etc.)9. Owing to their hydrophobic and 

physicochemical properties, MPs can attract a wide spectrum of pollutants to their surface such as 

heavy metals, polycyclic aromatic hydrocarbons, antibiotics, aromatic, and aliphatic compounds, etc. 

which can potentially increase their toxicity to a variety of living organisms10–12. 

The main exposure pathways to microplastics are ingestion, inhalation, and dermal contact13. 

Furthermore, their infinitesimal size makes them accessible to marine animals, invading the food chain 

and threatening human health14. In this view, it was recently reported that a person might ingest 

between 39,000–52,000 MPs per year via food and beverages, where 4000 MPs to 90,000 MPs could 

be added annually if tap water and bottled water are consumed, respectively. 15. When ingested by 

living organisms and depending on their chemical structures16, MPs showed a variety of harmful 

effects, including i) clogging and histological injury in the intestine, digestive tracts , and liver (e.g., 

polyethylene, polypropylene, polystyrene, polyamide, and polyvinyl chloride caused cracking of villi 

and splitting of enterocytes in zebrafish Danio Rerio)17,18, ii) endocrine disorders, oxidative stress, 

immune responses, and altered gene expression19,19, and iii) the impact on the behavioral pattern, 

fecundity, and survival20,21.  

Thus, the removal of microplastics from aquatic systems has become an emerging public health matter, 

increasing in a significant way the amount of research in the last decade.  In addition, due to the low 
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detectability of MPs and their ability to bypass the various stages of conventional wastewater treatment 

plants (WWTPs)22,23, various technologies, such as physical, chemical, and biological treatments, have 

been researched24–26. However, these techniques present major limitations, including the additional 

treatment of the produced sludge, the formation of secondary MPs, and non-reusability, making them 

unappealing for MPs’ treatment2. In this view, advanced oxidation processes (AOPs) are promising 

technologies due to their ability to remove non-biodegradable and chemically stable contaminants27–29. 

Among these processes, solar photocatalysis is considered to be one of the most practical and 

environmentally-friendly technologies, due to its low cost, the use of sunlight as a clean energy source, 

and the absence of subsequent disposal procedures30,31. It involves the formation of highly reactive 

radical species such as hydroxyl (HO•), superoxide (O2
•-), and hydroperoxyl (HO2

•) radicals, capable 

of converting recalcitrant organic molecules or particles to less harmful products like CO2 and water32. 

Although numerous studies have been reported on the photocatalytic removal of microplastics, they 

exhibit major limitations such as31,33–41: i) the necessity of a filtration step to recover the photocatalyst; 

ii) the need for mechanical mixing of the photocatalyst and the MP particles; iii) low surface contact 

between the photocatalyst and the MPs, and iv) the usage of artificial irradiations.  

To address these limitations, ZnO nanorods deposited onto glass fiber mesh were used to degrade 300 

µm PP microplastics under natural sunlight irradiations. The usage of glass fiber substrates is ideal to 

trap the low-density particles close to the coated photocatalysts. In addition, natural sunlight correctly 

mimics the real situation and provides zero-cost sources of irradiation. Low-density polypropylene 

(LD-PP) microplastics were selected as a pollutant model due to their ubiquitous existence in aquatic 

mediums50. ZnO was chosen as the photocatalyst for its high conversion efficiency of photonic energy, 

low synthesis cost, and low degree of toxicity to marine/human life52. The photocatalytic degradation 

of LD-PP microplastics was assessed by following the evolution of the carbonyl index over time 
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through the ATR-FTIR technique and by analyzing the evolution of their microstructure by SEM-FEG 

microscopy.  

2. Experimental Section 

2.1 Chemicals 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), zinc acetate dihydrates (Zn(CH3COO)2.2H2O), and 

hexamethylenetetramine ((CH2)6N4), were purchased from ACROS organics Spain. PP microplastics 

of diameter = 300 µm and density = 905 Kg/m3 were provided by PPPolymer AB, Sweden. The glass 

fiber mesh of ~ 16 µm thickness, was purchased from Sigma Aldrich. Deionized water (DI) with a 

resistivity of 18 MΩ·cm was used in all the experiments. 

2.2 Hydrothermal Growth of ZnO NRs on the Glass Fibers Substrate  

First, ~ 1 g of glass fiber substrates was carefully cleaned with ethanol, acetone, and deionized water 

(DI). Next, a seeding layer of ZnO was coated on the pre-heated substrate at 350 ⁰C by spraying 25 mL 

of 10 mM solution of zinc acetate dehydrate in DI water with a flow rate of ~ 1 mL/min. The fibers 

were then immersed in a chemical bath filled up with 500 ml of an aqueous solution containing 

equimolar concentrations (10 mM) of zinc nitrate hexahydrate (precursor) and hexamethylenetetramine 

(structuring agent). The hydrothermal growth was conducted at 90 ⁰C for 65 hours. Due to the non-

polarity of the structuring agent, this latter chelates and covers the non-polar sides of the hexagonal 

ZnO lattice, leaving the top polar sides exposed for growth. Finally, the coated fibers were properly 

washed with DI water and then post-heated in the air at 350 ⁰C for 1 hour, to ensure that any leftover 

organics within the oxide structure are removed. The preparation steps of ZnO NRs on glass fiber 

substrates are visualized in scheme 1. 
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Scheme 1. Preparation procedures of the coated ZnO NRs over the glass fibers mesh. 

2.3 Characterization 

The crystalline structure of the ZnO NRs was examined with a D8 Discover X-ray diffractometer, 

fitted with a Cu emitter anode (Kα1 and Kα2 of wavelength 1.54056 and 1.5444 Å respectively) and a 

1D LYNEXEYE XE-T detector (Bruker).  

The crystal nature was also investigated by a transmission electron microscope FEG S/TEM model 

JEOL 2100 plus, coupled with selected area electron diffraction (SAED).  The high-resolution mode 

was carried out at 200 kV. The HRTEM is equipped with a spherical aberration probe corrector (Cs 

from CEOS), a high-resolution objective lens pole piece, and an UltraScan 1000 CCD array detector 

(GATAN). Samples were deposited on a holey carbon-coated TEM grid.  

A field emission gun scanning electron microscope, model Hitachi SU-70 FESEM was used to analyze 

the morphologies of the ZnO NRs and PP microplastics (before and after degradation) at operating 

voltages of 15 kV and 1 kV respectively. The PP particles were mounted to a conductive carbon tape 
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after being sputtered with a thin coating of platinum (7 nm) to avoid electrical charging during the 

electron microscope.  

The ZnO NRs absorbance was measured by a dual-beam Carry 5000 UV-Vis spectrophotometer from 

Agilent technology, equipped with an R928 PMT detector, and mounted in powder mode. The ZnO 

NRs were placed in a powder cell holder over Barium Sulfate (BaSO4) background.  

The functional groups in ZnO NRs and the PP microplastics were monitored with a Fourier-

transformed infrared (FTIR) in attenuated total reflection (ATR) mode with an incidence angle of 45⁰, 

and a 4 cm−1 resolution, using a Spectrum 400 model from PerkinElmer, equipped with an FR-DTGS 

detector (fast recovery Deuterated Triglycine Sulfate detector). 

2.4 Photocatalytic Set-Up 

The Photocatalytic degradation of LD-PP was carried out in a batch photoreactor (100 ml) made 

from borosilicate glass, for 16 consecutive days, including daytime and nighttime, in July (Beirut, 

Lebanon). The reactor was filled with 90 ml of DI water containing the nanocoated glass fiber mesh 

wherein 27 particles of the PP microplastics ~ 26 mg were suspended, equivalent to a high 

concentration of 300 particles/L. The reactor was tightly sealed to prevent any loss in water volume by 

evaporation. The sampling was done at fixed time intervals during the photo-irradiation to quantify the 

evolution of the MPs’ carbonyl index (CI). The sun luminosity was tracked during every daytime by 

using a Testo 450 luxmeter of ±3 % precision from Testo, France. The sun’s luminosity increased 

gradually every day from a minimum of ~ 45,000 lux at 7 a.m., reaching ~ 100,000 lux at around 12:30 

p.m., and then decreases progressively to 50,000 lux by 7 p.m. (Figure S1). Considering these light 

hours from 7 am to 7 pm, the total irradiation time sums up to 196 hours. 

 



Chapter II 

47 

 

3. Results and Discussion 

3.1 Characterization of ZnO NRs 

 SEM and TEM Analysis 

The morphology of the deposited material was examined using a field emission gun scanning electron 

microscope. The micrographs in Figure 1a and its inset show that almost all the seeding grew into 

vertically-oriented nanorods. The majority of the NRs are characterized by an average length ( l) of ∼ 

3.2 μm (population standard deviation σ = 3.5 nm), a diameter (d) of ∼94 nm (population standard 

deviation σ = 1.11 μm), resulting in a high ratio of l:d ~ 32. These parameters were assessed using 

ImageJ software to treat the SEM micrographs, where a threshold segmentation step was used to 

precisely highlight the rods' boundaries. Generally, the synthesis of long and thin nanorods is beneficial 

for any photocatalytic application, due to their important surface area. However, increasing the length 

of the ZnO nanorods beyond 2.4 μm while maintaining a high l:d ratio of ~ 35 is still challenging, as 

the rods tend to increase their diameter size with respect to their length43–45, and therefore decrease the 

coating surface area. The obtained nanorods herein registered notably higher dimensions ( l and d) than 

those reported by other hydrothermal procedures, thermal decomposition, or electrochemical 

deposition while maintaining a high l:d ratio43,44,46–48. On the other hand, only chemical vapor 

deposition yielded much bigger rods in length and diameter with a range of 40 – 50 μm and 100 – 500 

nm respectively. This is at the cost of employing an ultra-high temperature of ~ 1055 ⁰C that requires 

both specific equipment and substrates49. The lengths, diameters, and l:d ratios of ZnO NRs synthesized 

by different techniques are listed in Table 1. 
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Figure 1. (a) SEM-FEG image of glass fibers coated ZnO NRs after the post-heat treatment at 350 ⁰C, the inset: Zoomed-

in view of “a”. (b) TEM image of a free-standing ZnO nanorod separated with sonication. Left inset: Schematic illustration 

of a grown rod in +c direction ended with a conical-like shape. Right inset: Inset: Relative selected area electronic diffraction 

pattern (SAED).   

Furthermore, the nanorods’ structure was investigated by transmission electron microscopy.  Figure 1b 

shows a low-magnification image of an individual nanorod. The diameter is uniform along the entire 

length, confirming anisotropic growth along the +c axis throughout the hydrothermal synthesis (65 h). 

Most of the NRs are terminated with a conical shape (Left inset of Figure 1b) corresponding to the a-

planes family of the wurtzite ZnO50. The SAED measurement confirms this crystalline phase as it 

shows a ring-like pattern with 4 distinctive rings, corresponding to the lattice spacing of the (101), 

(102), (112), and (210) planes of the wurtzite crystal (Right inset of Figure 1b). 
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Table 1. Dimensions of ZnO NRs obtained with different synthesis Techniques. 

Reference Synthesis Technique Length (l) μm Diameter (d) nm l:d 

Chandraiahgari et 

al.48  

Thermal decomposition of zinc 

acetate dihydrate followed by 
probe sonication in acetone 

~ 0.47 ~ 330 ~ 1.42 

Liu et al.47 
Hydrothermal growth of 

mobilized ZnO NRs powder 
~ 1.54 ~ 45.6 ~ 34 

Xu et al.43  Electrochemical deposition ~ 2 ~ 300 – 400 ~ 5 – 6.7 

Wu et al.44 
Hydrothermal growth on Si 

(100) substrate 
~ 2.4 ~ 120 ~ 20 

Lausecker et al.45 
Hydrothermal growth on 

polycrystalline Au seed layer 
~ 2.4 ~ 180 ~13.3 

Chrissanthopoulos 

et al.49 
Chemical vapor deposition ~ 40 – 50 ~ 100 – 500 ~ 100 – 400 

This study Tuned Hydrothermal Growth ~ 3.4 ~ 91 ~ 37 

 

 Microstructural and Optical Properties 

The microstructural and optical properties of the heat-treated NRs at 350 ⁰C (Figure 2a) were then 

investigated. The XRD pattern of the nanorods is shown in Figure 2b. All the diffraction peaks are 

indexed to the wurtzite ZnO structure with lattice constants of a = b = 3.248 Å and c = 5.202 Å (JCPDS 

No. 01-086-3978)51–53. This result is in good agreement with the SAED pattern, indicating the main 

diffraction planes of the wurtzite structure. 
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Figure 2. (a) SEM image of the coated glass fibers with ZnO NRs and post-heated at 350 ⁰C (b) XRD pattern of “a”, (c) 

ATR-FTIR spectrum of “a”, (d) Room-temperature UV-vis absorbance spectrum of “a”. Inset:  Optical bandgap (Eg) 

obtained from the first derivative of the absorbance spectrum with respect to photon energy. 

The functional groups of ZnO NRs were characterized by ATR-FTIR spectroscopy and plotted in 

Figure 2c. The infra-red spectrum reveals 5 prominent peaks. The located peaks at ~ 550 cm−1, and ~ 

750 cm−1 correspond to the stretching vibrations of Zn–O bonds, while the strongest absorption at ~ 

915 cm−1  is associated with the tetrahedral coordination of Zn within the wurtzite ZnO lattice54–58. The 

500 µm 

a                                                                  
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broad peak at ~ 3350 cm−1 mainly arises from the stretching of intermolecular –OH hydroxyl group57. 

The insignificant peaks in the region of ~ 1550 cm−1 are typical characteristics of chemisorbed organic 

molecules at the films’ surface (C–O and C=O stretching vibrations)58. These peaks are still present 

(trace level) even after a post-heat treatment at high temperatures. This is linked to the adsorption of 

organic contaminants from the surrounding medium. 

The photocatalytic activity of oxide materials is fundamentally dependent on their optical properties, 

such as the absorption capacity and the presence of defect states within the intrinsic bandgap. For this 

reason, the absorption spectrum of the ZnO NRs was recorded at room temperature and plotted in 

Figure 2d. As noticed, the nanorods show a significant absorption in the UV region below 400 nm, 

typically corresponding to its intrinsic bandgap energy59. The weak absorption in the visible area is 

probably due to the light diffusion phenomena of the ZnO as powder. Moreover, the optical bandgap 

(Eg) was also estimated. This latter can be generally found by plotting the first derivative of the 

absorbance with respect to photon energy (dA/dE), as a  function of photon energy (E), and then finding 

the first maxima at the lower energy side (inset of Figure 2d)30. We found an optical bandgap of ~ 3.19 

eV which is lower than the theoretical one (3.37 eV at RT). This may indicate the formation of defects 

states including oxygen vacancies (Vo) and interstitial zinc ions (Zni)53.  

3.2  Photocatalytic Degradation of Low-Density PP MPs 

ATR-FTIR spectroscopy was used to systematically track the oxidation of the polypropylene beads 

over the irradiation time. This characterization technique has been widely used to evaluate the variation 

of the carbonyl index during the photocatalytic processes2. Figure 3 shows the changes in the PP 

infrared spectrum (without photocatalyst) during 196 hours of sunlight irradiation (Figure 3a). The un-

irradiated PP presents 2 main prominent peaks identified as the –CH3 strong symmetric stretching, –
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CH2 strong symmetric stretching at ~ 2950 cm-1, and ~ 2838 cm-1, respectively, in addition to smaller 

absorbance peaks detailed in Table S160–62. After being exposed to the sunlight, oxygenated (–OH & –

OOH) groups arise in the broadband between ~ 3300 – 3700 cm−1, indicating moderate oxidation of 

the PP polymer41,63,64. As the oxidation proceeds, a small carbonyl peak is detected between ~ 1550 – 

1850 cm−1. This observation suggests that the photo-oxidation of polypropylene (PP) is first driven by 

the generation of hydroxyl groups via a photolysis process. The UV irradiation of the sun has enough 

energy to break down the bonds C–C (375 kJ/mol) and C–H (420 kJ/mol)33. Consequently, the resulting 

alkyl radicals react with the O2 molecules to generate peroxy radicals (ROO•), and therefore 

hydroperoxide groups (ROOH)33,65–67. Due to the weak stability of the latter, hydroperoxide 

compounds can react rapidly with the dissolved oxygen to form organic compounds of low molecular 

weight with carbonyl groups33. 

     

Figure 3. Evolution of the FTIR spectra of PP beads (a) without the photocatalyst, (b) over the course of their 

photodegradation with the ZnO NRs.  
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However, the oxidation of the PP-MPs is faster when the ZnO photocatalyst is used, due to the active 

participation of highly reactive oxygen species (ROS). These species are formed by the electron (e–) – 

hole (h+) pairs, once ZnO absorbs the sunlight energy of the solar spectrum. At the beginning of the 

photocatalytic degradation, the strong absorption band detected at ~ 1641 cm−1, is associated with the 

formation of carboxylic acids (Figure 3b)63. In parallel, a significant increase is observed in the 

associated band with the stretching mode of the hydrogen-bonded hydroxyl group between 3300 – 

3700 cm−1. As the photocatalytic degradation progresses, the carbonyl peak becomes more pronounced 

exhibiting an asymmetric broad and medium intensity band between 1550 – 1850 cm−1.  This behavior 

is correlated with the important increase of carboxylic acid groups at the PP surface63. With the 

advancement of the oxidation (at 196 hours),  this peak continues increasing concomitantly with the 

appearance of ketone, aldehyde, and anhydride groups at 1710 cm−1, 1740 cm−1, and 1772 cm−1, 

respectively63 (Figure S2b). The appearance of these groups mainly indicates a scission of the large 

chains of polypropylene33,41,68. Normally, once formed, the further degradation of ketones, aldehydes, 

and anhydrides into CO2 and H2O proceeds with the Norrish mechanism as described elsewhere41,69. 

The carbonyl index (CI) was well established to quantify the oxidation degree of MPs and defined 

herein as the absorbance ratio of the carbonyl band over a reference band (Eq. 1)37,41,70,71, as seen in 

Figure S2. 

𝐶𝐼 =
𝐴𝑏𝑠1550 – 1850 cm−1  

𝐴𝑏𝑠2700 – 2750 cm−1
                                                           (Eq. 1) 

As the evolution in the absorption band at ~ 1550 – 1850 cm−1 reflects the formation of the main 

carbonyls (carboxyl acids, ketones, aldehydes, and anhydrides) without any interference with other 

functional groups, it was used to track the carbonyl index of PP during their oxidation process. The 

reference was set at the absorption band at ~ 2700 – 2750 cm−1,  wherein the main 2722 cm−1 absorbance 
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peak refers to the angular molecular vibrations in CH and axial molecular vibrations in CH3
72. Figure 

4 depicts the evolution of the carbonyl index during natural (without ZnO) and photocatalytic 

oxidations of PP MPs. The CI of the blank samples shows a modest increment of approximately 3.8 

times (slope value of ~ 0.046), reaching a value of 11.6 after 196 hours of irradiation. Yet, with the 

introduction of the photocatalyst, the kinetics of the photocatalytic degradation are largely enhanced 

and follow two different regimes. Between 0 and 117 hours, a slow degradation rate is observed (slope 

value of ~ 0.158) demonstrating the gradual oxidation of the PP outer surface with a CI reaching 19.1 

(corresponding to an increment of 6.5 times).  However, a rapid degradation kinetic (slope value of ~ 

0.54) is noticed between 117 and 196 hours indicating an important increase in the carbonyl groups 

concentrations after the appearance of new PP surfaces. Thus, a CI of 57.2 is registered after 196 hours. 

 

Figure 4. Evolution of the carbonyl index (CI) of the PP MPs under sunlight irradiation with the usage of the ZnO NRs 

(red square) and without (blue circle).    

To understand better this behavior, the morphological evolution within the MPs’ microstructure was 

evaluated by SEM-FEG at 0, 117, and 196 hours (Figure 5). For instance, the unirradiated particles 
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exhibit a smooth surface and a low number of cavities. However, after 117 hours of irradiation in the 

presence of a photocatalyst, the roughness of the particles’ surface becomes more pronounced with the 

appearance of some cracks. This is due to the surface oxidation of the PP by the generated ROS species. 

Finally, at 196 hours, a significant number of cavities is detected in agreement with the recorded high 

CI. This is explained by the increase of particle surface area after crack propagation. 

 

Figure 5. SEM-FEG images of (a) as-received PP MPs, (b) after 117 h of photocatalytic degradation with ZnO NRs, (c) 

after 196 h of photocatalytic degradation with ZnO NRs. 

The important value of CI (57.2) highlights the higher efficiency of natural sunlight/ZnO NRs/glass 

fibers mesh system for the degradation of microplastics, compared to other works. For instance, Verma 

et al. used TiO2 films and reported a carbonyl index 10 times lower than this study35. One reason for 

this lower efficiency is probably due to the low contact between TiO2 and the low-density PP floating 

on the water surface, reducing, therefore, its exposure to ROS. Accordingly, several reports on MPs 

oxidation over ZnO or TiO2 films also resulted in low degradation efficiencies37,38,64. In addition, 

although Uheida et al.41 previously obtained a carbonyl index of 40 after 456 hours of irradiation of 

PP-MPs under a halogen lamp, other studies (Table 2) show lower efficiencies than that obtained here.  

