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ABSTRACT:  Here we present the highly enhanced sunlight photocatalytic efficiency and photocorro-

sion resistance of biomimetic ZnO-modified micro/nanofern fractal architectures, which are synthesized 

by using a novel, simple, inexpensive and green electrochemical deposition approach in high stirring 

conditions. Such fern-like hierarchical structures simultaneously combine enhanced angle independent 

light trapping and surface/bulk modifications of the ZnO morphology to drastically increase:  i) the light 

trapping and absorption in the visible near-infrared range, and ii) the surface to volume ratio of the 

architecture.  This combination is crucial for boosting the sunlight photocatalytic efficiency. To modu-

late the electronic properties for extending the operation of the ZnO photocatalysts into the visible do-

main we have used three different modification approaches: sulfidation (leading to a ZnS shell), Ag 

decoration, and Ni-doping. The different ZnO-modified bioinspired fern-like fractal structures have 

been used to demonstrate their efficiency in the photodegradation and photoremediation of three differ-

ent persistent organic pollutants –methylene blue, 4-nitrophenol, and Rhodamine B – under UV light, 

simulated and natural UV-filtered sunlight. Remarkably, the ZnO@ZnS core@shell structures exhibited 
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an outstanding photocatalytic activity compared to the pristine ZnO catalyst, with over 6-fold increase 

in the pollutant degradation rate when using solar light. In fact, the catalytic performance of the 

ZnO@ZnS micro/nanoferns for the photoremediation of persistent organic pollutants is comparable to 

or better than the most competitive state-of-the-art ZnO photocatalysts, but showing a negligible photo-

corrosion. Ag-decorated ZnO, and Ni-doped ZnO exhibited similar excellent visible-sunlight photodeg-

radation efficiency. Although the Ni-doped photocatalysts showed a relatively poor photocorrosion re-

sistance, it was acceptable for Ag-decorated ZnO. Therefore, the easy fabrication and the capacity to 

drastically enhance the sunlight photocatalytic efficiency of the ZnO@ZnS bioinspired micro/nanoferns, 

together with their practically negligible photocorrosion and simple recyclability in terms of non-cata-

lyst poisoning, makes them very promising photocatalysts for water remediation.    

Graphical Abstract 

 

 

Highlights 

 Simple electrosynthesis of biomimetic micro/nanofern fractal structures as enhanced sunlight photo-

catalysts is stablished. 

 Efficient sulfidation, photodeposition or codeposition ZnO modification approaches are proposed for 

tuning ZnO electronic properties to enable visible light absorption.  

 Enhanced visible light trapping by the fractal geometry and the surface/bulk electronic modifications 

in the ZnO enables boosting the sun light photocatalytic efficiency. 
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 ZnO@ZnS, Ag-decorated ZnO and Ni-doped ZnO show excellent photodegradation and photoreme-

diation efficiencies of persistent organic pollutants under sunlight irradiation.  

 ZnO@ZnS core@shell micro/nanoferns exhibit excellent photocatalytic activity, photocorrosion re-

sistance and recyclability.  

KEYWORDS:  sunlight photocatalysis; biomimetic; bioinspiration; persistent organic pollutants; 

electrodeposition.  

1. INTRODUCTION 

In September 2015, the United Nations held a summit regarding the sustainable development of the 

planet, wherein representatives from social, political, scientific, and private sectors drew up a fifteen-

year agenda containing seventeen Sustainable Development Goals (SDG). In the context of sustainable 

development, a specific goal pertaining to water and sanitation (SDG6), with the objective to “ensure 

availability and sustainable management of water and sanitation for all,” has become a forefront societal 

issue. At present, more than 40% of the world’s population is affected by water scarcity, a number that 

has been predicted to increase due to global warming and anthropogenic activities [1-3]. The protection 

and recovery of aqueous ecosystems and the development of effective water decontamination technol-

ogies are therefore imperative.  

Water can be threatened mainly by pathogens (e.g. bacteria), inorganic materials (e.g. heavy metals), 

organic compounds (e.g. persistent organic pollutants), and macroscopic pollutants (e.g. plastics) [4, 5]. 

Currently, conventional water treatment technologies are insufficient for eliminating certain chemicals, 

such as persistent organic pollutants [6-8]. In order to remove these substances, advanced oxidation 

processes (e.g. Fenton, photofenton, and photocatalysis, among others) are the most widely investigated 

technologies [8-11]. Recently, nano/micromaterials have been extensively studied as powerful tools for 

implementing new green and sustainable materials for the development of advanced oxidation pro-

cesses, especially in photocatalysis [10-13]. Photochemistry is a highly promising approach as it uses 

solar light (it must be noted that solar light consists of ~5% UV, ~43% visible, and ~52 % infrared) as 
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a renewable, abundant, and clean energy source [14-16]. In this sense, semiconducting materials, such 

as ZnO, TiO2, V2O5, and Nb2O5, have been recently proposed as efficient photocatalysts for the photo-

degradation of persistent organic pollutants [17-19]. Among these photocatalysts, ZnO is one of the 

most fascinating semiconductors as a result of its chemical stability, low toxicity, piezoelectricity, light 

conversion efficiency, antibacterial and antifungal activity, and high activity with regard to the produc-

tion of reactive oxygen species (ROS) under UV light [19-23]. Moreover, ZnO can be easily prepared 

using simple and scalable approaches in a wide variety of morphologies, architectures, and shapes, in-

cluding nanowires, nanorods, nanoparticles, urchins, and nanosprings, among others [19-23]. However, 

it shows limited photocatalytic activity when sunlight is used because of its wide band gap (3.36 eV), 

which requires an excitation wavelength in the UV domain (λ < 390 nm) [19-24]. During the last few 

decades, it has been demonstrated that the recombination rate of photogenerated holes and electrons is 

a key factor that determines the photocatalytic activity, as it reduces the quantum yield and causes energy 

wasting [19-24]. Therefore, the successful band gap modulation of ZnO photocatalysts by, for example, 

doping is required to minimize the recombination losses of charge carriers and to extend the light re-

sponse to visible light. In this regard, different doping, thin film deposition, implantation, or nanoparticle 

deposition strategies have been used to enhance the photocatalytic activity of ZnO: (i) Anionic doping 

(e.g. C, N, and S); (ii) cationic doping (e.g. Al, Sb, Mn, Ni, Co, Bi, Fe, K, and Mg); (iii) rare earth doping 

(e.g. Ce, Dy, Er, Eu, Gd, Ho, and Nd); (iv) co-doping; and (v) semiconductor coupling [25-27]. It is well 

known that doping can increase carrier mobility and reduce the recombination via separation of photo-

generated electron and holes. In addition, surface decoration with metal nanostructures can, on the one 

hand, improve the trapping of photogenerated carriers at the surface and, on the other hand, amplify 

light absorption by exploiting their localized surface plasmon resonance, thereby