Several factors may explain this result: i) the type and size of the particles; ii) the source and intensity 

1 μm

b c

1 μm1 μm

a
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of the irradiation; iii) the type and morphology of the photocatalyst; iv) and the photocatalyst 

support35,36,38,41,71. 

Table 2. Comparative photodegradation efficiency of microplastics over different photocatalysts with the as-synthesized 

ZnO nanorods. The carbonyl indexes of this study were compared to each literature according to the reported absorbance 

reference.  

Reference Photocatalyst Irradiation Source 
Microplastics 

Type 
CI 

Extracted CI 

from this 

study 

Verma et al.35 TiO2 film Solar irradiation LD PP ~ 1.5 at 216 h ~ 57 at 196 h 

Llorente-García et 

al.36 
N doped TiO2 film Visible irradiation LD PE ~ 1.23 at 50 h ~ 10 at 24 h 

Tofa et al.37 Pt doped ZnO film Visible irradiation LD PE ~ 1.49 at 175 h ~ 47 at 154 h 

Tofa et al.38 ZnO film Visible irradiation LD PE ~ 1.41 at 175 h ~ 47 at 154 h 

Uheida et al.41 ZnO nanorods Visible irradiation PP ~ 40 at 456 h ~ 57 at 196 h 

 

3 Conclusion 

In this work, a glass fiber mesh was coated with a hydrothermal synthesis of ZnO NRs to study the 

photodegradation of low-density PP MPs in a batch reactor. The carbonyl index was tracked over 16 

consecutive days of natural sunlight irradiation to quantify the microplastics’ oxidation. A slow 

evolution of the carbonyl and hydroxyl absorption bands was detected between 0 and 117 h, due to the 

small external surfaces of polypropylene beads that are exposed to oxidation. However, as the 

irradiation evolves, the photooxidation kinetics significantly increased because of the appearance of 

cracks providing an additional pathway for oxygen to penetrate deeper into the particles. This analysis 

was supported by the formation of relatively deep cavities after 196 h of irradiation, demonstrating the 

scission of the polypropylene chains. Consequently, the use of natural sunlight coupled with the ZnO 

NRs/glass fiber mesh system enables a significant improvement in the degradation of polypropylene 

beads with a carbonyl index of ~ 57. 
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Figure S1. Evolution of the solar luminosity, measured between 7:00 and 19:00 during the last week of July 2022 in 

Beirut, Lebanon. 



Table S1. Vibrational functions of polypropylene. b = backbone, m = medium, s = strong, sh = shoulder, v = very, 

W = weak, δ = bending, v = stretching, ρ = rocking, Ƭ = twisting, ϖ = wagging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2956vvs vCH3 asym. 

2953vvs vCH3 asym. 

2921vvs vCH2 asym 

2907sh vCH 

2877vs vCH3 sym 

2869vs vCH2 sym 

2840vs vCH2 sym 

2722vw CHb, vCH3 

1460s  δCH3 asym., δCH2 

1434m δCH3 asym. 

1370s δCH3 sym., ϖCH2, δCH, vCCb  

1357m δCH3 sym., δCH 

1326vw δCH, ƬCH2 

1305w ϖCH2,  ƬCH2 

1296vw ϖCH2,  ƬCH2, δCH 

1255w δCH, ƬCH2, ρCH3 

1220vw ƬCH2, δCH, vCCb 

1164m vCCb, ρCH3, δCH 

1154w vCCb, vC-CH3, δCH, ρCH3 

1101vw vCCb, ρCH3, ϖCH2, ƬCH, δCH 

1045vw vC-CH3, vCCb, δCH 

998m ρCH3, δCH, ϖCH2 

973m ρCH3, vCCb 

940vw ρCH3, vCCb 

900w ρCH3, vCH2, δCH 

841m vCH2, vCCb, vC-CH3, ρCH 

809w pCH2, vCCb,  vC-CH3 

528w ϖCH2, vC-CH3, ρCH2 

456vw ϖCH2 

396vvw ϖCH2, δCH 

320vvw ϖCH2 

248vvw ϖCH2, δCH 



  

   

Figure S2. (a) Carbonyl band with possible peaks and shoulders at T0 (polypropylene with ZnO NRs), (b) Carbonyl band 

with possible peaks and shoulders at T196 h (polypropylene with ZnO NRs), (c) Reference band at T0, (d) Reference band 

at T196 h.      
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Impact de la Microstructure du ZnO sur les Performances de 

Photodégradation : Conception Novatrice de Films minces de ZnO 

Plissés et Poreux pour des Applications Photocatalytiques 

   Le lien entre la microstructure des oxydes métalliques et leurs performances photocatalytiques a été 

largement étudié dans la littérature1–3. Plus spécialement, la structuration du film d’oxyde de zinc (ZnO) 

joue un rôle primordial dans la cinétique de dégradation de polluants organiques4–7. Par exemple, il a 

été rapporté que les nano-bâtonnets de ZnO obtenus par une synthèse hydrothermale possèdent des 

facettes non polaires, rendant difficile l’adsorption des molécules d’eau et d’oxygène à leur surface 8,9. 

Cela modifie la quantité d’espèces réactives de l'oxygène (ROS) produite et diminue par la suite 

l’efficacité du système photocatalytique. Dans ce contexte, nous proposons un nouveau procédé de 

synthèse de couches minces de ZnO poreuses, plissées et obtenues sans additifs organiques (templates). 

Ces films ont été obtenus par le procédé sol-gel couplé à la méthode de trempage retrait (dip-coating). 

La formation spontanée de cette nanostructure est le résultat d'un processus de réorganisation induit 

par l'instabilité interne du film, lié à « une compression thermique ». Les films minces de ZnO ainsi 

élaborés présentent une structure « plissée », poreuse d'environ 22-25 % avec un diamètre de pore ~ 24 

nm. Cette structure poreuse offre davantage de sites catalytiques pour la production d'espèces réactives 

de l'oxygène (ROS). Les mesures de diffraction des rayons X, confirment la structure wurtzite et que 

le ZnO est polycristallin. Les performances photocatalytiques ont été testées via la dégradation du bleu 

de méthylène (10 μM) choisi comme molécule modèle sous deux irradiations différentes. Une efficacité 

de dégradation élevée de 92% a été obtenue avec des constantes de vitesse de 0.0049 min−1 sous UVA 

et 0.0121 min−1 sous lumière visible, après 180 minutes. Par rapport à certains photocatalyseurs à base 

de ZnO obtenus par des méthodes complexes nécessitant des molécules organiques à façon pour leur 



structuration et/ou nécessitant un dopage de la du ZnO, les valeurs obtenues dans ce travail montrent 

qu’une amélioration de l’activité photocatalytique est possible en mettant en œuvre un procédé simple.  
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ABSTRACT:  A new template-free, porous, and wrinkled ZnO thin films were designed by sol-gel 

dip-coating technique for enhancing the photocatalytic degradation of organic pollutants in water. The 

spontaneous formation of such nanostructure represents a certain type of instability-driven organization 

under intrinsic stress, such as thermal compression. The surface evolution was tracked by in situ 

thermo-ellipsometry technique through the changes in the film’s thickness and refractive index. The 

engineered nanostructure was obtained by a pre-heat treatment at 150 ⁰C in the infrared chamber of the 
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dip-coater followed by a post-annealing in the air at 450 ⁰ C for 1 hour. A wrinkled structure with a 

porosity of ~ 22 to 25 % and an average pore Ferret diameter of ~24 nm were revealed, promoting the 

adsorption of pollutants onto the films' surface. The photocatalytic activity of ZnO films was tested via 

the degradation of methylene blue probe molecule under two different irradiation sources. A high 

removal efficiency above 92% and degradation rate constants of 0.0049 min-1 and 0.0121 min-1 were 

registered under UVA and visible light respectively.

 

1. INTRODUCTION 

  Annual growth in global industrialization of 1.916 % in 2019 (before the Covid 19 pandemic)1 and 

a projected world population of 9.9 billion by 20502, are placing today’s ecosystem in jeopardy3. 

Notably, urban and industrial effluents, loaded with recalcitrant organic molecules from 

petrochemical4, pharmaceutical5, pesticide6, plasticizer7, and other industries, are endangering surface 

and groundwater water sustainability due to their persistence and low degradability, even when they 

are found in trace levels8. Conventional treatment techniques such as flocculation, coagulation, 

activated carbon, chemical precipitation, biodegradation, and filtration in addition to the established 

recovery processes including evaporation, solvent extraction, ionic exchange, membrane 

separation/bioreactors, and electrochemical treatment are bounded by economic constraints and show 

poor efficiency in addressing adequately, the removal of a wide spectrum of toxic chemicals9,10. In this 

scope, advanced oxidation processes (AOPs) such as photochemical oxidation, catalytic wet oxidation, 

sonochemical oxidation, O3 oxidation, electrochemical oxidation, Fenton oxidation, and photocatalysis 

have emerged as efficient, promising, and inexpensive techniques, capable of tackling different types 

of organic molecules in aquatic mediums11,12. Among these techniques, photocatalysis is considered 

one of the most practical methods that has proven its efficiency due to its low cost, reusability, and no 

requirement for secondary disposal methods13–15. Photocatalysis is a phenomenon, in which electron-
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hole pairs are being generated upon the exposure of a semiconducting material to light16,17. These 

electron-hole pairs can migrate to form oxidizing species such as the hydroxyl radical (OH•) and 

superoxide radical (O2
•⁻) that exhibit strong oxidation of organic matters leading to the total 

mineralization of recalcitrant organic molecules into less harmful products such as H2O and CO2
18. 

Although homogeneous photocatalysis is broadly employed due to its high reaction rate, short process 

time, and high accessibility, it presents some drawbacks such as the high cost of post-separation 

processes and reactor corrosion19,20. To overcome these difficulties, various types and structures of 

heterogeneous oxide photocatalysts were developed in the literature. More specifically, films of zinc 

oxide (ZnO) photocatalyst presenting strong oxidation ability and low production price have been 

prepared in different nanostructures21 throughout several physical and chemical approaches, including, 

thermal evaporation22, chemical vapor deposition23, pulsed laser deposition24, metal-organic chemical 

vapor deposition25, molecular beam epitaxy26, solvothermal27, sonochemical28, electrodeposition29 and 

sol-gel techniques30. Particularly, the sol-gel technology can be easily adapted to large surfaces and 

different substrates to prepare thin layers with tailored thickness and microstructure owing to its 

distinctive advantages, e. g., process simplicity, moderate temperatures, excellent reproducibility, 

precise control of synthesis conditions, film uniformity/homogeneity, and waste-free process31–33. 

Nevertheless, making nanocoated films with high surface area remains a big challenge in this 

technique34. Although, mesoporous ZnO thin films have been elaborated by the evaporation-induced 

self-assembly method (EISA)35,36, yet, the organic templates are of high cost, and their removal during 

heat treatment could render thick films prone to defaults such as cracks37,38. Moreover, delicate 

experimental conditions, including initial alcohol/water/surfactant molar ratio, atmosphere humidity, 

substrate temperature, and inorganic precursor concentrations, should be subtly controlled to obtain the 

desired nanostructured films39,40. 
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To avoid such complexity, this study has successfully reported a new practical approach to design 

template-free, nano-porous, and highly ordered wrinkled ZnO multilayers by sol-gel dip coating. 

Although this kind of synthesis was already mentioned in few works before41–46, the detailed steps 

involved in the preparation of homogeneous porous and wrinkled structures and its usage in 

photocatalytic applications were never discussed. Herein, the subtle control of dip-coating parameters 

was optimized and allows the formation of a new homogeneous ZnO microstructure. The 

nanostructured photocatalysts offer a relatively large surface-to-volume ratio allowing higher 

adsorption of the target molecules. Consequently, with a large number of active sites, ZnO exhibits 

very high surface reactivity, rendering the material an efficient photocatalyst. The photocatalytic 

performance of the films was tested on a methylene blue (MB) heteropolyaromatic probe-molecule as 

a function of i) heat treatment, ii) source light irradiation (UVA and LED lights), iii) number of 

deposited layers, and vi) two different concentrations of the dye molecule. 

2. Experimental Section 

2.1 Chemicals 

Zinc acetate dihydrate (Zn (CH3COO)2·2H2O) (97 %) ZAD (analytical grade) obtained from ACROS 

organics Spain, propan-2-ol (analytical reagent grade) obtained from Fisher Scientific, U.K., 

monoethanolamine (MEA) (98 % analytical grade) obtained from Fisher Scientific, U.K., methylene 

blue MB (laboratory reagent) obtained from Paskem, India, deionized water (DIW). 

2.2 ZnO Sol Preparation  

   ZnO sol of 0.1 M was prepared by dissolving ZAD into a mixture of 2-PrOH and MEA with a molar 

ratio of Zn2+:MEA = 1. This concentration was chosen to be the optimum after an extensive 

characterization and testing of the photocatalytic activity of the synthesized films from various sols 
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with concentrations ranging from 0.03 to 0.6 M (result not shown in this manuscript). In such a low-

water concertation medium, the hydrolysis rate is relatively slow. In addition, nucleophilic species such 

as the MEA, and the acetate counter ion (CH3COO−) compete for complexing Zn2+ Lewis acid center, 

therefore, delaying its condensation (see scheme 1)41,47. For this reason, the solution was stirred in a 

closed vessel for 1 hour at T= 70 ⁰C; below the boiling-point temperature of the 2-PrOH (82.4 ⁰C), and 

MEA (170 ⁰C); followed by 24 hours of aging at room temperature (RT). These two successive steps 

aim to accelerate the slow hydrolysis/condensation rate of Zn2+ ions and minor quantities of small zinc-

oxo-acetate oligomers at early stages48. As a result, the obtained sol mainly contains inside Zn–

CH3COO and Zn–MEA soluble complexes, apt to form a ZnO skeleton during the dip-coating process.  

 

Scheme 1. The reactions equilibrium in a zinc acetate, monoethanolamine, and isopropanol in the sol-gel system. 

2.3 Synthesis of Wrinkled and Porous ZnO Multilayers  

A Holmarc dip-coating unit equipped with an infrared (IR) heating chamber (Model: HO-TH-02B) 

was used to enable the adjustment of the film’s thickness and the preheating temperature between RT 

and 200 ⁰C. All films were deposited on glass slides (4.5 cm × 2.5 cm) made of low thermal-expansion 

Borosilicate after being cleaned in acetone, ethanol, and deionized water (DIW). The glass substrates 

were then dipped in the sol for 10 seconds to minimize the generated vibrations by the contact between 
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the substrate and the liquid surface before being removed at 9 mm.s-1 (see Scheme 2). The preheating 

temperature control is crucial in preventing the film’s dewetting, and the induced formation of 

undesired cracks by solvent evaporation in addition to initiating the nano-structuration of the ZnO 

network. For that reason, the coated layer was then dried in the infra-red pre-heating chamber at an 

optimum temperature of 150 ⁰C.  Finally, the monolayers were post-heated in the air at 250, 350, 450, 

and 550 ⁰C respectively for 60 minutes, to turn the ZnO inorganic network into a crystalline structure 

and allow for the decomposition of the rest of the volatile organic by-products.  

Multi-layers (up to 7 layers) were prepared by repeating the same procedure to increase the thickness 

of ZnO films and therefore, their light absorption. After the preparation of the first layer, the film was 

air-cooled for 30 seconds before being dipped again. This process was repeated until reaching the 

desired number of layers (7 layers). The obtained multilayers were finally annealed in air at 250, 350, 

450, and 550 ⁰C for 60 minutes respectively. 
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Scheme 2. ZnO dip-coating at a withdraw speed of 9 mm/s followed by a pre-heating at 150 ⁰C in the air for 5 

minutes in the IR chamber. 

2.4 Characterization 

   The films’ thickness and porosity were measured by using an M-2000 spectroscopic ellipsometer 

from J. A. Woolllam, operating between 450 and 850 nm. Ellipsometric ψ and Δ angle plots were 

recorded at 70⁰ and fitted by using the Cauchy model.  

Thermal ellipsometry analysis was conducted with an M2000DI ellipsometer (from Woollam), 

equipped with a thermal environmental chamber, in order to define the most adequate heat treatment 

for the films’ structuration and crystallization. Measurements were performed at 70⁰ in the wavelength 

range of 350 to 850 nm. After immediate dip-coating, the deposited films on silicon wafer were first 

heated to 50 °C before gradually increasing the temperature to 500 ⁰C with a programmed ramp of 10 

⁰C/minute. The recorded data were fitted using the Cauchy model.  
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The crystalline structure of the ZnO films was analyzed by using a D8 Discover X-ray diffractometer, 

equipped with a Cu emitter anode (Kα1 and Kα2 of wavelength 1.54056 and 1.5444 Å respectively) 

and a 1D LYNEXEYE XE-T detector (Bruker). Grazing scanning mode was set up with an incidence 

angle fixed at 2⁰.  

The surface nanostructure of the films was evaluated by a field emission gun scanning electron 

microscope (FEG-SEM) model MIRA 3 TESCAN, employed at a voltage of 15 kV. As for the cross-

sectional view, a Hitachi SU-70 FESEM apparatus operating at 5 kV was used. 

The optical absorbance of the deposited films on glass slides was measured at room temperature by 

using a Specord 50 plus UV-visible spectrophotometer from Analytic-Jena, Germany.  

2.5 Set-Up of the Photocatalytic System 

The as-prepared ZnO thin films were immersed inside Pyrex photocatalytic reactors of 50 ml, filled 

with 45 ml MB aqueous solution of 10 and 30 μM, respectively. The dipped area of the films in all 

cases corresponded to 11 cm2 (the photocatalytic activity was measured per 1 cm2 irradiated surface). 

The photocatalytic reactors were initially kept in the dark to avoid any reflected sunlight from the 

surrounding. After equilibration in the dark for 12 h according to the ISO 10678:201049, the 

photocatalytic tests were carried out at RT for a maximum time of 8 hours, where two irradiation 

sources were individually employed, covering two ranges of the solar spectrum:  

– The first one corresponds to a UVA lamp of λ = 365 nm placed at 5 cm from the photocatalyst 

surface with a measured emitted illuminance equal to ~ 500 lux;  

  The second one corresponds to a visible LED lamp (200W flood day-light) with no UV or IR 

emission, fixed at 15 cm from the surface of the photocatalyst, to deliver a similar luminous flux of 

direct sunlight equal (98 Klux), measured at noon. 
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3. Results and Discussion 

3.1 Microstructure of ZnO Thin Films  

A field emission gun scanning electron microscope was employed for the nanostructure analysis of 

the films’ surface. Highly homogenous, porous, and crack-free films with a spinodal-like pattern of 

ridges and valleys, also known as surface wrinkling, were identified in Figures 1a & b.  The protrusive 

parts (ridges) were characterized by a width between ~ 100 to 220 nm and separated by a regular 

distance stretching from ~ 90 to 200 nm, forming the hollow parts (valleys). The cross-section in the 

inset of Figure 1b revealed that the 7 layers’ film is homogenous and continuous with a thickness of ~ 

250 and 190 nm at each of the ridges and valleys, respectively. This observation came to be comparable 

with the measured thickness by ellipsometry that resulted in a ~ 250 nm film.   
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Figure 1. (a) SEM top view image for 7 layers’ ZnO thin films after post-heat treatment at 450 ⁰C, (b) Zoomed-

in view of “a”, the inset represents a cross-sectional view of figure 2b, (c) Pores distribution on ridges and valleys 

by treating Figure 2b using Image J software, (d) Pores’ Feret diameter (FD) distribution from figure 2b, the 

inset represents the FD of distributed pores between ridges and valleys. 
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To assess the surface porosity, the SEM micrographs were treated through successive segmentation 

steps. First, a binary image was obtained by a threshold segmentation following the Otsu method50. 

Residual pixels formed by segmentation errors were excluded using the ‘Remove outliers’ noise filter. 

Next, the pore boundaries were defined by watershed segmentation (Figure 1c), and their 

microstructural properties, including, the count of pores by area, pores’ Feret-diameter, and porosity, 

were extracted and plotted in Figure 1d. Herein, the maximum Feret diameter for each pore was 

recorded. 

Non-spherical and hierarchical pores were distributed along the film’s surface and mainly concentrated 

in hollow areas (valleys). The distribution of pores’ Feret-diameter (Figure 1d) revealed that almost 93 

% of pores were characterized by 5 nm 51< FD < 60 nm and a minority of 7 % was characterized by 

60 nm < FD < 280 nm. As a result, a concentration of ~ 912 pores.mm-2 with an average FD of ~ 24 

nm were obtained, relatively bigger than their reported counterparts by conventional synthesis methods. 

As summarized in Table 1, approaches such as hydrothermal growth, electrodeposition with and 

without a structure-directing agent (such as Eosin Y & B), and sol-gel dip-coating, resulted in 2 nm < 

Pore Diameters < 8 nm. Although ZnO films with pore diameters between 10-20 nm were obtained via 

electrodeposition, cracks were unable to be avoided52. On the other side, porous ZnO with a diameter 

exceeding 200 nm, was only observed with the employment of templates and more specifically when 

utilizing big particles of latex polystyrene53.  
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Table 1. Synthesis approaches and pore diameter of porous zinc oxide thin films compared with the as-prepared porous 

wrinkled ZnO. 

Reference Synthesis Approach Surface-Pore diameter 

Template-Free 

Yu et al.54 Classic sol-gel dip-coating ~2-5 nm 

Pauporté et al.55 
Electrochemical deposition using Eosin Y 

as a structure-directing agent 
~2-8 nm 

Zhang et al.56 Hydrothermal method ~6.92 nm 

Nguyen et al.57 

Electrodeposition in the presence of 

Eosin Y/B as a structure-directing agent 

(SDA) 

~8 nm 

Venditti et al.52  Electrodeposition ~10–20 nm (presence of cracks) 

Template Based Techniques 

Xu et al.58 
Self-assembly of modified colloidal ZnO 

nanocrystallites and P-123 copolymers. 
~2.7 nm 

Zhang et al.59 Bio-template (Maize) based method ~10.8 nm 

Kim et al. 
Atomic layer deposition (ALD) based on 

self-assembled block copolymer  
~30 nm 

Kousik et al.60 
chemical bath deposition-polystyrene 

(PS) based  
~50 nm 

Liu et al.53 latex PS spheres as templates ~230-280 nm 

This study Sol-gel dip-coating ~ 24 nm (Crack-free) 

 

In addition, a comparable porosity of ~ 25 % was revealed from the top view SEM and the ellipsometry 

measurements, demonstrating that these pores were mainly concentrated in the first few nanometers of 

the film. This porosity was relatively higher than the obtained one by some conventional synthesis 

techniques and comparable to the reported one by advanced methods where expensive templates and 

more complex systems were used. For instance, surface porosities of ~ 12-13 %, were reported when 

atmospheric plasma spraying or classic sol-gel dip-coating were employed61,62. However, higher 

surface porosities > 34 %, were reported only in cases of usage of templates such as polymeric 

nanofoams63. Thus, this homogeneous distribution of pores would contribute to enhancing the 

photocatalytic activity by increasing the contact area between the ZnO thin films and the probe 
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molecule. The formation mechanism of such nanostructure is predicted through the thermo-

ellipsometry technique as explained in the following section. 

3.2 Pores & Wrinkle Evolution Mechanism 

The evolution of the ZnO microstructure as a function of heat treatment was monitored via thermo-

ellipsometry analysis (Figure 2). The as-prepared films underwent first a ~ 60 nm shrinkage as the 

temperature increased from 50 to 120 ⁰C indicating the evaporation of the isopropanol solvent and 

some of the MEA molecules (step I). Accordingly, a remarkable increase in the refractive index (η) 

reaching ~ 1.54 was observed owing to the partial densification of the film. Increasing the temperature 

from 120 to 140 ⁰C induced a sharp decrease in the thickness to almost 53 nm, and the refractive index 

plummeted to 1.498, mostly due to the evaporation of the remaining MEA and the formation of Zn-

oxoacetate (step II)48. This intense drop in the refractive index value could fairly represent the 

formation of pores filled with air of η ~1 in the 3D network film. When the temperature continued to 

ascend to 285 ⁰C, the refractive index increased rapidly reaching 1.57, indicating the beginning of the 

crystallization (step III)47. This observation came in accordance with the XRD measurements that 

reveal a film’s crystallization starting from ~ 250 ⁰C (Figure S2). However, the last shrinkage occurred 

beyond 285 ⁰C, in conformity with the sudden observed reduction in the refractive index to 1.52, within 

the range where the acetate starts to thermally decompose, creating an additional porosity (step IV)47. 

Finally, as the crystallization continued as a function of the temperature elevation till 500 ⁰C, and thus 

the film densified, η took back a gradual ascension behavior (step V). 
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Figure. 2 Thermo-ellipsometry analysis (10 ⁰C.min-1) of the deposited films visualizing the variation 

of its thickness (dark blue) and its refractive index at λ = 632 nm (dark red) as a function of the 

temperature increase. 

Based on the above thermo-ellipsometry data, a mechanism of pore and wrinkle formation was 

proposed. Wrinkling is a well-known phenomenon in nature, usually observed in different length 

scales, from macro to nano, and most often studied in systems with rigid skin established on visco-

elastic foundations64,65. The spontaneous formation of such surface wrinkles represents a certain type 

of instability-driven self-organization66 under extrinsic stress, such as mechanical compression67, or 

intrinsic, such as thermal expansion or compression68. In this scope, when such types of compressive 

stress exceed the critical force of the film and under lateral contractions, induced by the Poisson 

effect64, the film tends to bend its flat surface and create an ordered pattern of ridges and valleys called 

wrinkle structure (perpendicularly oriented to the axis of principal compressive stress)69,70. The physics 

behind the wrinkling (or buckling) in a bilayer system of thin films founded on a compliant substrate 

is well known71. However, the type of wrinkling that usually occurs in a sol-gel thin film during the 
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initial stages of pre-nucleation, is more complicated as it is affected by a complex of chemical and 

physical processes such as gelation, wetting, chemical/phase transformations, & crystallization48,72. 

The observed film wrinkling & porosity in this study was a consequence of the chemical/physical 

evolution of the ZnO network, driven by the application of a specific pre-heat treatment. For instance, 

finding the adequate synthesis conditions for the as-prepared sol-gel system, and applying them in the 

right order was of great importance because, at the pre-nucleation state, the dip-coated film is still an 

elastic gel, retaining inside a certain amount of organic molecules (prop-2-ol, MEA, acetic acid, soluble 

acetate, and complex MEA-acetate group)47.  

To induce the film wrinkling, a fast pre-heat treatment, provided by the IR chamber, was applied to the 

dip-coated gel. This thermal curing drove the drying process to begin from the top of the film and to 

turn its upper surface into a rigid skin with a much higher elastic module than its viscous interior 

(Scheme 3a), wherein the solvent vapor was building up and the skin became prone to bending71. As 

the prop-2-ol exhibits the lowest boiling point compared to the other organics, it was assumed that the 

viscosity gradient created by the drying process was mainly governed by the evaporation rate of the 

solvent.   
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Scheme 3. Schematic diagrams of wrinkling pattern evolution (a) Formation of a rigid skin over a viscous layer 

and vapor build-up in the latter, (b) Vapor Discharge, formation of pores, polymerization of the 3D network, 

and bending of the upper skin n (c) Pores stretching and film consolidation. 

As the drying continued and the condensation reactions evolved during the preheating step, the solid 

skin turned thicker and the inner viscous part transformed into a viscoelastic gel as sketched in Scheme 

3b. The resulting capillary pressure gradient from the evaporation of the volatile organic components 

(VOCs), drove these latter to escape the medium leaving behind some open spots for liquids’ expulsion, 

induced by the film shrinkage31. Simultaneously, the accumulated internal stress in the films was 

released during the drying process, resulting in the formation of wrinkles42. As a consequence, the 

created vacant spots by the evaporation of VOCs, became wider as they were stretched by the exerted 

tensile stress created by film wrinkling and transformed into noticeable pores. As this tensile stress 

increased when moving from the summit of the ridge toward the bottom of the valleys, the pores grew 

bigger. This tensile-stress gradient could be explained by the classical surface-energy theory shown in 

(Eq.1)71: 

𝐺𝑠 = 𝐺0
𝑠 + 𝜂𝑉𝑀𝛾                                                    (Eq.1) 

Elastic Skin 

Viscous Layer 

Vapor Discharge                                                                       

Skin Bending                                      Wrinkling & Pores Formation                       Film Consolidation 

(a)                                         (b)                                       (c) Thermal stress 
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where, 𝐺𝑠, 𝐺0
𝑠, η, VM and γ refer respectively to the surface free energy, the free energy of the flat 

surface, curvature, molar volume, and surface tension. As the curvature for a convex surface is positive 

while negative for a concave surface, it could be fairly deduced that cavities are characterized by low 

surface free energy and ridges with higher ones, making them denser. The desired porous and wrinkled 

structure was then consolidated at the final step of pre-heat treatment, as observed in Scheme 3c.  

This analysis came in agreement with the reported equation by Kwon et al.73 regarding the required 

total free energy (Ft) to build a wrinkled pattern in sol-gel-derived films (Eq.2): 

𝐹𝑡 = (
2𝐸𝑚𝑡𝑚

3 𝐾2

32
+

6𝜏𝑝𝐸𝑚𝑉𝐸

𝜀2𝐾2
)

𝜀2𝐾2

4
                                                (Eq.2) 

Em, tm, K, τp, VE & ε refers respectively to Young's modulus, film thickness, wave number of the pattern, 

relaxation time, volumetric evaporation rate of the solvent per unit area of the films, and amplitude of 

a wave shape on the film surface. As noticed, the film thickness and solvent discharge (VE) rate affect 

directly the total free energy and therefore, play a crucial role in defining the surface morphology. 

Accordingly, the size evolution of the observed surface porosity along with the protrusive and hollow 

areas complies with the discussed mechanism.  Herein, the located pores at the ridge were characterized 

by smaller FD (~5 nm < FD < 30 nm) compared with the ones located in the valley (~50 nm < FD < 

280 nm).  

The subtle tuning of the pre-heat treatment conditions, the evaporation rate, the withdrawal speed, and 

the sol composition is crucial to controlling the total free energy of the film’s surface at the pre-

nucleation step, allowing the production of a wrinkled-porous structure. However, poor control of the 

treatment and the sol-gel conditions prevents the creation of wrinkled structures. For instance, Park et 

al., Malek et al., and Kim et al. obtained dense ZnO thin films, due to the overlapping of solvent 

evaporation and crystallization of the 3D network, therefore, hindering any chance for the film to 

relax43,44,46. Similarly, a low preheating temperature or a slow evaporation rate could result as well in 
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dense ZnO films41,42. Furthermore, the effect of the heat treatment on the optical properties of the coated 

material is analyzed in the section 3.3. 

3.3 The Effect of Wrinkled Structure on ZnO Optical Properties 

Zinc oxide crystallizes under ambient conditions in a Wurtzite structure with a relatively wide 

bandgap (direct Eg = 3.2–3.4 eV at 300 K), embedding many native defects such as oxygen vacancies 

(Vo) and interstitial zinc ions (Zni)44. The adsorption and desorption of oxygen on the ZnO surface and 

grain boundaries could significantly affect the mobility of the charge carrier within the oxide material. 

For these reasons, the enhancement of the optical properties of the as-prepared ZnO films is a crucial 

step for generating more electron/hole pairs, promoting their conductivity at the grain boundaries, and 

therefore, producing more reactive oxygen species (ROS) such as O2
•⁻/OH•/HO2

•74.  

In this context, the effect of the heat treatment between 150 and 550 ⁰C on the absorbance of ZnO films 

was evaluated by a UV-vis spectroscopy between 300 and 800 nm. As the heating temperature 

increased, a hyperchromic shift was observed accordingly until reaching a maximum at 450 ⁰C (see 

Figure 3a), probably due to the reduction of the intrinsic bandgap of crystallite ZnO, owing to the 

electron transitions from the valence band to the conduction one (O2p→Zn3d)75, as well as to the 

consolidation and the crystallization of the film (Figure S2).  

However, the treatment at 550 ⁰C led to a slight decrease in absorbance. This behavior could be related 

to the inter-diffusion of elements at the borosilicate/zinc oxide interface76,77 in addition to the 

compensation of non-stoichiometric ZnO by induced oxidation from the atmospheric oxygen78. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/holes-electron-deficiencies
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Figure 3. (a) Room-temperature UV-vis absorbance spectrum of a 1 layer ZnO thin film after pre-heat treatment at 150 ⁰C 

for 5 minutes and after post-heat treatment at T = 250, 350, 450, and 550 ⁰C for 1h, (b) Optical bandgap (Eg) obtained from 

the derivative of the absorbance spectrum for (a) The inset visualizes the variation of Eg in the function of T ⁰C.  

  

The optical band gap (Eg) could be commonly obtained by finding the first maxima at the lower energy 

side once plotting the first derivative of the absorbance with respect to photon energy (dA/dE), as a  

function of photon energy (E) (Figure 3b)79. A rapid decrease of the Eg from 3.5 to 3.35 eV was noticed 

when increasing the temperature from 150 (pre-heating step) to 250 ⁰C, while, a slight narrowing of Eg 

from 3.35 to 3.28 eV was registered between 250 and 450 ⁰C as seen in the inset of Figure 3b. This 

behavior is probably due to the beginning of ZnO transformation from amorphous to crystalline state 

at 250 ⁰C because it was shown that in ZnO films prepared out of zinc acetate-2-methoxyethanol-MEA 

solutions, the crystallization normally occurs between 200 and 300 ⁰C, leading to the relatively high 

narrowing in the Eg47. This was furtherly confirmed by the XRD measurments which shows that the 

coated ZnO begins its crystallization at 250 ⁰C (Figure S2). At T > 250 ⁰C the minor decrease of Eg is 

attributed to an enhancement in the crystallinity, accompanied by a reduction of voids at the grain 

boundaries, in addition to fluctuations in the concentration of impurity energy levels and mixed-valence 
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states in the bandgap of the non-stoichiometric ZnO75,78. This comes in agreement with Ma et al.80 who 

reported a redshift of the prepared ZnO thin films as the annealing temperature increased, and explained 

it with the quantum confinement effect due to an increase in the diameter of the grains. For these 

reasons, an optimum annealing temperature of 450 ⁰C was adopted. 

Moreover, the effect of increasing the number of layers on the optical absorption of the ZnO thin films 

was measured after an optimum post-heat treatment at 450 ⁰C. The obtained multilayered films 

appeared transparent, and showed rainbow-like prismatic colors, as seen in Figure 4a due to the change 

of film thickness over the glass substrate surface of 11 cm2. 

 

 

Figure 4. (a) Macroscopic view of a 7 layers film after annealing at 450 ⁰C for 1h, (b) Room temperature UV-vis absorbance 

spectrum of a 1, 5, and 7 layers ZnO thin film deposited by sol-gel dip-coating on glass substrates after a post-heat treatment 

at 450 ⁰C for 1h, and (c) Variation of films’ thickness as a function of the number of layers (measured by ellipsometry).  

The intensity of the absorption spectra augmented as the number of layers increased from 1 to 7 by a 

factor of 6 with a maximum registered at ~ 365 nm (Figure 4b). This was mainly due to the increase of 

the films’ thickness leading to a maximum generation of electron-hole pairs and consequently to a 

better photocatalytic efficiency. This increment in the films’ thickness was measured by ellipsometry 
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as seen in Figure 4c and found to be 47, 130, and 250 nm for 1, 5, and 7 layers, respectively. The 

relation between the optical properties of the ZnO films and their photocatalytic performances is 

discussed in the upcoming section. 

3.4 Photocatalytic Efficiency of ZnO films 

The photocatalytic activity of ZnO films was measured under UV and LED light by using methylene 

blue (MB) as a probe molecule. Methylene blue is a heteropolyaromatic dye belonging to the thiazine 

family81. Once dissolved in an aqueous solution, it absorbs the light in both UV and visible regions, 

with two maxima at ~ 293 nm and 665 nm, referring to the π – π* and n – π* transitions respectively81,82 

(Figure S1). Therefore, the absorbance of such irradiations by the MB could lead to its photo-excitation 

in a singlet state (1MB*) and triplet state (3MB*)83. The latter is known to react with the dissolved 

oxygen to form a superoxide anion radical (O2
•), which can mineralize the dye through a chain of free-

radical reactions into CO2 and H2O74,84.  

To avoid any light absorbance by the dye that could theoretically lead to its photolysis, the 

photocatalytic activity of the ZnO films was optimized under a UVA (λ = 365 nm) irradiation source 

wherein, the dye shows a minimum of light absorbance. The photocatalytic efficiency was measured 

based on the Beer-Lambert law (Eq.3) and plotted with respect to the irradiation time by applying 

(Eq.4): 

𝐴0 = 𝜀 × 𝐿 × 𝐶0                                                            (Eq.3) 

𝑀𝐵 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % = (
𝐴

𝐴0
) × 100 = (

𝐶

𝐶0
) × 100                               (Eq.4) 

where A0, A, C0, C, Ԑ & L refer r espectively to the MB light absorbance at t0, MB light absorbance at 

t, MB concentration at t0, MB concentration at t, molar absorptivity, and length of the light path. The 

photodegradation of (10 μM) MB with a single layer ZnO thin film was tracked over the experimental 

https://www.google.com/search?sa=X&bih=696&biw=1536&hl=en&q=Molar+attenuation+coefficient&stick=H4sIAAAAAAAAAOPgE-LQz9U3MEzLzlPiBLGM0vKKKrW0spOt9FNTSpMTSzLz8_TT8otyS3MSraC0QmZuYnqqQmJecXlq0SNGE26Blz_uCUtpT1pz8hqjKhdXcEZ-uWteSWZJpZA4FxuUxSvFzYWwgWcRq6xvfk5ikUJiSUlqXinYHoXk_NS0tMzkzNS8EgCzMCt3mgAAAA&ved=2ahUKEwj6wu74-NPzAhU68uAKHaR7Cb0Q24YFegQIPBAD&cshid=1634559591471876
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time (480 minutes). Under UVA irradiation (λ = 365 nm) and without the use of a ZnO photocatalyst 

(blank MB solution), the UV-vis spectrum (Figure 5a) showed no significant changes in the absorbance 

after 480 minutes. However, when the ZnO photocatalyst was added, an important decrease in the 

absorbance values was observed after the same irradiation time and under the same conditions (Figure 

5b). The percentage of MB degradation as a function of time with and without photocatalyst was 

calculated by applying Eq.4 and plotted in Figure 5c. MB was degraded up to 5 % only without ZnO 

and up to more than 70 % when the photocatalyst was used confirming that the photolysis mechanism 

was well prevented and the reduction of MB in the system was only due to the photocatalytic activity 

of ZnO films.  

 

Figure 5. Photocatalytic degradation of 10 μM MB Under UVA (λ=365nm) (a) UV-vis spectrum of Blank MB 

plotted in function of time, (b) UV-vis spectrum of MB photodegradation by 1L of ZnO annealed at 250 ⁰C, 

plotted in function of time, (c) Comparative photodegradation of MB with (red line) and without (blue line) the 

single layer of ZnO thin film. 
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3.4.1 Optimization of ZnO photocatalytic Activity  

The electron transfer dynamics in the porous and wrinkled ZnO films and therefore, its photocatalytic 

activity is directly affected by the film’s optical properties. For this reason, the photocatalytic kinetics 

of the coated ZnO were studied as a function of the conducted post-heat treatment and films’ thickness.  

The photocatalysis kinetic was deduced from the Langmuir–Hinshelwood kinetic model (Eq.5)85: 

𝑟 = −
𝑑𝐶

𝑑𝑡
=

𝐾𝑟.𝐾.𝐶

1+𝐾.𝐶
                                                               (Eq.5)   

where r, C, K, kr, and t represent the reaction rate, dye concentration at time t, adsorption equilibrium 

constant, limiting rate constant of reaction at maximum coverage under the given experimental 

conditions, and contact time respectively. 

At small (mM) concentrations, (K.C <<1), the equation could be simplified to the apparent rate order, 

as presented in Eq.685: 

𝑟 = −
𝑑𝐶

𝑑𝑡
= 𝐾𝑎𝑝𝑝. 𝐶                                                     (Eq.6) 

where Kapp, refers to the apparent degradation rate. Simple integration of this equation (with the same 

conditions for C = C0 at t = 0),) gives the expected relation: 

ln (
𝐶0

𝐶
) = 𝐾𝑎𝑝𝑝. 𝑡                                                               (Eq.7) 

 Thus, the apparent pseudo-first-order rate constant (Kapp) is obtained from the slope of the linear curve 

in the plot of ln (C0/C) vs. t. 

 Effect of Post-Heat Treatment 

The effect of the film’s heat treatment on the photodegradation kinetics of 10 μM MB under a UVA 

(λ = 365 nm), was shown in Figure 6a. The blank sample of methylene blue (without ZnO 

photocatalyst) registered a negligible kinetic rate of 0.0001 min-1 referred to its very low photolysis at 
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this wavelength. However, when ZnO films were introduced into the system, a remarkable change in 

the slope values is observed for all samples heat treated between 250 and 550 ⁰C. An increment in the 

Kapp from 0.0028 to 0.0041 min-1 corresponding to an increase of 26% in the photodegradation of MB 

was seen as the heat treatment temperatures of the ZnO photocatalysts increased from 250 to 450 ⁰C 

respectively. The additional increase in temperature until 550 ⁰C had an opposite effect on the 

degradation rate constant lowering its value to 0.0038 min-1. These results came in good agreement 

with those observed in Figure 3a where the optical properties of ZnO films were drastically affected 

by the applied heat treatment. In addition, the important increase in photocatalytic degradation rate 

between 250 and 450 ⁰C, was probably related to the enhancement of crystallinity and the reduction of 

voids at the grain boundaries of ZnO films. In this respect, it was seen in Figure S2 that increasing the 

heat treatment temperature from 250 to 450 ⁰C drastically enhanced the films’ crystallinity where two 

new planes (101) and (102) were observed, and the diffraction intensity of the three others (100), (002), 

and (110) became more prominent. 

While it was supposed that an increase in temperature to 550 ⁰C would enhance the films’ efficiency, 

a remarkable decrease in the photocatalytic rate was observed, probably due to the inter-diffusion of 

elements at the borosilicate/zinc oxide interface reducing the films’ absorbance and its photocatalytic 

performance. 
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Figure 6. (a) Photodegradation kinetics of 10 μM MB under a UVA light of λ = 365 nm, by single layer ZnO thin films 

post-heat treated at different temperatures, (b) Photodegradation kinetics of 10 μM MB under a UVA light of λ = 365 nm, 

by multilayers ZnO thin films post-heat treated at 450 ⁰C.  

 Effect of Films Thickness 

The effect of the number of layers from 1 to 7 on MB degradation, was studied at the optimal heating 

temperature of 450 ⁰C and plotted in Figure 6b. The rate constant Kapp increased from 0.0041 to 0.0046 

min-1 (by ~ 12 %), as the number of layers went from 1 to 5 and the film got 2.7 times thicker. 

Thereafter, the photocatalytic activity of the 7 multilayers scored a slight increase of 6 % thus reaching 

a certain plateau at 0.0049 min-1 as the thickness was augmented by 2 times.  This increase in rate 

constants is certainly due to the increase in film thicknesses allowing the absorbance of a higher amount 

of irradiated light. Thus, the concentration of radical species in the medium will consequently increase, 

leading to a more rapid degradation rate and higher values of Kapp. A summary of the evolution of rate 
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constants as a function of the number of layers and the applied heat treatment between 250 and 550 ⁰C 

is listed in table 2. 

Table 2. Kapp of the photodegradation of 10 μM MB under a UVA light of λ = 365 nm using the as-synthesized ZnO 

layers. 1L = one layer 

 MB 

 

Blank 

MB 

& 

1L ZnO 250 ⁰C 

MB 

& 

1L ZnO 350 ⁰C 

MB 

& 

1L ZnO 450 ⁰C 

MB 

& 

1L ZnO 550 ⁰C 

MB 

& 

5L ZnO 450 ⁰C 

MB 

& 

7L ZnO 450 ⁰C 

Kapp (min-1) 0.0001 0.0028 0.0036 0.0041 0.0038 0.0046 0.0049 

 

 Effect of Irradiation Source 

As the catalytic performance of oxide materials is closely related to its Bandgap energy and the type 

of the irradiated light, the photodegradation of MB by using the optimized films (7 layers post-heated 

at 450 ⁰C for 1h) was tested under two different irradiation sources i) a day-light LED lamp emitting 

visible light with no UV or IR emissions, and ii) a UVA of λ = 365 nm. The photocatalytic degradation 

under each source was plotted in Figure 7. 
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Figure 7. Comparative photodegradation efficiency of optimized ZnO films under a day-light LED and UVA light of λ = 

365 nm, tested on 10 μM methylene blue. 

Under UVA and without ZnO photocatalyst, MB remained almost stable in the solution due to the 

prevention of its photolysis at this wavelength. The addition of the photocatalyst under the same 

conditions led to a degradation of about 60 % after 180 minutes confirming the activity of ZnO under 

UVA. However, under visible light and despite the absence of the photocatalyst, a comparable 

degradation of MB was observed (~ 68 %) due to the absorbance of MB between 500 and 700 nm 

triggering the photolysis mechanism.  Furthermore, the usage of ZnO films under visible light promoted 

this degradation to 92 % of which 24 % was removed by the activity of ZnO photocatalyst. This result 

confirms the efficacity of ZnO films under both visible and UVA irradiations. This optimized system 

seems to be more performant than other ZnO films prepared by using high-energy demanding 

techniques or by adding organic templates and doping elements (see table 3).  
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Table 3. Comparative MB photodegradation efficiency of the tailored ZnO films with other nanostructured zinc oxide coatings. The 

percentage of degradation and the apparent degradation constant were normalized to the immersed coated area of each work.  

Technique Precursor  
MB  

(μM.L-1) 
Light Source 

Normalized 

Degradation (%) 

Normalized 

Kapp (min-1) 
This study 

Chemical Spray 

Pyrolysis86 
Zinc Chloride  ~ 9.3 Sunlight (Visible + UV) - ~ 0.0017 

C = 10 μM.L-1 

Kapp = 0.0011 min-1 

 

Light Source: Visible LED 

Spray Plasma61 ZnO Powder 15 UVA - ~ 0.00011 

C = 10 μM.L-1 

Kapp = 0.00044 min-1 

 

C = 30 μM.L-1 

Kapp = 0.00022 min-1 

 

Light Source: UVA 

Template-Based by 

Sol-Gel Spin-

coating87 

Zinc Acetate  

+ 

Ag-doped 

10 UV ~ 5 % in 120 min - 

C = 10 μM.L-1 

Degradation ~ 5% in 120 min 

 

Light Source: UVA 

Doctor Blade88 
Zinc Acetate 

Dihydrate 
30 Visible LED - ~ 0.00005 

C = 10 μM.L-1 

Kapp = 0.0011 min-1 

 

 Light Source: Visible LED 

 

For instance, Navdipour et al. used a lower initial concentration of MB (~ 15 μM.L-1) and reported a 

kapp equal to 0.00011 min-1, 2 times lower than the result shown in this study (0.0002 min1)61. 

Moreover, although Faisal et al. employed a template-based approach to synthesize Ag-doped 

multilayers films of ZnO by sol-gel spin-coating, the percentage of degradation was almost similar to 

the one obtained in this work87. In addition, Wallejo et al, used the Doctor Blade method to produce 

ZnO thin films with a kapp = 0.00005 min-1 much lower than the smallest degradation rate reported 

herein88. However, El Fidha et al. recently reported a kapp of 0.0017 min-1 for a ZnO film deposited by 

chemical spray pyrolysis, yet under direct sunlight containing both visible and UV irradiations, which 

highly improves the process kinetics86.  
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4. Conclusion 

In this study, free template porous and wrinkled ZnO thin films were engineered by the sol-gel dip-

coating technique through the optimization of ZnO sol preparation and the coating conditions. In this 

regard, the dip-coating of 0.1 M ZnO sol on glass substrates preheated at 150 ⁰C and calcinated at 

450 ⁰C allowed the formation of homogenous thin films with no cracks, and characterized by a surface 

porosity of 25 %). The photocatalytic activity of the ZnO films was tested on the degradation of 

methylene blue probe molecule. An efficiency of 60 and 92 % after irradiation of only 180 minutes 

was observed under UVA (λ=365nm) and day-light LED lamps, respectively. This result shows the 

efficacy of this facile and low-cost approach of synthesis compared to some more sophisticated and 

complex methods using organic templates and/or doping metals using organic templates and/or doping 

metals (published in literature). 
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Figure S1. UV-vis spectra of aqueous MB, (*) corresponds to the π – π* transition at λ = 293 nm, (•) corresponds to 

the n – π* transition at λ = 665 nm and (x) corresponds to a minimum of absorbance by the MB molecule (365 nm). 
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Figure S2. X-ray diffraction pattern of 7 Layers ZnO thin films post-heated at 250 and 450 ⁰C for 1h. 

0

1

2

3

4

5

6

7

8

9

10

20 25 30 35 40 45 50 55 60

In
te

n
si

ty
 (

a
. 
u

.)

2 θ (deg)

ZnO at 250 ⁰C 

ZnO at 450 ⁰C 

(1
0

1
)

(1
0

2
)

(1
1

0
)

(0
0

2
)

(1
0

0
)



 

 

 

 

 

 
Chapitre IV 

 

 



Couplage des Systèmes UVA/ZnO (Photocatalyse) et UVA/Fe3+/H2O2 

(Photo-Fenton) pour Améliorer les Cinétiques de Dégradation à pH 

Neutre 

   Les procédés d'oxydation avancés (AOPs) ont suscité une attention considérable au cours de la 

dernière décennie1–4. Parmi ces AOPs, la photocatalyse hétérogène et les processus de Fenton sont 

apparus comme des méthodes attrayantes et efficaces pour l’élimination des contaminants émergents 

dans l'eau et les effluents d'eaux usées5–8. Les espèces réactives de l’oxygène (ROS) générées sont bien 

connues pour leur forte capacité d'oxydation vis-à-vis de la matière organique, conduisant à sa 

transformation en molécules moins nocives telles que l’H2O et le CO2
9. La  photocatalyse est basée sur 

la génération des radicaux tels que l’hydroxyle (OH•) et le superoxyde (O2
•⁻) lors de l'exposition d'un 

matériau photocatalyseur à une source d'irradiation10. Néanmoins, la photo-activité du matériau est 

limitée par le taux de recombinaison rapide des paires électron _  trou (eˉ_  h+)5,11–13. De plus, dans 

l'oxydation de Fenton, les radicaux HO2
• et •OH sont générés suite aux réactions entre le H2O2 et un 

catalyseur de Fer (Fe3+/ Fe2+). Cependant, ce catalyseur se régénére très lentement et donc ne peut pas 

être réutilisé dans des cycles supplémentaires, en raison de la formation de boue de fer (sludge)  
6. 

Malgré les avancées récentes sur les procédés Fenton6,14, ils sont limités à un domaine de pH  < 3, à 

l'utilisation d'agents chélatants et à la formation de boues. Tout ceci limite leur développement à 

l'échelle industrielle. 

Pour pallier les limitations des deux procédés (photocatalyse et photo-Fenton), dans ce chapitre, nous 

avons conçu un nouveau procédé qui couple le photocatalyseur ZnO avec les réactifs Fe3+/H2O2 sous 

irradiation UVA. Grâce au fonctionnement parallèle des deux procédés, les porteurs de charge 



photogénérés par le photocatalyseur sont piégés par le fer (III), limitant la recombinaison électron-trou 

d’une part et accélérant la régénération Fe3+/Fe2+ d’autre part.  

Le système UVA/ Fe3+/ H2O2 /ZnO ainsi utilisé pour la dégradation de 10 ppm de MB à un pH neutre  

(rapports molaires [H2O2]:[MB] = 52:1 et [H2O2]:[ Fe3+] = 130:1) présente une constante de vitesse de 

0,0049 min-1, dépassant la somme des deux processus individuels. Un pourcentage d'élimination de 94 

% est obtenu après 480 minutes d'irradiation. 
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ABSTRACT: Increasing the photocatalytic degradation rate of organic pollutants at neutral pH is very 

challenging. Although doping, nanostructuration, metallization, and binary/ternary oxide systems are 

widely used to improve the degradation kinetics, rapid electron _ hole recombination remains one of 

the major limitations in photocatalysis. On the other hand, the use of a homogeneous photo-Fenton-

like process is suffering from the slow regeneration of Fe3+/Fe2+ catalysts and the formation of iron 
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sludge at pH > 3. In this work, a new catalytic system is designed based on the coupling of 

nanostructured ZnO thin films with UVA/Fe3+/H2O2 for the degradation of methylene blue (MB) 

molecules at near-neutral pH. This coupled process promotes the formation of additional reactive 

oxygen species and reduces the formation of sludge by scavenging a part of the photogenerated 

electrons in the ZnO semiconductor and accelerating the regeneration of the iron catalysts, respectively. 

The UVA/Fe3+/H2O2/ZnO system used for the degradation of 10 ppm MB (molar ratios of [H2O2]:[MB] 

= 52:1, and [H2O2]:[Fe3+] = 130:1) exhibits a rate constant of 0.0049 min-1 exceeding the sum of both 

individual processes. A removal percentage of 94 % after 480 minutes of irradiation at pH ~ 7.5 is also 

observed.  

1.  Introduction 

The low efficiency and high cost of conventional treatment techniques to tackle recalcitrant organic 

molecules in aqueous mediums have motivated the scientific community to develop alternative and 

innovative technologies1. In this scope advanced oxidation processes (AOPs) have gained significant 

attention during the last decade2–5. Amongst these AOPs, heterogeneous photocatalysis and Fenton 

processes have emerged as attractive and efficient methods1,6–8. For instance, photocatalysis is based 

on the generation of highly reactive oxygen species (ROS) such as hydroxyl radical (OH•) and 

superoxide radical (O2
•⁻) upon the exposure of a photocatalytic material to an irradiation source9. These 

ROS are well-known for their strong oxidation capacity toward organic matter, leading to their 

transformation into less hazardous molecules such as H2O and CO2
10. Amongst the photocatalysts, zinc 

oxide (ZnO) exhibits strong oxidation ability, low production price, and low degree of toxicity to 

marine/human life11–14. Nonetheless, the material photoactivity is hampered by the rapid recombination 

rate of the electron _ hole pairs (eˉ_ h+) charge carrier1,11,15,16. On the other hand, Fenton oxidation is 

considered an effective technique for the remediation of emerging contaminants in water and 
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wastewater effluents due to the procedure’s simplicity, usage of inexpensive reagents, and strong 

oxidation abilities6. Particularly, homogeneous photo-Fenton processes exhibit faster degradation rates 

compared to conventional Fenton due to the high amount of generated (OH•) via the reaction between 

Fe2+ and H2O2
17. However, the iron salt catalyst cannot be reused in additional cycles, due to its 

precipitation at pH > 3 in the form of iron sludge6. Thus, heterogeneous photo-Fenton processes were 

developed by replacing the Fe2+ ions with solid catalysts, then limiting the iron ions from leaching18–

20. Despite the recent advances in Fenton processes6,21, they are still suffering from the narrow working 

pH range, the use of chelating agents, and the formation of sludge, disfavoring then their usage on an 

industrial scale.  

To overcome the limitations of both processes (photocatalysis and photo-Fenton), we designed in this 

work a new process that couples wrinkled ZnO photocatalyst with Fe3+/H2O2 under UVA irradiation. 

This is designed for the degradation of methylene blue at near-neutral pH. With both processes running 

concurrently, a win-win situation is achieved, i.e. the photo-generated electrons by the photocatalyst 

are trapped by the iron (III), inhibiting electron _ hole recombination from one side, and accelerating 

the Fe3+/Fe2+ regeneration from the other side. This innovative system enhances the degradation 

kinetics of the organic pollutants due to the presence of high concentrations of (OH•), generated through 

the presence of “free iron ions” and the ZnO photocatalyst consequently (Rn 1 _ 3)21–23: 

Fe3+ + H2O2 → Fe2+ + H+ + HO2
•        (Fenton)                           (Rn. 1) 

Fe2+ + H2O2 → Fe3+ + OH− + •OH          (Fenton)                              (Rn. 2) 

ZnO + hv → O2
•⁻+ •OH                             (Photocatalysis)                   (Rn. 3) 
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2. Experimental Section 

2.1 Reagents and Materials 

97% analytical grade zinc acetate dihydrate (Zn(CH3COO)2·2H2O) was obtained from ACROS 

organics, propan-2-ol (analytical reagent grade) from Fisher Scientific, monoethanolamine (MEA) 

(98 % analytical grade) from Fisher Scientific, iron (III) nitrate nonahydrate ( Fe(NO3)3·9 H2O) 99% 

for analysis from ACROS Organics, Hydrogen peroxide (H2O2) solution 30% (w/w) from Riedel de 

Haën, methylene blue (MB) laboratory reagent from Paskem. Borosilicate glass slides of 2.5 cm x 7cm 

and a thickness of 1 mm were obtained from Paksem.  

2.2 Characterization 

   The nanostructure of the films was evaluated by a field emission gun scanning electron microscope 

(FEG-SEM) model Hitachi SU-70 FESEM. Its crystal nature and the lattice fringe spacing were 

analyzed by a transmission electron microscope (TEM) model TWIN 120 (TECNAI SPIRIT) equipped 

with a JEOL 100CF apparatus and coupled with selected area electron diffraction (SAED). 

Both the thicknesses and the porosity of the films were measured by using a UV-NIR (193–1690 nm) 

M-2000DI spectroscopic ellipsometer from J. A. Woolllam. The measurements were conducted on the 

coated glass slide after soaking its bottom side with silicon oil and deposing it on the rigorous facet of 

a Silicon wafer. Ellipsometric ψ and Δ angle plots were recorded at 70⁰ with the CompleteEASE 

software.  

The crystalline phase of the coating was characterized with a D8 Discover X-ray diffractometer 

(Bruker), using a Cu emitter anode (Kα1 and Kα2 of wavelength 1.54056 and 1.5444 Å respectively) 

and a 1D LYNEXEYE XE-T detector. XRD measurements were performed on the coated glass 

substrates in grazing mode with an incidence angle fixed at 2⁰, and 0.05⁰ steps.  
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The functional groups at the film’s surface were analyzed by Fourier-transformed infrared (FTIR) in 

attenuated total reflection (ATR) mode with an incidence angle of 45⁰, and a 4 cm−1 resolution, using 

a Spectrum 400 model from PerkinElmer, equipped with an FR-DTGS detector (fast recovery 

Deuterated Triglycine Sulfate detector). 

2.3 Synthesis of the Wrinkled & Porous ZnO Photocatalyst 

Firstly, an alcoholic solution of 0.1 M of Zn2+ was obtained by dissolving zinc acetate dihydrate 

(ZAD) in isopropanol (2-PrOH). Next, monoethanolamine (MEA) was added dropwise with a molar 

ratio of Zn2+: MEA = 1. The sol was placed in a closed vessel and stirred for 1 hour at T= 70 ⁰C; below 

the boiling points of 2-PrOH (82.4 ⁰C) and MEA (170 ⁰C).  

After aging for 24h at room temperature (RT), ZnO sol was used to prepare multilayer films. Briefly, 

the glass slides were soaked in the sol and then withdrawn at 9 mm.s-1 to an infrared chamber for pre-

heat treatment at 150 ⁰C. The same procedure was repeated 7 consecutive times to reach the desired 

thickness. Finally, the multilayers were then post-heated for 1h at 450 ⁰C to promote the crystallization 

of the ZnO network and remove the rest of the organic molecules. The synthesis procedure of the 

wrinkled and porous ZnO thin films is detailed in our previous study1. 

2.4 Photo-Fenton and Photocatalysis Processes 

 Experimental Set-Up 

Fenton and photocatalysis experiments were conducted in batch Pyrex vessels of 50 mL, under UVA 

irradiation of λ = 365 nm. The UVA light source was placed at 5 cm from the reactors and an emitted 

illuminance of ~ 500 lux by a Testo 450 luxmeter of ±3 % precision from Testo, France. The vessels 

were filled with 45 ml of MB probe molecule (10 ppm) dissolved in deionized water (DI). The 

photocatalytic degradation of MB was carried out at room temperature (RT) for a maximum time of 8 
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hours. The kinetic data was estimated by analyzing the absorbance curves, obtained by UV-vis 

spectroscopy. For the photo-Fenton-like experiments, H2O2, and Fe3+ were successively added in 

various molar ratios from 1:1 to 40000:1 to the MB solution under near-neutral pH (~ 7.5). For the 

photocatalysis experiments, ZnO thin films (11 cm2) were immersed in the MB solution for 12 hours 

in the dark to reach the adsorption equilibrium, before initiating the photocatalytic degradation process. 

As for the coupling experiments, the MB was added to the as-prepared ZnO films followed by the drop-

wise addition of hydrogen peroxide and iron (III) reagent in a molar ratio of 130:1.  

 Kinetic Model 

The kinetics were estimated from the Langmuir–Hinshelwood kinetic model (Eq.1)24: 

𝑟 = −
𝑑𝐶

𝑑𝑡
=

𝐾𝑟 .𝐾.𝐶

1+𝐾.𝐶
                                                               (Eq.1)   

where 𝑟, 𝐶, 𝐾, 𝐾𝑟 , and 𝑡 represent the reaction rate, molecule concentration at time 𝑡, adsorption 

equilibrium constant, limiting rate constant of reaction at maximum coverage, and contact time 

respectively. 

At small (mM) initial concentrations, (𝐾. 𝐶0 ≪ 1),  Eq. 2 is simplified to the apparent rate order 

(Eq.2)24: 

𝑟 = −
𝑑𝐶

𝑑𝑡
= 𝐾𝑎𝑝𝑝. 𝐶                                                     (Eq.2) 

where  𝐾𝑎𝑝𝑝, is the apparent degradation rate. Simple integration of this equation for 𝐶 = 𝐶0 at 𝑡 = 0  

= 0 gives: 

ln (
𝐶𝑡

𝐶0
) = −𝐾𝑎𝑝𝑝 . 𝑡                                                               (Eq.3) 

𝐾𝑎𝑝𝑝 is then obtained from the slope of the linear curve in the plot of 𝐿𝑛 (𝐶𝑡/𝐶0) vs. 𝑡,  where (𝐶𝑡/𝐶0) 

is equal to (𝐴𝑡/𝐴0)according to the Beer-Lambert law Eq.4. 

𝐴 = 𝜀 × 𝐿 × 𝐶                                                            (Eq.4) 
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𝐴0, 𝐴𝑡, 𝐶0, 𝐶𝑡, 𝜀 & 𝐿 refer respectively to the molecule light absorbance at 𝑡0, molecule light absorbance 

at 𝑡, molecule concentration at 𝑡0, molecule concentration at 𝑡, molar absorptivity, and length of the 

light path. The percentage of removal is obtained from (Eq. 5) by estimating the concentration of MB 

during the experimental time. 

Efficiency =
C0 − Ct

C0
 x 100                                                  (Eq. 5) 

3. Results and Discussion 

3.1 Characterization of the ZnO Photocatalyst  

The films’ microstructure was investigated using SEM-FEG and HRTEM (Figure 1a, b). The SEM-

FEG micrographs reveal crack-free homogenous wrinkled and porous films. The ridges (protrusive 

areas) occupy a width between ~ 100 to 220 nm and stretch over a regular cleavage (hollow areas) 

between ~ 90 to 200 nm (valleys). The film’s porosity was assessed by ellipsometry.  A value of ~ 25% 

is achieved with a mean square error (MSE) of ~ 7. 

 

 

https://www.google.com/search?sa=X&bih=696&biw=1536&hl=en&q=Molar+attenuation+coefficient&stick=H4sIAAAAAAAAAOPgE-LQz9U3MEzLzlPiBLGM0vKKKrW0spOt9FNTSpMTSzLz8_TT8otyS3MSraC0QmZuYnqqQmJecXlq0SNGE26Blz_uCUtpT1pz8hqjKhdXcEZ-uWteSWZJpZA4FxuUxSvFzYWwgWcRq6xvfk5ikUJiSUlqXinYHoXk_NS0tMzkzNS8EgCzMCt3mgAAAA&ved=2ahUKEwj6wu74-NPzAhU68uAKHaR7Cb0Q24YFegQIPBAD&cshid=1634559591471876
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Figure 1. (a) SEM-FEG micrographs of 7 layers’ ZnO thin films post-heated treatment at 450 ⁰C, Inset: Cross-sectional 

view of “a”, (b) TEM image of the extracted grains from the film. Upper inset: HRTEM of identified grain boundaries. 

Bottom inset: SAEDpatternr, (c) X-ray diffraction pattern of “a”, (d) ATR-FTIR spectrum of “a”. 

High-resolution TEM images and SAED pattern (Figure 1b) show well-defined grain boundaries and 

a polycrystalline structure, respectively. 7 distinctive concentric rings are identified with lattice spacing 

corresponding to the ZnO wurtzite crystalline structure (indexed in the bottom inset of Figure 1b)25–27. 

Additionally, it can also be noticed the well-defined interface between two adjacent grains, as shown 

in the upper inset of Figure 1b.  
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Grazing incidence X-Ray diffraction was performed at an incidence angle of 2⁰ (Figure 1c). The XRD 

pattern of the multilayer thin films shows also 7 prominent peaks indexed with the (100), (002), (101), 

(102), (110), (103), and (112) crystallographic planes, representing a typical polycrystalline ZnO 

wurtzite structure. This agrees well with the SAED results25–27. The peaks’ positions are indexed to the 

JCPDS No. 01-086-3978 with lattice constants: a = b = 3.248 Å and c = 5.202 Å.  

The chemical composition of the coating was further supported by ATR-FTIR measurement (Figure 

1d). The vibrational behavior of the film’s surface is characterized by 5 main functional groups located 

at 520, 750, 895, 1730, and 3677 cm−1. The pronounced peak at ~ 520 cm−1 arises from the stretching 

vibration of Zn–O bonds28. The absorption bands at ~ 750 cm−1 and ~ 895 cm−1 are assigned to the 

stretching vibrations of Zn–O bonds28–31 and the tetrahedral coordination of Zn within the hexagonal 

ZnO lattice32, respectively. The broad absorption band at 4000–3500 cm−1 is attributed to the ZnO–H 

stretching, due to the hydroxylation of the film’s surface by the atmospheric humidity33. The weak 

absorptions between ~ 1450 cm−1 and 2000 cm−1 are associated with C–H, C–H2, C=C, and C=O 

stretching vibration bands probably due to the film’s contamination by traces of organic molecules34,35. 

3.2 Optimization of H2O2 and Fe3+ Concentrations 

In Fenton-like oxidation, reaction kinetics are intimately dependent on the H2O2:Fe3+ ratio and 

irradiation light source. Thus, finding adequate proportions and quantities of reagents is crucial for 

reducing operating costs, and avoiding unwanted reactions21. For instance, a surplus of H2O2 may 

scavenge the •OH radicals generated via Rn. 217. In contrast, a low amount of H2O2 decreases the 

generation of •OH and reduces the efficiency of the Fenton process. Furthermore, the application of 

light energy accelerates the radicals’ generation and improves the process efficiency (Figure S1). 
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The effect of [H2O2] concentration on the degradation rate (𝐾𝑎𝑝𝑝) of MB at 1 ppm [Fe3+] is shown in 

Figure 2a. For ratios between 1:1 and 700:1, the rate constant follows a single linear trend. However, 

for higher ratios up to 40000:1, the MB degradation follows two distinct regimes, with slower kinetics 

between T0 and 180 minutes, and faster kinetics between 180 and 420 minutes. At the first stage, •OH 

radicals are scavenged by the excess of H2O2 to produce HO2
• radicals with lower oxidation capability, 

hindering then the process kinetics36,37. As the experiment advances, hydrogen peroxide is partially 

consumed, disfavoring the scavenging reactions and leading to an increase in the •OH free radicals. 

After 420 minutes, the rate constants become stable because all MB molecules are nearly degraded.  

The effect of H2O2 concentration on the degradation kinetics at 1 ppm [Fe3+] is summarized in Table 

S1. 

         

Figure 2. (a) Degradation rates of 10 ppm methylene blue by different 
[H2O2]

[Fe3+]
 ratios with UVA light of λ = 365 nm, T = 25 ⁰C. 

[Fe3+] was fixed at 1 ppm, (b) Fluctuation of d(𝐾𝑎𝑝𝑝)/dr vs r plots, representing the evolution of the kinetic constants 𝐾𝑎𝑝𝑝 

(min−1) along the experimental progression of the 
[H2O2]

[Fe3+]
  ratio (R). 
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Although the surplus of H2O2 improves drastically the kinetics degradation, its use at these 

concentrations is not recommended due to the increase of cost and risks in the overall process 

(associated with handling, transportation, and storage)6.  

The selection of the optimal [H2O2]:[Fe3+] (R) can be made by plotting d(𝐾𝑎𝑝𝑝)/dR vs R (between two 

consecutive values) as shown in Figure 2b. The first derivative increases by ~ 1.8 times when R goes 

from 1:1 to 100:1, then reaches a maximum (~ 2.8) at R = 700:1 and finally decreases sharply to 0.04 

for R = 40000:1. From this perspective, R = 700:1 yields the highest efficiency considering the given 

quantity of H2O2. Furthermore, this quantity of hydrogen peroxide is found to be equal to the 

stoichiometric amount ([H2O2]:[MB] = 52:1) required for the degradation of the 10 ppm MB38. 

In addition, the Fe3+ amount should be optimized to increase the degradation kinetics while keeping a 

low sludge production. To do so, the [Fe3+] range is varied from 1 ppm to 15 ppm at a fixed initial 

concentration of H2O2 ([H2O2]:[MB] = 52:1) (Figure 3a).  
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Figure 3. (a) Degradation rates of 10 ppm MB under UVA (λ = 365 nm) at T = 25 ⁰C, with different loads of Fe3+, 
[H2O2]

[MB]
 

= 52. Top view of photo Fenton-like batch reactor with (b) 1 ppm, and (c) 5 ppm Fe3+ after one hour of irradiation. 

When the catalyst concentration goes from 1 to 3 ppm, the degradation efficiency attains 22 % in 

90 minutes of irradiation, corresponding to an increase in the rate constant by ~ 2.7 times. In this range, 

a linear degradation regime with no precipitate formation is observed (Figure 3b). Nevertheless, while 

an increase in the iron(III) concentration to 15 ppm drastically improves the final removal of MB to 94 

% in 90 minutes, the degradation kinetics follow two different regimes. The first one is attributed to 

the formation of additional hydroxyl radicals during the Fe3+/Fe2+ regeneration, leading to a rapid 

increase in rate constants in the early stages of the process. However, the second one corresponds to 

the accumulation of Fe3+ ions in the medium, resulting in a decrease in the degradation rate, and an 

appearance of an inflection point. For instance, at [Fe3+] = 5 ppm, the inflection appears at 210 minutes, 

showing the beginning of iron ions precipitation in the form of oxyhydroxide. The formation of this 

component is classified as a secondary source of pollution (Figure 3c)6. This behavior is more 

pronounced at higher temperatures, where an increase from 25 to 30 ⁰C shifts the inflection point from 

b

1 ppm

5 ppm

c
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210 to 60 minutes (Figure S2) due to the higher frequency of collisions of species in the medium. In 

addition, augmenting the [Fe3+] from 5 to 15 ppm moves gradually the inflection point to 90 minutes, 

confirming the low regeneration of the Fe3+ catalyst at high concentrations6. 

The MB removal (%) after 90 minutes of irradiation (Table S2) is quite comparable with other reported 

homogeneous Fenton systems, working in acidic pH (3 – 4), and using chelating agents such as 

ethylenediaminetetraacetic acid disodium (EDTA), and S,S-ethylenediamine-N,N-disuccinic acid 

trisodium salt (EDDS-Na) for reducing sludge formation22,37,39–41. However, all these approaches 

increase the operational cost, Total Organic Carbon (TOC) level in the water matrix, and can promote 

non-desirable reactions42,43.  

3.3 Coupling of the Photocatalytic and Photo-Fenton-Like Processes 

The enhancement of reactions kinetics and the reduction of sludge formation can be realized by 

increasing the amount of ROS and the lifetime of electron _ hole pairs. Accordingly, coupling the ZnO 

semiconductor with the Fe(III) and Fe(II) catalysts appears as an attractive approach. For instance, the 

photogenerated electrons in the ZnO conduction band reduce the Fe3+ ions instead of being recombined, 

leading to an increase in the oxidant radicals. To investigate the efficiency of the coupled processes, a 

[Fe3+] concentration of 5 ppm was chosen at [H2O2]:[MB] = 52:1. This ratio corresponds to the 

beginning of the sludge formation. 

Figure 4 presents the kinetics degradation of MB for an irradiation time of 480 minutes, using three 

systems: i) wrinkled and porous ZnO thin films, ii) photo-Fenton-like, and iii) coupled ZnO with photo-

Fenton-like. First, the ZnO thin films demonstrate a relatively low photocatalytic activity compared to 

the other systems. This is probably due to the low generation of ROS, promoted by the recombination 

of electron _ hole pairs44,45. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/total-organic-carbon
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Figure 4. Comparative degradation rate of 10 ppm methylene blue using ZnO photocatalyst, photo-Fenton-like, and the 

coupling of both under UVA light of λ=365nm, 
[H2O2]

[MB]
 = 52, and 5 ppm [Fe3+] at T = 25 ⁰C. 

On the other side, the photo-Fenton-like process exhibits a higher degradation kinetic of 0.0038 min-1 

during the first 210 minutes of irradiation, approximately twice that of the photocatalysis (0.002 min1). 

However, as the experiment proceeds, the kinetic of individual photo-Fenton-like starts declining to 

become close to that of the ZnO photocatalysts. This behavior is explained by the higher generation of 

radicals in the first part and the beginning of sludge formation in the second one (see section 2.2). On 

the contrary, the coupled processes exhibit a single degradation rate over the experimental time, with 

a 𝐾𝑎𝑝𝑝 of 0.0049 min-1 > 𝐾𝑎𝑝𝑝 (photocatalysis) + 𝐾𝑎𝑝𝑝 (photo-Fenton-like). This new system is able to 

enhance the photocatalytic activity of ZnO and the performance of the photo-Fenton-like, 

simultaneously. When the zinc oxide is irradiated by a 365 nm light source, electron – hole pairs are 

generated and promote the oxidation/reduction of H2O and O2 molecules to produce O2
•⁻ and •OH 

radicals. This phenomenon can accelerate the regeneration of Fe3+/Fe2+ and reduces the electron – hole 
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recombination (Scheme 1). The positioning of the ZnO conduction band (-0.31 V vs Normal Hydrogen 

Electrode (NHE)) enables the photogenerated electrons to reduce the Fe3+ ions to Fe2+ (E0Fe(III)/Fe(II)
=

 0.77 V vs NHE) and consequently limiting the e– – h+ recombination46–48. The iron(III) reduction is 

considered the rate-determining step because it is about 6000 times slower than iron(II) oxidation (Rn. 

2)6. Furthermore, the free •OH radicals produced by the reduction of the dissolved oxygen contribute 

to the regeneration of Fe3+ and the degradation of MB molecules49–53.  

 

 

Scheme 1. Coupled system made of the ZnO photocatalyst and the photo-Fenton-like process. 

Additionally, the hydroxyl radicals generated by the water oxidation at the ZnO valence band and the 

oxidation of Fe2+ by the hydrogen peroxide, accelerate the Fe3+/Fe2+ regeneration and participate in the 

MB degradation, respectively. Other radicals (e. g HO2
•) generated via a classic photocatalytic system 

are also involved in the oxidation process and contribute to the mechanism in Scheme 1 (not shown for 

aesthetic purposes).  



 

Chapter IV 

 114 

As a result, coupling the ZnO photocatalysis with the photo-Fenton like increases the rate constant of 

MB degradation to 0.0049 min-1 which bypasses the sum of the obtained kinetics from the individual 

processes (Figure 4). Interestingly, some Fenton processes have reported high degradation kinetics in 

acidic pH (3 – 4) conditions and at temperatures between ~30 to 35 ⁰C, or by using chelating agents. 

This novel design exhibits better performance than these approaches and other methods including 

adsorption, heterogeneous Fenton, and non-coupled ZnO photocatalysis (Table 1).  

Table 1. Working parameters and the kinetics of the as-synthesized ZnO photocatalyst, photo-Fenton-like, the coupled 

system, and other different methods such as adsorption, heterogeneous Fenton, and non-coupled ZnO photocatalysis. 

Method 
Working T 

(⁰C) 

Working 

pH 

[MB] 

(ppm) 

[Fe3+] 

(ppm) 

[H2O2]: [Fe3+] 

Molar ratio` 
Light source 

Kapp 

(min-1) 

MB removal 

(%) 

Fenton-

like/Ferrocene54 
30 4 10 N/A N/A N/A N/A 

100 in 90 

min 

Heterogeneous 

Fenton/Fe3-xTixO4
55 

RT 6.8 100 N/A N/A N/A N/A 98 in 24 h 

Adsorption/MCGO56 RT N/A 30 N/A N/A N/A N/A 96 in 14 h 

ZnO nanorods57 25 N/A 3 N/A N/A Visible ~0.012 N/A 

Dense ZnO  

film58 
RT N/A ~ 5 N/A N/A UVA ~ 0.0028 N/A 

Wrinkled ZnO 

Photocatalyst (This 

study) 

25 7.5 10 N/A N/A UVA (365 nm) 0.002 
61 in 480 

min 

Photo-Fenton 

Like (This study) 
25 7.5 10 5 130 UVA (365 nm) 0.0022 - 0.0038 

73 in 480 

min 

Coupled system 

(This study) 
25 7.5 10 5 130 UVA (365 nm) 0.0049 

94 in 480 

min 

 

4. Conclusion 

In this study, we propose a novel oxidation system to tackle organic pollutants in water at near-neutral 

pH and room temperature. Wrinkled and porous ZnO thin films are coupled to a homogeneous photo-
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Fenton-like process for the degradation of MB organic pollutants. Using a [H2O2]:[MB] stoichiometric 

ratio of 52:1; a [H2O2]:[Fe3+] ratio of 130, a [Fe3+] of 5 ppm, and a [H2O2] of 0.059 ppm, yields 94 % 

MB removal after 480 minutes. The iron catalyst plays the role of electron scavenger, therefore 

reducing the electron – hole recombination in the ZnO semiconductor. This system shows a higher 

degradation rate of 0.0049 min-1 than the two processes operating separately, due to the increase in free 

•OH radicals and the rapid regeneration of Fe3+/Fe2+. Interestingly, this prevents the formation of 

ferrous sludge without using chelating agents. Furthermore, compared to other works, this study 

presents several advantages including: i) a reduction of the process cost and risks (low [H2O2] and 

[Fe3+]), ii) a diminution of the equipements’ corrosion (low [H2O2] and neutral pH), and iii) a decrease 

of the secondary pollution (no sludge formation).   
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Figure S1. Effect of light on the Fenton process (10 ppm [MB], 5 ppm [Fe3+], [H2O2]:[MB] = 52). Blue: Photo-

Fenton + MB under UVA, red: MB (blank), and black: Fenton + MB in the dark. T = 25 ⁰C.  

 

 

 



Table S1. Effect of H2O2 concentration: Photo-Fenton-like degradation of 10 ppm [MB] at pH ~ 7.5, T = 25 ⁰C, 

and under 365 nm irradiation.  

[H2O2] (ppm) [Fe3+] (ppm)  R(molar) = [H2O2]: [Fe3+] Kapp (min-1) MB removal (%) in 480 minutes 

0.00008 1 1 0.00012 6 

0.0084 1 100 0.0003 13 

0.059 1 700 0.002 60 

0.59 1 7000 0.0037 84 

1.26 1 15000 0.0065 – 0.0071 96 

1.68 1 20000 0.0078 – 0.013 99 

3.36 1 40000 0.009 – 0.02 100 

 

Table S2. Effect of iron (III) load: Photo-Fenton-like degradation of 10 ppm [MB] at pH ~ 7.5, T = 25 ⁰C, and 

under 365 nm irradiation. 

[H2O2] (ppm) [Fe3+] (ppm)  R(molar) = [H2O2]: [Fe3+]  Kapp (min-1) MB removal (%) in 90 minutes Sludge formation 

0.059 1 700 0.002 7.3 no 

0.059 3 220 0.00245 22 no 

0.059 5 130 0.0032 → 0.0019 27 yes 

0.059 10 66 0.012 → 0.0025 67 yes 

0.059 11 60 0.015 → 0.003 80 yes 

0.059 12 55 0.024 → 0.0038 87 yes 

0.059 13 50 0.027 → 0.0046 90 yes 

0.059 14 47 0.03 → 0.0055 92 yes 

0.059 15 44 0.032 → 0.006 94 yes 

 

 



 

Figure S2. Degradation rate of 10 ppm [MB] using photo-Fenton-like at T = 25 ⁰C, and 30 ⁰C. UVA light of λ = 365 

nm, [H2O2]:[MB] = 52, and [Fe3+] = 5 ppm were used. 
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Conception de Nouvelles Couches Minces de ZnO Macroporeuses avec 

des Propriétés d'Auto-Nettoyage Améliorées 

   Ce chapitre est consacré à la conception de nouvelle structure de ZnO macroporeuse pour des 

applications d'auto-nettoyage. Contrairement à la photocatalyse aqueuse classique, ce système profit 

des molécules de H2O et O2 absorbées de l'atmosphère environnante pour produire des espèces 

réactives de l’oxygène (ROS) telles que le radical hydroxyle (OH•) et le radical superoxyde (O2
•⁻)1. Les 

revêtements de ZnO macroporeux ont été synthétisés par une approche de chimie douce, combinant 

l'auto-assemblage de polymères avec un procédé de trempage retrait d’une solution sol-gel. Ainsi, nous 

présentons une approche basée sur l'auto-assemblage de polymère, suivi d’un traitement « thermique 

flash » pour synthétiser des macro-pores. L’approche développée est universelle puisqu’elle permet 

l'utilisation d'une myriade de polymères disponibles commercialement, allant des homo polymères 

comme le polystyrène aux copolymères di- et triblocs tels que le poly(butadiène)-b-poly(oxyde 

d'éthylène) et le Pluronic F-127, respectivement. De plus, les températures peu élevées de mises en 

œuvre, permet de l’utiliser sur une variété de supports, présentant des tenues mécaniques différentes  : 

le kapton, les plaquettes de silicium, le verre… Le mécanisme de formation des macropores dans les 

films inorganique/organique a été étudié en fonction des caractéristiques physico-chimiques de la 

solution sol-gel, des paramètres de dépôt par trempage (humidité) et du traitement thermique (vitesse 

de chauffe et palier). En contrôlant le traitement thermique et l'humidité relative, nous avons pu obtenir 

des films poreux à porosité hiérarchique dont la taille des pores varie de 50 nm à 56 μm. Des mesures 

optiques montrent que les films sont transparents. Les performances d'auto-nettoyage ont été étudiées 

par ellipsométrie in situ en utilisant l'acide laurique en tant que modèle de polluant gras. Nos résultats 

ont montré une dégradation de 100 % en seulement 20 minutes. Selon les analyses SEM-EDX, XRD 

et électrochimiques, le film macroporeux (via le F-127) présente la meilleure photo-activité en raison 



de sa surface plus élevée, de sa nanostructure polycristalline et de sa capacité de chimisorption élevée. 

Cette étude montre une nouvelle approche pour concevoir des films minces macroporeux avec des 

propriétés d'auto-nettoyage performantes. 
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ABSTRACT: Self-cleaning coatings attract a lot of attention because of their potential applications in 

solar panels and construction materials. The development of novel macroporous ZnO coatings is 

reported with remarkable self-cleaning properties. The macroporosity is obtained by a flash heating of 

the hybrid ZnO-polymer film promoting the nucleation of ZnO nanoparticles and the formation of 

nano- and microbubbles that plays the role of templates. This synthesis method enables the usage of a 
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myriad of commercially available polymers, ranging from homopolystyrene to di- and triblock 

copolymers such as poly(butadiene)-poly(ethylene oxide), and Pluronic F-127. The influence of sol-

gel components and dip coating parameters on the formation of macropores in the inorganic/organic 

films was investigated. By controlling the heat treatment, we obtain hierarchical macroporous films 

with pore diameters of ca. 150 nm – 800 nm. Such macroporous ZnO films show 100 % degradation 

of solid lauric acid in solely 20 minutes. With the transparent aspect of the ZnO coatings and the 

versatile choice of coated surfaces such as Kapton, silicon wafers, and glass, our technique offers an 

elegant and energy-efficient bottom-up strategy toward the design of macroporous thin films with self-

cleaning properties. 

1. Introduction 

   Growing interest in the development of smart surfaces has resulted in a plethora of nanocoatings 

available with unique designs, and functionalities1–5. In response to this trend, photoactive self-cleaning 

materials are increasingly used in modern industries6–11. Having initially been applied to self-cleaning 

glass, they have now spread to a wide range of self-cleaning materials, including tiles, wallpaper, paint, 

blinds, concrete, and asphalt6,8,9. These materials are designed to use photocatalytic processes to break 

down organic compounds and pollutants on their surfaces when exposed to light. This unique property 

results from the transformation of light energy into electron-hole pairs in the material's conduction and 

valence bands, respectively12. Highly reactive oxygen species (ROS) with a strong capacity to oxidize 

organic matter are then formed, ultimately leading to its decomposition into harmless molecules such 

as H2O and CO2
13. 

In this context, macroporous photoactive coatings seem very interesting. Because of their large specific 

surface area, the film’s sensitivity to capillary stresses decreases, and better interaction with the organic 

molecules in the atmosphere becomes possible (at the surface of the coating and more specifically in 
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the pores)14–17. Among the various photocatalysts, ZnO is a promising candidate because of its ability 

to absorb UV light radiation (Eg = 3.37 at room temperature), its low synthesis cost, and its low level 

of environmental toxicity18–20.  

Macroporous ZnO thin films are manufactured using bottom-up synthesis techniques generally 

involving colloidal crystal templating (CCT) and breath figures or top-down approaches such as 

chemical etching, nanoimprint lithography, and laser ablation, that require special equipment, operating 

conditions, in addition to stringent post-processing protocols21–32. For example, while hard CCT often 

relies on highly corrosive chemicals to remove the template, soft CCT can be equally challenging due 

to the need for a time-consuming multi-step synthesis of the templates17. Additionally, the template 

removal must be highly controlled to avoid crack formation and collapsing of the porous network22,33. 

On the other hand, techniques such as nanoimprint lithography, and laser ablation can potentially affect 

the film properties due to the generated heat and mechanical stress30,34,35.   

On the other hand, the usage of polymers, e.g. block copolymers (BCPs), to create micellar templates 

has received significant attention as this approach allows the synthesis of porous materials such as  

TiO2, ZrO2, Al2O3, WO3, and SnO2 with pore diameters between 10 and 60 nm36–38
. Nevertheless, 

despite the various established techniques, namely solvent evaporation-induced self-assembly (EISA), 

nanoprecipitation, interfacial self-assembly, and emulsion-induced self-assembly it is still difficult to 

be applied for the synthesis of highly ordered macroporous ZnO thin films with controlled porosity39. 

Herein, we report the fabrication of macroporous ZnO coatings by flash thermal treatment inducing the 

rapid decomposition of the polymers in the organic-inorganic films previously deposited by dipping a 

substrate in a sol. The formation of submicronic to micronic bubbles is possibly at the origin of the 

porosity observed. Different polymers, including homo, diblock, and triblock copolymers are used as 
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sacrificial templates to induce hierarchical porosity ranging from 400 nm to 56 μm with good 

reproducibility. Our approach is versatile as various substrates, including Kapton, silicon wafers, and 

glass, can be used. The formation mechanism of these macroporous films has been studied as a function 

of several parameters, including the nature of the polymer, the heat treatment, and the heating rate. To 

our knowledge, no study has yet reported the manufacture of hierarchical macroporous coatings based 

on this approach. Due to the transparency of all macroporous ZnO films, their photocatalytic self-

cleaning performance was investigated using the lauric acid probe molecule and in situ ellipsometry.  

2. Results and Discussions 

   First, we studied the thermal behavior of the mesostructured ZnO films with polybutadiene-b-

polyethyelene oxide, through Thermal Ellipsometry (TE) analyses (Figure 1a). TE analyses were 

performed on stabilized hybrid organic-inorganic films at 50 ⁰C in the wavelength range of 400-900 

nm. The ellipsometric data, tan ( ) and cos() were fitted at λ = 632 nm with a Cauchy model and the 

thickness (h), and the real (n) and imaginary (k) parts of the complex refractive index of the films were 

evaluated.  The variation of the film thickness and the real (n) imaginary part are reported in Figure 1a. 

The ellipsometry data reveal that the film undergoes rapid shrinkage, from 250 nm to 140 nm, between 

50 to 150 ⁰C, mainly due to the evaporation of the residual solvents such as ethanol and the 

decomposition of the acetate group, and MEA. This was confirmed by the ATR-FTIR spectra in Figure 

S1a, where the assigned bands to the acetate anion twisting mode (620 cm−1), acetate anion scissoring 

(689 cm−1), C–C skeletal vibration mode (846 cm−1), C–CH3 framework (1056 cm−1), O-H stretching 

of intramolecular H-bond (3228 cm−1), PB and PEO groups (1112 cm−1, 1342 cm−1, 1397 cm−1, and 

1554 cm−1) disappear at 150 ⁰C40–43. The decomposition of the organic compounds is concurrent with 

the emergence of 540 and 750 cm−1 peaks,  representing the stretching vibrations of Zn–O bonds 

(starting at 150 ⁰C)44–47. Additionally, the refractive index exhibits a gradual variation before an abrupt 
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increase to 1.58, between 120 and 150 ⁰C, linked to the film’s densification. Then, the refractive index 

continues to increase up to 250 ⁰C, reaching a value of 1.58. This step may correspond to the 

crystallization of ZnO and the decomposition of the PEO block to CO and CO2 gases12,48. Prior XRD 

investigations of ZnO films have shown the presence of ZnO peaks on X-rays patterns for 200 ⁰C 

calcined films (Figure 1b). While the thickness is stabilized at 73 nm after heating at a temperature 

superior to 250 ⁰C, the refractive index decreases from 1.58 to 1.38 at 500 ⁰C, probably due to the 

decomposition of PS and the formation of porosity in the films. This is confirmed by post-mortem SEM 

images (Figure S1b).  

  

Figure 1. (a) Variation of the thickness h (black) and the refractive index n (blue) as a function of the temperature (heating 

rate: 10 ⁰C min-1) for synthesized ZnO mesoporous thin films with polybutadiene-b-polyethyelene oxide, and stabilized at 

50 ⁰C, (b) XRD pattern of the flashed mesoporous ZnO film at 200 ⁰C (dark grey), 250 ⁰C (red), and 350 ⁰C (blue). 

We then analyzed the evolution of the microstructure of ZnO films during its calcination by FEG-SEM. 

Figure 2 shows that the flash calcination of the inorganic/organic film under atmospheric conditions 

yields different morphological structures depending on the temperature.  A dense film was obtained at 

100 ⁰C (Figure 2a), while ZnO films with intriguing microstructures with features ranging from 100 – 

800 nm were obtained at T = 150 ⁰C (Figure 2b). As the temperature increased up to 250 ⁰C, these 

red
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microstructures evolve into hollow spherical-like shapes, keeping the same size range of ca. 100-800 

nm, with the ZnO grains mostly disappearing at the pores’ bottom (Figure 2c). Elemental mapping in 

Figure 2d – o and Table S1 reveals the disappearance of the amine species at an annealing temperature 

of 100 ⁰C, as demonstrated by the lack of the azote signal.  As the temperature increases from 100 ⁰C 

to 250 ⁰C, the percentage of carbon atoms decreases from 21 % to 14 % due to solvent evaporation, 

polymer decomposition, and the progressive release of zinc ligands (amine and acetates) triggered by 

ZnO crystallization (in agreement with thermoellispometry and XRD analyses). Consequently, a 

stoichiometric ratio of Zn:O close to 1:1 is attained49.  
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Figure 2. Evolution of the microstructure of ZnO film as a function of the heat treatment. SEM-FEG micrographs of the 

PB-b-PEO/ZnO films flash heated at (a) 100 ⁰C, (b) 150 ⁰C, and (c) 250 ⁰C, (d-o) Elemental mapping 

(SEM-EDX) showing the distribution of C (Blue), O (red), and Zn (green). 

Surprisingly, the pore size in these films is hierarchical and varies between 500 nm and 2 microns. 

These sizes do not correspond to the size of the micelles formed in the sol measured by DLS (see Figure 
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S2). At this stage, we suspect that the microstructure observed is linked to the flash treatment of our 

film that induces the formation of “bubbles”, and then creates this macroporous network. To confirm 

this hypothesis, we have further explored the impact of the heating rate on the microstructure of the 

ZnO films (Figure 3). A heating rate of 2.25 ⁰C/s results in the formation of porous films with pores 

below 50 nm, consistent with the size of the existing micelles in the sol solution. Because ZnO grains 

have a mean size of 20 – 40 nm, the porosity shape is deformed due to crystal growth and sintering. 

Furthermore, pre-heating the inorganic/organic film first at a low temperature of 100 ⁰C and then post-

heating it at 500 ⁰C results in the formation of a cracked surface, (Figure S3). This observation 

highlights the necessity of the instantaneous heating/quenching process to stimulate the formation of 

macropores within the ZnO films.  

 

Figure 3. Impact of the heating rate onto the ZnO microstructure. (a) SEM-FEG micrographs of a PB-b- 

PEO/ZnO film heated from RT to 450 ⁰C, with a ramp of 2.25 ⁰C/s , (b) Zoomed-in view of “A”. 

This set of data shows that fast heating enables the formation of macro-pores50. This is probably linked 

to the decomposition of micelles/solvent inside the coating that liberate instantaneously CO and CO2 

and then form pores. As these gases accumulate within a confined space and escape from the coating 
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simultaneously with the consolidation of the ZnO network, they could leave behind a physical 

impression on the surface. Consequently, vesicle-like imprint structures are observed and become more 

pronounced as the temperature of the flash treatment increases from 150 to 550 ⁰C (as previously seen 

in Figure 2). For instance, our group has previously reported this behavior on MgF2 thin films made by 

sol-gel dip coating where a thermally induced porosity has been achieved50. Interestingly, when the 

molecular weight of the PB-b-PEO is significantly reduced within the sol (0.25 M Zn2+, Zn2+:MEA = 

1:0.5), a similar imprint is obtained on the film’s surface (Figure S4). Finally, this macroporous ZnO 

coating could be achieved on diverse types of surfaces (Figure S5), different types of polymer templates 

(Figure 4), and under different operating conditions. Changing the substrates to flexible Kapton layers 

or borosilicate glass does not alternate the porous morphology of the coatings (Figure S5a and b).  
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Figure 4. Impact of the nature of the Polymer on the microstructure of ZnO films. SEM-FEG micrographs of Coated 

films on a silicon wafer, made out of (a) PB-b-PEO/ZnO sol, (b) Polystyrene/ZnO sol, and (c), F- 

127/ZnO sol. (d) Tilted view (at 20 ⁰) of “c”. All films are flashed in the air at 450 ⁰C for 30 minutes. 

We have subsequently explored the potential of utilizing cost-effective triblock terpolymers, such as 

the Pluronics (PEO-PPO-PEO), to produce ZnO films with the goal of modifying the pore's diameter. 

Macroporous ZnO films were fabricated using a synthesis protocol identical to the previous section, 

except that the PB-b-PEO and PS polymers were replaced with the Pluronic F-127 triBCPs. 

Interestingly, the films display a consistent distribution of two families of macropores, ca. 1.6 μm, and 

ca. 120 nm, respectively (Figure 5).  
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Figure 5. (a) SEM-FEG micrographs of a coated film on silicon wafers made out of F-127/ZnO sol gel (Zn2+:F-127 = 

1:0.002). Inset: Cross-section view, (b) Tilted view (at 20⁰) of “a”. Inset:  Zoomed-in views. 

More importantly, the insets of Figure 5a and a show that a ~ 22 nm thick bottom and ~ 63 nm walls 

characterize the wider pores, occupying the largest surface. In contrast to the PB-b-PEO/macroporous 

films that exhibited low ZnO density at the bottoms of the pores, this new topology displays a better 

surface coverage of ZnO materials. Interestingly, the modification of the Zn2+:F-127 ratio enables 

effective control of the porosity size (Figure S6). A fourfold increase in the ratio from 1:0.002 to 

1:0.008 yields a significant increase in the diameter of the macropores from 1.2 μm to 56 μm, while a 

decrease of the same magnitude (1:0.002 to 1:0.0005) reduces pore diameters to 400 nm (along with a 

reduction in overall pore count). Unlike non-pluronic PB-b-PEO BCP, which exhibits self-assembly in 

solution, F-127 is known to undergo evaporation-induced self-assembly (EISA) during heat treatment 

of the inorganic/organic film, leaving then small mesopores38. Interestingly in our study, large surface 

imprints are obtained. This phenomenon could also be attributed to the release of microbubbles at the 

film surface during the thermal decomposition of F-127. In addition, an increase in the amount of 

polymer in the solution leads to more pronounced imprint formation on the film surface, resulting in 

macroporosity with larger pore sizes. From this perspective, augmenting the quantity of polymers in 

the confined geometry of the inorganic/organic film and subsequently subjecting it to a flash heat 
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treatment, renders the system more thermodynamically unstable. In response to this instability, the film 

minimizes its Gibbs free energy by forming gaseous microbubbles in a larger volume. Finally, the 

macroporous films were characterized by high transmittance of light in the visible range (Figure S7a).  

 

The self-cleaning properties of these coatings have been further studied. The photocatalytic properties 

of hierarchical macroporous-templated films (thickness of 65 nm) with PB-b-PEO (M.W.(PB) = 5500 

g.mol−1, M.W.(PEO) = 35000 g.mol−1), and F-127, were investigated. The results were compared to a 

classic dense layer (Figure S8), made by dip coating with a comparable thickness to investigate the 

efficiency of these heterostructures. Lauric acid (LA) was selected as a probe molecule due to its 

physical-chemical properties, which facilitate its homogeneous infiltration and stabilization within 

porous films13,51. The photocatalytic activities of the films were assessed at 35 % humidity, by 

monitoring the evolution of their refractive index via in situ spectroscopic ellipsometry (Scheme 1)13. 

 

Scheme 1. Left: Scheme of the home-built photocatalytic setup that was used to study the evolution of the refractive index 

during UVA irradiation. Right: Proposed mechanism of the LA photocatalytic decomposition. 
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Figure 6a illustrates the percentage of volumetric reduction in LA content in each film type. In the dark, 

a negligible variation is detected (first 5 minutes). Upon the UVA irradiation, it could be seen that in 

the absence of ZnO coatings, the nude wafer-Si manifests negligible degradation, confirming that lauric 

acid is not decomposed by photolysis. However, in the presence of a ZnO-based self-cleaning material, 

significant photocatalytic decomposition of LA is recorded. In particular, films derived from F-127 

achieve ~100 % photodegradation in less than 20 minutes, whereas for the dense material, 35 minutes 

are required. The times are even longer for films derived from PB-b-PEO since 60 minutes are 

necessary for 100 % photodegradation. This confirms the impact of the exposed surface to the 

contaminating species. Although PB-b-PEO templated films display eminent porosity, the pores’ 

bottom is free of ZnO materials. On the contrary, this limitation was mitigated with the morphological 

aspect of the F-127 based films, as the bottom of the pores is fully covered with ZnO. As a consequence, 

this latter seems to expose higher surface areas than the other coatings, recording then the best 

photocatalytic performance. 
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Figure 6. (a) Normalized volume of lauric acid (Vt) to its initial value (V0), plotted versus time (t). After 5 minutes in the 

dark (grey area), the light was turned on, (b) Corresponding first-order kinetic plots (ln(Vt/V0) vs t). The black, blue, red, 

and green dots represent the blank, PB-b-PEO templated film, dense film, and F-127 templated films, respectively.  

The apparent constant rates (𝐾𝑎𝑝𝑝) were estimated from the pseudo-first-order kinetic model (Equation 

1) and are plotted for the first 15 minutes. 

ln (
𝑉𝑡

𝑉0
) = 𝐾𝑎𝑝𝑝. 𝑡                                                          (1) 

As observed in Figure 6b, the ZnO films exhibit two distinct linear regimes. During the first 5 minutes 

of photocatalytic degradation, the reaction follows rapid kinetics in the order of F-127 macroporous 

films 𝐾𝑎𝑝𝑝 (0.251 min-1) > Dense 𝐾𝑎𝑝𝑝 (0.182 min-1) > PB-b-PEO macroporous films 𝐾𝑎𝑝𝑝 (0.0529 

min-1). For the subsequent experimental time, this order remains the same, yet with a down-shifting to 

lower constant rates of 0.153 min-1, 0.108 min-1, and 0.021 min-1 (for the F-127 films, dense, and PB-

b-PEO films respectively). Generally, the photocatalytic degradation of organic pollutants in aqueous 

mediums follows pseudo-first-order kinetics which are estimated from the Langmuir–Hinshelwood 

model (Equation 2)12. 

Dark                   Light 
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𝑟 = −
𝑑𝐶

𝑑𝑡
=

𝐾𝑟 .𝐾.𝐶

1+𝐾.𝐶
                                                               (2)   

where 𝑟, 𝐶 , 𝐾 , 𝐾𝑟 , and 𝑡 represent the reaction rate, molecule concentration at time t, adsorption 

equilibrium constant, limiting rate constant of reaction at maximum coverage, and reaction time 

respectively. In such systems, the adsorption kinetics, and diffusion coefficients of organic species are 

of great importance. Unlike aqueous photocatalysis, herein there are no pollutant diffusion and 

adsorption to be taken into account, as the lauric acid molecules are already adsorbed. This condition 

suggests that the kinetic rate is only governed by the pollutant quantity, and therefore Langmuir–

Hinshelwood model is simplified to the apparent rate order in Equation 1. Such a situation implies that 

ln(Vt/V0) vs t plot would yield a linear relationship. Nonetheless, the curves exhibit different slopes, 

indicating the existence of multiple rate constants. This situation is not solely attributable to the 

exhaustion of the LA, and other factors can therefore be taken into account. Previous reports 

demonstrated the role of humidity in photocatalytic kinetics13,51. Firstly, the adsorption of H2O and O2 

on the ZnO surface produces highly reactive oxygen species (ROS) such as the hydroxyl radical (OH•) 

and the superoxide radical (O2
•⁻), which are known to be powerful oxidants of organic matter 13. 

However, when the concentration of H2O adsorbed on the surface of ZnO increases, hydroxyl 

scavengers are produced and hinder the photocatalytic activity of the material51. In our system, LA 

molecules occupy the catalytic sites at the beginning of photodegradation and then prevent water 

adsorption (Scheme 2 right). As the LA molecules decompose, water can be adsorbed on the various 

catalytic site via a condensation mechanism, thus favoring the presence of hydroxyl scavengers. When 

the water content on the surface of the ZnO film increases, competition between ROS and hydroxyl 

scavengers becomes more favorable to the latter, and photodegradation rates slow down. 
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Figure 7. (a) Normalized first-order kinetic plots of (ln(Vt/V0) vs t) to the ZnO volume in each film’s microstructure. (b) 

Capacitive current plots as a function of the scan rate. The blue, red, and green dots represent the blank, PB-b-PEO template, 

dense, and F-127 templated films, respectively. 

To compare the photocatalytic activity of the various ZnO microstructure, the ln(Vt/V0) was normalized 

to the ZnO weight of the individual films (Figure 7a). The photocatalytic activity of Pluronic-derived 

films exhibits higher photocatalytic activity than that of dense (× 1.7) and PB-b-PEO template (× 8) 

films respectively.  

As this photoactivity is mainly based on the transformation of the photonic energy into electron–hole 

pairs in the conduction and valence bands of ZnO, the material properties as well as its microstructure 

play a critical role. In particular, the competition between charge-carrier generation and recombination, 

and thus the overall quantum efficiency of charge transfer are closely dependent on the film’s structure, 

nanostructure, and surface chemistry. X-ray diffraction (XRD) indicates that all the films are 

polycrystalline with the same structure (Figure S7b). This polycrystallinity is well-known to improve 

the photocatalytic activity of ZnO films52–55. The electrochemically active surface areas (ESCAs) were 

estimated by measuring the electric double-layer capacitance (Cdl) of each film. This capacitance was 

derived from the CV curves in the nonfaradic region. It is observed in Figure 7b that the ECSA of the 
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F-127 templated films is 2.5 times bigger than that of the PB-b-PEO template ones, and 1.5 times larger 

than the ESCA of dense ZnO films. This agrees well with the SEM-FEG analyses. Although PB-b-

PEO derived films generally exhibit a macroporous structure, they are less continuous and 

homogeneous than the F-127 templated ones. In addition, the microstructure of the latter provides more 

catalytic sites compared to dense film, explaining then its better photocatalytic activity. As a result, it 

could be fairly concluded that due to the larger surface area of the F-127 templated films, and their 

polycrystalline nature, these coatings showed a much superior photocatalytic activity.  

3. Conclusion and Outlook 

   Macroporous ZnO coatings have been synthesized via the flash treatment of hybrid organic-inorganic 

films deposited by coupling dip-coating and sol solution through the formation of nano- and micro-

bubbles during the annealing. The mechanism of formation of these macroporous films was studied by 

SEM-FEG analysis. It appears to be universal as various types of polymeric chains, PS homopolymer, 

PB-b-PEO diblock, and PEO-PPO-PEO triblock copolymers, result in the formation of macroporous 

films. Interestingly, the periodic porosity varies between 150 nm to 56 μm, according to the synthesis 

conditions and more specifically to the polymer/salts ratio. Finally, the robustness of our method 

enables the deposition of such macroporous films on a versatile range of substrates, such as Kapton, 

silicon wafers, and glass, extending them their possible applications.  

The self-healing properties of these transparent, ZnO macroporous films have been investigated by in-

situ ellipsometry using lauric acid, as a model. Interestingly, these films demonstrate high self-cleaning 

potential towards organic contaminations, due to the semi-conducting character of ZnO enabling a 

photocatalytic degradation of the organic matter. In contrast to classic aqueous photocatalysis, the 

absorption of H2O and O2 molecules from the surrounding atmosphere in the ZnO macroporosity 

allows the production of highly reactive oxygen species (ROS) including hydroxyl radical (OH•) and 
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superoxide radical (O2
•⁻). Interestingly, the normalized kinetic data to the weight of zinc oxide shows 

faster kinetics for the Pluronic-templated film compared to a classic dense one. The former reached 

100 % degradation in solely 20 minutes. Based on SEM-EDX, XRD, and electrochemical  

measurements, the Pluronic-templated film shows the best photoactivity due to its higher surface area, 

its polycrystalline nanostructure, and its high chemisorption ability.  

4. Experimental Section 

4.1 Reagents and materials 

   Zinc acetate dihydrate, ACS reagent grade (Zn (CH3COO)2·2H2O > 98 %), from Thermo Scientific. 

Polystyrene, P8610-St, (M.W. = 278000 g.mol−1), poly(1, 4-butadiene)-b-poly(ethylene oxide), P3902-

BdEO, (M.W.(PB) = 5500 g.mol−1, M.W.(PEO) = 35000 g.mol−1), and poly(1, 4-butadiene)-b-

poly(ethylene oxide), P8678-BdEO, (M.W.(PB) = 2000 g.mol−1, M.W.(PEO) = 2500 g.mol−1) from 

Polymer Source. Pluronic F-127 poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide), 

(C3H6O.C2H4O)x, and lauric acid analytical grade (C12H24O2 > 99.5 %), from Sigma Aldrich. 

Monoethanolamine ACS reagent grade (C2H7NO > 99 %) from Honeywell Fluka. Ethanol and 

methanol absolute ACS reagent grade (99.97+%), from VWR Chemicals. All products were used as 

received without further purification. 6 inch-diameter p-type (100) Si wafer with a resistivity of 1–10 

Ω.cm was purchased from Siltronix Silicon Technologies. Deionized water (DI) of ~ 18.2 MΩ.cm was 

obtained with a Milli-Q system. 

4.2 Fabrication of Porous ZnO Thin Films 

4.2.1 Sol-Gel Formulation 

   A sol of 0.5 M of Zn2+ was prepared by first dissolving zinc acetate dihydrate (ZAD) in absolute 

ethanol,  then, gradually adding monoethanolamine (MEA) to the mixture with a molar ratio of Zn2+: 

MEA = 1. By the dropwise introduction of the ligand to the solution, nucleophilic species such as MEA, 
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and acetate counter ions (CH3COO−) effectively coordinate with the Zn2+ Lewis acid center to form 

stable complexes, therefore delaying the cation condensation. Additionally, the low-water 

concentration medium contributes to a relatively slow hydrolysis rate. To accelerate the slow 

hydrolysis/condensation rate of Zn2+ ions, the solution was stirred in a closed vessel for 1 hour at T= 

65 ⁰C; below the boiling-point temperature of ethanol (82.4 ⁰C), and MEA (170 ⁰C). Subsequently, the 

solution was aged at room temperature (RT) for 24 hours. The resulting sol mainly contained soluble 

complexes of Zn–CH3COO and Zn–MEA, which are apt to form the ZnO skeleton during the dip 

coating process12. This sol will be referred to as the “precursor sol”. When stored at room temperature 

(RT), it can be used for over 3 months. 

Homopolymer and Diblock Copolymer (DBCP) Templating Systems: 30 mg of polystyrene and poly(1, 

4-butadiene)-b-poly(ethylene oxide), (PB-b-PEO), were separately dissolved in 2.367 g of absolute 

ethanol (equivalent to 3ml). Transparent solutions were obtained after stirring at 70 ⁰C for 1h. 

Subsequently, the polymer solutions were cooled down at RT, and 3 ml of the zinc “precursor sol” was 

added dropwise. The concentration of inorganic salts in the final solution is 0.25 M (2.86 g of 

“precursor solution”). These mixtures were stirred for 30 minutes at 70 ⁰C. The resulting 

polystyrene/zinc and  PB-b-PEO/zinc systems are respectively referred to, as “Sol A” and “Sol B”. 

Triblock Copolymer Templating System: Two different systems were herein employed. The first one 

consists of dissolving Pluronic F-127 (PEO-PPO-PEO) in ethanol and then stirring the mixture at 70 

⁰C for 1h to complete the dissolution of the polymer. After cooling at RT, 3 ml of the zinc “precursor 

sol” was added dropwise into the cooled surfactant solution to give a final concentration of inorganic 

salt equal to 0.25 M (Sol C). Herein, Pulronic was added in 4.7, 9.5, 19, 38, 75, and 150 mg to give 

Zn2+:F-127 ratios of 1:00025, 1:0.0005, 1:0.001, 1:0.002, 1:0.004, 1:0.008 respectively. In the second, 

a solution was made out of 0.73 g of F-127 dissolved in 45 g of ethanol and 10 g of DI water “D”.  
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4.2.2 Dip Coating of the ZnO Thin Films 

   Thin films were prepared by using a dip-coater unit (Acedip from SolGelWay Society), equipped 

with a humidity (RH) chamber, tunable from 0 to 80 % RH. Silicon wafers, Kapton, and borosilicate 

glass were utilized as different substrates to demonstrate the versatility of coated surfaces. All the 

substrates were successively cleaned with ethanol and acetone and then dipped in each sol for 10 

seconds before being withdrawn at 9 mm.s-1. This immersion time aims to minimize the generated 

vibrations by the contact between the substrate and the liquid surface. For Sol A, B, and C, the dip 

coating was performed at room temperature with humidity ranging between 20 to 35 %.  

The thermal treatment regime is crucial to induce the hierarchical self-assembly of polymers, 

concomitantly with the formation of the 3D ZnO network. Thus the coated layers were flash calcined 

for 30 minutes at different temperatures between 100 and 550 ⁰C unless denoted differently in the text.  

4.3 Characterization 

4.3.1 Scanning Electron Microscopy (SEM) Coupled with Energy Dispersive X-ray Spectroscopy 

   The films’ morphologies were evaluated by a field emission gun scanning electron microscope (FEG-

SEM), model Hitachi SU-70 FESEM (Schottky type gun). Nanoscale was achieved at a voltage of 

10 kV with a typical resolving power of 1 nm. The analysis of the elemental composition (EDX) was 

performed on a ZEISS Gemini SEM 360 equipped with an Oxford Instruments Ultim Max 170 mm2 

detector. SEM images and EDX mapping were obtained by an Inlens SE detector (in the column) at a 

5 kV accelerating voltage. Oxford Instrument Aztec software was used for the acquisition of EDX 

maps. 

4.3.2 X-ray Diffraction (XRD) 

   The crystalline phase of each coating was characterized with a D8 Discover X-ray diffractometer 

(Bruker), using a Cu emitter anode (Kα1 and Kα2 of wavelength 1.54056 and 1.5444 Å respectively) 
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and a 1D LYNEXEYE XE-T detector. XRD measurements were performed on the coated substrates 

in grazing mode with an incidence angle fixed at 2⁰, and 0.05⁰ steps.  

4.3.3 Spectroscopic Ellipsometry  

   The thicknesses, porosities, and refractive indexes of the films were measured by using a UV-NIR 

(193 – 1690 nm) M-2000DI spectroscopic ellipsometer from J. A. Woolllam. The measurements were 

conducted on the Silicon wafer slides. Ellipsometric ψ and Δ angle plots were recorded at 70⁰ with the 

Complete EASE software. The data were fitted using a suitable model composed of a Si substrate, and 

a Cauchy layer representing the ZnO material with variable thickness and optical constants, coupled to 

an EMA layer to model the porosity. The mean-squared error (MSE) was quantified to assure accurate 

modeling. Typically, the obtained values < 10 are considered a good agreement between modeled and 

measured data. 

4.3.4 In situ Thermal-Ellipsometry 

   In situ thermal ellipsometry was conducted with an M2000DI ellipsometer (from Woollam), 

equipped with a thermal environmental chamber, to visualize the evolution of the film’s thickness and 

refractive index. Measurements were performed at 70⁰ in the wavelength range of 350 to 850 nm. After 

immediate dip coating, the deposited films on the silicon wafer were first heated to 50 ⁰C before 

gradually increasing the temperature to 500 ⁰C with a programmed ramp of 10 ⁰C/minute. The recorded 

data were fitted using the Cauchy model. 

4.3.5 Dynamic Light Scattering (DLS) 

   The size distributions of the micelles in the sol gel system were measured by Dynamic Light 

Scattering apparatus, model Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd., Worcestershire, 
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UK) equipped with a 4 mW He–Ne laser at a wavelength of 633 nm. Measurements were made at 25 

⁰C at a fixed angle of 90⁰ with a total of three acquisitions of 15 measurements per sample. 

4.3.6 Fourier-Transformed Infrared 

   The functional groups at the film’s surface were analyzed by Fourier-transformed infrared (FTIR) in 

attenuated total reflection (ATR) mode with an incidence angle of 45⁰ and a 4 cm−1 resolution using a 

Spectrum 400 model from PerkinElmer, equipped with an FR-DTGS detector (fast recovery Deuterated 

Triglycine Sulfate detector). 

4.3.7 UV–Vis Absorbance 

   The optical transmission of the deposited films on glass slides was measured at room temperature by 

using a dual-beam Carry 5000 UV-Vis spectrophotometer from Agilent technology. 

4.3.8 Electrochemical Measurements 

   Electrochemical measurements were performed with a VSP Analytical potentiostat, from BioLogic, 

in a three-electrode configuration. 0.1M of KCl was used as an electrolyte56. The working electrode 

consisted of dense films of ZnO as well as the PB-b-PEO and F-127 derived films which were all 

coated on a platinum substrate. Electrical contacts were made by conductive copper scotch (3M Scotch 

1245). The reference electrode was Ag/AgCl (in saturated KCl). The measured potentials vs Ag/AgCl 

were converted to the reversible hydrogen electrode (RHE) scale according to the Nernst Equation: 

  𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059𝑝𝐻 +  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 
⁰   (𝐸𝐴𝑔/𝐴𝑔𝐶𝑙

⁰  = 0.198 V at 25 ⁰C)            (3) 

A platinum-enrolled wire was used as a counter electrode. The electrochemical active surface area 

(ECSA) was measured by recording cyclic voltammetry (CV) scans between -0.3 and -0.1 V vs RHE 

where capacitive charging/discharging occurred without any faradic reactions taking place. In this 

range, the resulting differential capacitance equals the double-layer capacitance (CDL). Thus, this 
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capacitance enables calculating the electrochemical active surface area (ECSA) using Equation 

457. The specific capacitance (CS) was assumed approximately constant for the same ZnO material in 

the coated thin films. 

𝐸𝑆𝐶𝐴 =
𝐶𝐷𝐿

𝐶𝑠
                                                              (4) 

The electrochemical double-layer capacitance (Cdl) was then estimated by plotting the anodic and 

cathodic current density differences Δj = (ja – jc) at -0.2 V vs RHE as a function of the scan rates. The 

slopes of these plots were assumed to be twice the Cdl and therefore used to represent the ECSAs. The 

CVs were performed by increasing scan rates from 5 to 100 mV/s.  

4.4 Set-Up of the Photocatalytic Self-Cleaning Systems 

   The experimental set-up for the self-cleaning photocatalytic test involved investigating the 

photoactivity of the system by monitoring the refractive index of layers contaminated with lauric acid 

(LA) under controlled environmental conditions upon UVA irradiation. To introduce the contaminant, 

the porosity was filled with lauric acid through drop-casting of a 2 wt % LA solution in ethanol. The 

solvent evaporation was carried out at RT.  Following each drop casting, the surface of the film was 

meticulously wiped to prevent diffusivity and restore optical properties. This cycle was repeated 4 

times. Polluted samples were then placed at RH of 37 % and 1 cm under a UVA spot lamp model 

Dymax BluewaveTM 200 (365 nm/41.1 mW cm−2). The optical density of the films was recorded using 

in situ ellipsometry at 20 seconds intervals.  

For simplicity, the refractive index of each film was measured at a single wavelength (λ = 700 nm). To 

achieve this, the films were impregnated with LA, and resulting in a typical increase of (0.3 ± 10)  % in 

their refractive index. For instance, this led to an increase from η = 1.5 (for the empty porous film) to 
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1.7 (for the polluted one). The filling fraction of LA into the ZnO films was evaluated by a three-

component Bruggeman effective medium approximation (Equation 5): 

 

ƒ𝑍𝑛𝑂
�̃�𝑍𝑛𝑂−�̃�

�̃�𝑍𝑛𝑂+2𝜀
+ ƒ𝑎𝑖𝑟

�̃�𝑎𝑖𝑟−�̃�

�̃�𝑎𝑖𝑟+2𝜀
+ ƒ𝐿𝐴

�̃�𝐿𝐴−�̃�

�̃�𝐿𝐴+2𝜀
= 0                                (5) 

with, 

ƒ𝑍𝑛𝑂 + ƒ𝑎𝑖𝑟 + ƒ𝐿𝐴 = 1                                                    (6) 

 

For the polluted films, ƒ𝑍𝑛𝑂, ƒ𝑎𝑖𝑟 , and ƒ𝐿𝐴represent the fraction of ZnO, air, and LA respectively. 𝜀�̃�𝑛𝑂, 

𝜀�̃�𝑖𝑟, and 𝜀�̃�𝐴 refer to the relative dielectric constants of the three phases. 𝜀̃ is the effective dielectric 

constant of the polluted matrix. These dielectric constants can be expressed as the square of their 

respective refractive indexes since the three phases do not exhibit significant adsorption within the 

emitted wavelength range by the ellipsometer (700 nm). Assuming the refractive index value of the air 

is 1, ZnO material and LA filler were modeled with a Cauchy model. The ellipsometric data was then 

accurately fitted to a single-layer Bruggeman model (on Si substrate) to calculate the ƒ𝐿𝐴volumetric 

fractions in each LA-polluted film. With obtained MSEs between 0.7 and 6, not only the optical 

properties of the ZnO coatings are highlighted, yet also the homogenous aspect of the LA-impregnated 

films. Consequently, the reduction of the pore content in lauric acid during photocatalysis was deduced 

from the evolution of the ƒ𝐿𝐴 volumetric fraction upon UVA irradiation. All the kinetics were compared 

to coated lauric acid on nude wafer silicon (reference test). This analytical approach provides a 

straightforward and effective means of evaluating the photocatalytic activities of the films. 
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Figure S1. (a) FTIR spectra of dip-coated films with PB-b-PEO/Zn2+ solution in ethanol (Zn2+:MEA = 1:0.5): at Room 

temperature (balck),  100 ⁰C (red), 150 ⁰C (blue), 250 ⁰C (green), and 350 ⁰C (purple), (b) SEM-FEG micrographs of 

the obtained film at the end of the thermo-ellipsometry measurement (Tfinal = 500 ⁰C). 
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Table S1. Atomic (%) of carbon (C), azote (N), oxygen (O), and zinc (Zn) as a function of heat treatment 

temperature. 

Atomic 

Elements 
Atomic (%)a) at T = 100 ⁰C Atomic (%)a) at T = 150 ⁰C Atomic (%)a) at T = 250 ⁰C 

C 20.79  2.42 16.26  1.36 13.82  0.42 

N 0.86  0.32 N/A b) N/A b) 

O 40.93  0.91 40.38  0.69 41.97  0.36 

Zn 37.42  2.2 43.35  0.85 44.21  0.06 

Zn:O 0.91:1 1.07:1 1.05:1 

a)(Atomic % of each elements was tabulated as the statistic average for each EDX mapping); b)(Beyond 100 ⁰C, azote 

elements became undetectable). 

        

Figure S2. Size distribution determined by dynamic light scattering measurement (DLS) of (a) PB-b-PEO/Zn2+ 

solution in ethanol (Zn2+:MEA = 1:0.5), (b) PS/Zn2+ solution in ethanol (Zn2+:MEA = 1:0.5). 



  

 

 

 
 

Figure S3. SEM-FEG micrographs of a PB-b-PEO/ZnO film flashed at 100 ⁰C, then post-heated at 500 ⁰C. 

 

 

Figure S4. SEM-FEG micrographs of a macroporous ZnO film dipped in 0.25 M Zn2+/ethanol sol-gel (Zn2+:MEA = 

1:0.5), with 30 mg of PB-b-PEO (M.W.(PB) = 2500 g.mol−1, M.W.(PEO) = 2500 g.mol−1). The film was flash-heated 

at 450 ⁰C. 
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Figure S5. SEM-FEG micrographs of coatings made out of PB-b-PEO/ZnO sol-gel over (a) Kapton, and (b) glass 

substrates. All films were flashed at 450 ⁰C. 
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Figure S6. SEM-FEG micrographs of a macroporous ZnO film dipped in F-127/ Zn2+/ethanol sol-gel with Zn2+:MEA 

ratio of (a)  1:0.00025, (b) 1:0.0005, (c) 1:0.004, and (d) 1:0.008. The films were flashed at 450 ⁰C. 
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Figure S7. (a) UV-vis transmittance of a macroporous ZnO film dipped in PB-b-PEO/ Zn2+/ethanol sol-gel with 

Zn2+:MEA ratio =  1:0.5 and flashed at 450 ⁰C. Inset: Photograph. (b) XRD pattern of the dense film (black) , PB-b-

PEO template film (red), and F-127 templated film (blue), flashed at 450 ⁰C. 

 

 

Figure S8. SEM-FEG micrographs of a single layer ZnO dense film flashed at 450 ⁰C. Inset: Cross-section. 
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Conclusions and Perspectives 

   In recent years, photocatalysis has emerged as an eco-friendly method for the degradation of various 

types of organic pollutants in liquid and gas phases. More precisely, photocatalysts like Zinc oxide 

(ZnO) offer several advantages including low cost, chemical – physical stability, and environmental 

friendliness. However, this promising new catalytic platform suffers from major drawbacks such as i) 

fast photogenerated electron–holes recombination; ii) restricted visible-light response-ability and iii) 

low specific surface area of the photocatalysts. To address these aspects, three different strategies were 

investigated in this Ph.D. The first one consists of understanding the degradation mechanisms on 

molecular and particle scales. The second one entails the design of highly porous and nanostructured 

ZnO by hydrothermal and sol-gel processes for photocatalytic applications. Finally, in the third 

strategy, the novel ZnO nanostructures are coupled to another advanced oxidation technique like the 

Fenton process. These strategies are discussed in five separate chapters as follows:  

In the first chapter, the impact of the pollutants’ chemical structures on their photocatalytic degradation 

kinetics was investigated in the aqueous phase by using phenol (single aromatic ring), methylene blue 

(poly-aromatic ring), and humic acid (complex macromolecule), over ZnO nanorods synthesized by 

hydrothermal growth. The results showed that the kinetics of all the tested molecules obey a pseudo-

first-order model regardless of the initial concentrations (5, 10, and 20 ppm). In addition, the apparent 

rate constants are largely controlled by the bond dissociation energy and the number of oxidation steps 

in each organic molecule. For instance, at 5 ppm initial concentration, methylene blue presents the 

weakest dissociation bond energy and the highest degradation rate constant (k = 0.0714 min-1) 

compared to humic acid (k = 0.0314 min-1) and phenol (k = 0.0228 min-1).  

In the second chapter, we explored the photocatalytic degradation of low-density polypropylene (LD-

PP) microplastics (MPs) under natural sunlight by using ZnO nanorods, coated onto a glass fiber mesh. 
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The LD-PP microplastics were chosen due to their low degradability, high toxicity to various living 

organisms, and capability to attract various pollutants/heavy metals to their surface. The use of glass 

fibers is ideal to trap the low-density particles while acting as a supporting substrate for the 

photocatalyst.  The oxidation of LD-PPs was assessed by following the evolution of the carbonyl index 

over time through the ATR-FTIR technique and by analyzing their microstructure by SEM-FEG 

microscopy. A slow evolution of the carbonyl and hydroxyl absorption bands was detected between 0 

and 117 h, due to the formation of a small number of carbonyl groups on the polypropylene surface. 

As photodegradation progresses, the degradation kinetics increase significantly due to the presence of 

cracks and the consequent increase in particle surface area. This conclusion was evidenced by 

microscopy analysis, demonstrating the formation of relatively deep cavities after 196h of solar 

irradiation.  

In the third chapter, novel wrinkled and porous ZnO films were synthesized by sol-gel dip coating. 

This template-free approach is based on inducing instability-driven organization of the dip-coated film 

under thermal compression generated by heating it in an infrared chamber (dip coater chamber). As a 

result, a wrinkled structure with a porosity of ∼ 22–25 % and an average pore Ferret diameter of 

∼24 nm were achieved. The photocatalytic activity of ZnO films was tested on 10 μM methylene 

blue probe molecule by using UV-vis spectroscopy. Efficiencies of 60 % and 92% only were observed 

after 180 min under UVA (λ = 365 nm) and day-light LED lamps, respectively. This result underlines 

the fact that by a facile and low-cost synthesis approach, it was possible to achieve very interesting 

results without the need for doping or structuring agents for nanostructuration. 

In the fourth chapter, a UVA/Fe3+/H2O2/ZnO coupled process was developed to promote the generation 

of reactive oxygen species (ROS) and enhance therefore the degradation kinetics. To do so, Fe3+ and 

H2O2 were added in different ratios to MB in the presence of ZnO at near-neutral pH. Although an 

https://www.sciencedirect.com/topics/chemistry/photocatalytic-activity
https://www.sciencedirect.com/topics/chemistry/methylene-blue
https://www.sciencedirect.com/topics/chemistry/methylene-blue
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acidic medium (pH < 3) is necessary to prevent sludge formation in the Fenton process, this facilitates 

the dissolution of the ZnO films. With both processes running concurrently, the photo-generated 

electrons by the photocatalyst are trapped by the iron (III), inhibiting electron-hole recombination from 

one side, and accelerating the Fe3+/Fe2+ regeneration from the other side. The coupled system used for 

the degradation of 10 ppm MB (molar ratios of [H2O2]:[MB] = 52:1, and [H2O2]:[Fe3+] = 130:1) 

exhibited a rate constant of 0.0049 min-1 exceeding the sum of both individual processes, with a 

removal percentage of 94 % after 480 minutes under UVA irradiation (365 nm).  

Finally, in the fifth chapter, we reported a new fabrication procedure for macroporous ZnO coatings. 

The process combines the sol chemistry with various self-assembled polymers. The mechanism of pore 

formation was investigated as a function of the heat treatment (i.e. temperature/rate), and the sol 

components. Accordingly, it was possible to tune the porosity between 400 nm to 56 μm. This result 

provides a straightforward approach to the synthesis of macroporous coatings by using a myriad of 

different polymers ranging from homo-polystyrene to di- and triblock polybutadiene-b-polyethylene 

oxide and Pluronics F-127. Moreover, the robustness of the mechanism enables the deposition of such 

macroporous films on various substrates, such as Kapton, silicon wafers, and glass. The self-cleaning 

properties of these films were further investigated with a lauric acid probe molecule. These 

macroporous ZnO thin films demonstrate high self-cleaning potential towards organic contaminations 

(100% degradation in solely 15 minutes), due to their semi-conducting properties that enable a 

photocatalytic degradation of the organic matter.  

Although the goal of this thesis is to better understand the degradation mechanisms of organic 

pollutants and improves the photocatalytic activity of ZnO nanostructured materials, several aspects 

related to the by-products’ toxicity, photocatalyst performance, and photoreactor design need further 

investigations. Thus, we propose below some primary perspectives for future work. 
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1. Toxicity analysis: Because the degradation of organic molecules and particles may produce 

different types of intermediates with potential hazards, assessing their toxicity is imperative. 

Therefore, it is crucial first to identify the degradation mechanisms and the obtained compounds 

by using High-Performance Liquid Chromatography (HPLC) and Gas Chromatography (GC), 

coupled with mass spectroscopy. Furthermore, the impact on living organisms could be investigated 

by using an ecotoxicological approach (UNI EN ISO/EPA bioassays) to test water samples after 

photocatalytic degradation.  

2.  Enhancement of the photocatalytic activity: The photocatalytic performances of ZnO materials 

were improved by i) designing novel types of nanostructures, ii) coupling with other AOPs, and iii) 

constructing ZnO/TiO2 heterostructure (this study is detailed in the Annex chapter). Besides these 

approaches, we suggest other strategies such as introducing different metal or non-metal dopants 

(Fe, Cu, Ag, Sn, C, N, F, P, S) and using sacrificial agents (alcohols, acids) to reduce the electron 

– hole recombination. In addition, as the recombination rate is directly related to the photocatalytic 

efficiency of optimized systems, it is very important to measure it by using i. e. time-resolved 

photoluminescence, and electrochemical impedance spectroscopy.    

3.  Reactor design and upscaling: The large-scale photocatalysis application is still challenging due 

to several factors, such as heat and mass transfer, pressure drop, pollutants selectivity, and safety. 

Designing a lab-scale prototype is the first step before reaching the industrial application. The 

Fenton kinetic data obtained in this study was used for designing a cylindrical plug flow 

photoreactor (serpentine channels).  However, this preliminary design still needs major 

optimizations based on (i) the types of pollutants, (ii) the irradiation light source, and (iii) the 

reacting mixture’s composition and flow rates. 
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4. Stability of ZnO photocatalyst: At extreme pH conditions (pH < 4), ZnO shows poor stability due 

to the leaching of the Zn2+ ions, which reduces its photocatalytic activity. Thus, it will be very 

important to stabilize the ZnO films by depositing a protective layer of other oxide material i. e. 

SiO2 or Al2O3. 



Annex 

155 

 

Annex: Novel 3D ZnO/TiO2/FTO coating 

   Our approach behind this tri-component photocatalyst aims to reduce the electron-hole recombination 

in the ZnO bandgap by pairing it with TiO2, another n-type semiconductor to develop an n-type/n-type 

heterojunction1. Due to their structural analogies and effective separation of photogenerated electron–

hole pairs, heterostructured materials based on coupling these two metal oxides have been attracting 

much interest2,3. In this thesis, we have also studied the electrodeposition of ZnO on a mesoporous 

TiO2 film, previously coated on FTO glass substrates by sol-gel dip coating.  The choice of FTO-coated 

glass was also encouraged by its excellent electrical conductivity, which enables the electrodeposition 

of ZnO onto the TiO2/FTO electrode. This characteristic allows the characterization of the active 

electrochemical surface area of the catalyst4. The preparation procedure is summarized as follows. 

Synthesis and Characterization of the ZnO/TiO2/FTO Films 

   Mesoporous TiO2 was coated on a Fluorine-doped tin oxide (FTO) substrate purchased from 

SOLEMS (YSUB/ASAHI120/1: 10 × 30 mm/resistivity 80 Ω.cm−2, with an 80–100 nm of FTO on 

glass). The substrates were carefully wiped with ethanol and acetone before the dip coating process. 

11.6 g of TiCl4 (Sigma Aldrich, > 99.9 % trace metals basis) was dropwise poured in 14.3 g of cold 

absolute ethanol (VWR, AnalaR NORMAPUR® ACS, reagent Ph. Eur analytical reagent (99.9 %) to 

obtain a molar ratio of 1(TiCl4): 5(EtOH). Stored at around 4 ⁰C, the solution can be used over 6 months. 

Next, 100 mg of block-copolymers Poly(1, 4-butadiene)-b-poly(ethylene oxide, PB-b-PEO  (P4515-

BdEO; M.W.(PB) = 11800 g.mol−1; M.W.(PEO) = 13500 g.mol−1) purchased from Polymer Source, 

were dissolved in 5.0 g of ethanol and 0.4 g of distilled water (18.2 MΩ.cm). This solution was stirred 

at 70 ⁰C for 1 h to complete the dissolution of the polymer. After cooling at room temperature, the 

precursor solution of TiCl4 was poured dropwise into the polymeric solution. The concentration of 
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inorganic salts in the final solution is 2 M. The pre-cleaned FTO was then dip-coated into this solution 

at a withdrawal speed of 2.5 mm.s−1 in a dry atmosphere (<  5% relative humidity).  

For monolayer films, the coated substrates were directly heated for 1 h in a furnace at 500 ⁰C in air 

(static atmosphere) to induce the crystallization of the anatase and decompose the block-copolymer, 

giving rise to the formation of pores.  

For multilayer films, the coated substrates were subjected to an intermediate pre-heating treatment at 

350 ⁰C for 1–3 min to start the crystallization, before the total degradation of the polymer. This was 

repeated to achieve the desired thickness that is controlled by the number of coated layers. A final 

thermal treatment at 500 ⁰C for 1 h was then necessary to complete the polymer degradation and allow 

the inorganic wall to crystallize into an anatase structure. For dense TiO2 layers, the same procedure 

was performed, yet without the block copolymers. 

ZnO was electrodeposited on the mesoporous TiO2 by using a 0.1M solution of aqueous zinc nitrate 

hexahydrate (reagent grade, 98% from Sigma-Aldrich). The electrochemical deposition was performed 

with a VSP Analytical potentiostat, from BioLogic, in a three-electrode configuration. The working 

electrode consisted of the TiO2/FTO substrates. Electrical contacts were made by conductive copper 

scotch (3M Scotch 1245). The reference electrode was Ag/AgCl (in saturated KCl). The measured 

potentials vs Ag/AgCl were converted to the reversible hydrogen electrode (RHE) scale according to 

the Nernst Equation: 

  𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059𝑝𝐻 +  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 
⁰   (𝐸𝐴𝑔/𝐴𝑔𝐶𝑙

⁰  = 0.198 V at 25 ⁰C)                 (1) 

A Platinum enrolled wire was used as a counter electrode. The potential applied for the 

electrodeposition was - 0.8 V vs. Ag/AgCl (at 25 ⁰C), where the nitrate reduction solely takes place 

without any other oxido-reduction reactions5. For the electrochemical measurements, KOH was used 

as an electrolyte (10 mM). The electrochemical active surface area (ECSA) was measured by recording 
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cyclic voltammetry (CV) scan between -0.3 and -0.1 V vs RHE where capacitive charging/discharging 

occurred without any faradic reactions taking place. In this range, the resulting differential capacitance 

is equal to the double-layer capacitance (CDL). Thus, this capacitance enables calculating the 

electrochemical active surface area (ECSA) using Equation 4.6 The specific capacitance (CS) was 

assumed to be constant for all the ZnO-coated thin films. 

𝐸𝑆𝐶𝐴 =
𝐶𝐷𝐿

𝐶𝑠
                                                                   (2) 

The electrochemical double-layer capacitance (Cdl) was then estimated by plotting the anodic and 

cathodic current density differences Δj = (ja – jc) at -0.2 V vs RHE as a function of the scan rates. The 

slopes of these plots were considered to be twice the Cdl and were therefore used to represent the 

ECSAs. The CVs were performed by increasing scan rates from 5 to 100 mV/s.  

Linear sweep voltammetry (LSV) was performed with an AMETEK Solartron Analytical Modulab 

potentiostat which measured a linear voltage sweep (LVS) and a current in a potentiostatic mode of 

samples in a three-electrode setup with and without surface irradiation. A Newport UV-vis lamp of 50 

– 500 W was used.  The LVS were measured from -0.1 V to 1.3 V vs. Ag/AgCl. KCl saturated reference 

electrode (E0
Ag/AgCl = 0.197 V vs. NHE), with a platinum enrolled wire as a counter electrode and 10 

mV s-1 scan rate. All current density curves were referenced to the reversible hydrogen electrode (RHE), 

using the Nernstian relation of E vs. RHE = E vs. Ag/AgCl + 0.197 + 0.059pH. Chronoamperometry 

measurement under alternative irradiation (UV-visible) was performed using the potentiostatic mode 

at a fixed potential of 1.23 V vs RHE. 1M potassium phosphate buffer of pH 6.07 was used as an 

electrolyte. Herein, the TiO2/FTO and ZnO/TiO2/FTO working electrodes were tested for the 

photoelectrolysis of water and particularly for the Oxygen evolution reaction (OER).   



Annex 

158 

 

The microstructure of the films and film thickness were observed by SU-70 Hitachi field emission gun 

scanning electron microscopy (FEG-SEM), operating at 10 kV tension and by transmission electron 

microscope (TEM) model TWIN 120 (TECNAI SPIRIT).  

Figure 1 shows a highly periodic and interconnected mesoporous TiO2 structure. The average pore 

diameter and the thickness of the 2 layers are ~ 35 nm and 390 nm, respectively. 

 

Figure. 1 SEM-FEG micrographs of the mesoporous TiO2 films (2 layers): (A) top view, and (B) 20⁰ tilted view. 

The porosity and the film’s thickness were assessed by spectroscopic ellipsometry, using a UV-NIR 

(193–1690 nm) M-2000DI spectroscopic ellipsometer from J. A. Wolfram. Ellipsometric ψ and Δ angle 

plots were recorded at 70⁰ and fitted with the Complete EASE software. The mean-squared error (MSE) 

was quantified to assure accurate modeling. Typically, the obtained values < 10 are considered a good 

agreement between modeled and measured data. Consequently, a porous film of 40% and 380 nm 

thickness is detected. This agrees well with the SEM-FEG analysis.  

To highlight the efficiency of this mesoporous structure in the photocatalytic application, the 

mesoporous film was compared to a dense layer of a similar thickness (Figure 2). Methylene blue (MB) 

was used as a probe molecule under a UVA irradiation of 365 nm. The choice of the latter is promoted 

250 nm 

A 

500 nm 

B 
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by the low photolysis of MB under this wavelength energy. This was confirmed by the negligible 

degradation in Figure 2c. However, with the employment of TiO2-based photocatalysts, the degradation 

rates change drastically. The photocatalytic data of the mesoporous material demonstrates a kinetics 

that is six times faster compared to the dense films. (Kapp equal to 0.0022 min-1 and 0.0132 min-1 for 

dense and mesoporous films, respectively). This behavior can be fairly justified by the larger surface 

area of the mesoporous film. To support this conclusion, the electrochemical surface areas were 

measured for both materials.  

 

Figure. 2 SEM-FEG micrographs of the mesoporous TiO2 films (2 layers): (a) Mesoporous, and (b) Dense. (c) 

Photocatalytic degradation of 10 ppm MB under UVA light of λ = 365 nm using the films in (A) and (B). 

The electrodeposition of ZnO onto mesoporous TiO2 was then conducted as a function of the deposition 

time, to obtain a homogeneous thin coating of zinc oxide. The objective was to not clog the pores. As 

seen in Figure 3, 45 minutes of electrodeposition merely filled all the pores with ZnO particles, while 

30 and 15 minutes of deposition resulted in more homogenous coatings  
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250 nm 

370 nm 
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Figure. 3 SEM-FEG micrographs of the (a) nude mesoporous TiO2 films (2 layers) (b) Coated (a) by ZnO after 45 minutes 

of electrodeposition, (c) Coated (a) by ZnO after 30 minutes of electrodeposition, and (d) Coated (a) by ZnO after 15 

minutes of electrodeposition. All films were calcinated at 450 ⁰C in the air for 1h. 

The photocatalytic activities of these three films were studied and compared (under the same 

experimental conditions using 10 ppm MB, under UVA irradiation of 365 nm). As seen in Figure 4a, 

the kinetic results came in the following order: Kapp of ZnO/TiO2 (15 minutes electrodeposition) = 

0.0265 min-1 > Kapp of ZnO/TiO2 (30 minutes electrodeposition) = 0.018 min-1 > Kapp of ZnO/TiO2 

(45 minutes electrodeposition) = 0.0164 min-1 > Kapp of nude TiO2 = 0.0132 min-1. The highest 

catalytic activity of the ZnO/TiO2 films is achieved for 15 minutes of electrodeposition.  
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Figure. 4 Photocatalytic degradation of 10 ppm MB under UVA (λ = 365 nm) using ZnO/TiO2/FTO films with (a) different 

durations of electrodeposition, (b) different heat treatment temperatures. 

Additionally, the 15-minute ZnO electrodeposited film was optimized as a function of heat treatment 

to obtain the maximum photocatalytic efficiency. For this reason, the films were calcined at different 

temperatures from 150 ⁰C to 550 ⁰C. The photocatalytic data in Figure 4b shows that the kinetic rates 

increase from 0.0131 min-1 to 0.0265 min-1 as the temperature goes from 150 ⁰C to 450 ⁰C, and then 

drop down to 0.0025 min-1 at 550 ⁰C. The ECSAs are comparable for the various temperatures and 

cannot explain the observed variation.  This important increment in photocatalytic degradation rate 

between 150 ⁰C and 450 ⁰C, is probably correlated with the enhancement of ZnO crystallinity7. At the 

optimal annealing temperature of 450 ⁰C, the selective area electron diffraction (SAED) pattern reveals 

mainly the (100), and (101) crystallographic planes of the wurtzite structure of ZnO, in addition to the 

(101), and (103) planes of the TiO2 anatase (Figure 5a). The boundary of ZnO/TiO2 heterojunction is 

delineated by transmission electron microscopy operating in high-resolution mode (Figure 5b). It can 

be seen 2 distinct and regular lattice fringes on each part of the TEM images. For instance, the anatase 

TiO2 is characterized by an interplanar spacing of d101 = 0.351 nm whereas the wurtzite ZnO shows a 

A B 
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maximum spacing of 0.282 mn (d100). These crystallographic planes are further identified with the fast 

Fourier transform (FFT) in Figure 5c and d. This suggests that the electrodeposited ZnO follows a 

preferential orientation in an attempt to match with the TiO2 crystal structure. As a result, this epitaxial 

behavior is expected to yield a good ZnO/TiO2 interface. 

 

Figure. 5 (a) TEM image of an extracted ZnO/TiO2 layer corresponding to 15 minutes of electrodeposition and 450 ⁰C heat 

treatment. Inset: SAED pattern, and (b) HRTEM view of (a). (c) and (d) FFT pattern.  

On the other side, the remarkable decrease in the photocatalytic rate at T= 550 ⁰C is generally due to 

some transformation of anatase TiO2 to the rutile phase, as the latter was commonly reported for heat 

treatment above 450 ⁰C8–10. Moreover, the photoelectrochemical efficiency of the optimized catalyst 

was investigated.  
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Figure. 6 Linear sweep voltammetry (LSV) pattern for the optimized ZnO/TiO2/FTO film (electrodeposition for 15 

minutes, and post-heat treatment of 450 ⁰C for 1h) compared to a nude mesoporous TiO2 coated over FTO. Both films 

possess the same thickness. 

The LSV is reported in Figure 6.  The LSV curves exhibit a remarkable onset potential of -0.03 V for 

all the tested films. Nevertheless, under the light, the photoelectrochemical measurements indicate that 

coating the mesoporous TiO2 electrode with ZnO for 15 minutes and optimizing the post-heat treatment 

resulted in a significant increase in the current density from 0.11 to 0.6V. Furthermore, the stability of 

this electrode is investigated with chronoamperometry measurements in a relatively low-acidic pH. 

Indeed this stability can be observed in Figure 7 where both catalysts (TiO2/FTO and ZnO/TiO2/FTO) 

display constant current densities over an experimental time of 2 hours. More interestingly, no current 

loss is detected due to electron-hole recombination. This observation is mainly due to the efficient 

charge separation in both films, at the TiO2/FTO and ZnO/TiO2/FTO heterojunctions, in accordance 

with literature11–15.  These findings are still a topic of ongoing research and aim to open windows on 

efficient fabrication approaches for highly active catalysts in both photocatalysis and 

photoelectrocatalysis applications. 
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Figure. 7 Chronoamperometry curves for the optimized ZnO/TiO2/FTO film (electrodeposition for 15 minutes, and post-

heat treatment of 450 ⁰C for 1h) compared to a nude mesoporous TiO2 coated over FTO (UV-vis lamp of 50 – 500 W). 

Both films possess the same thickness. 
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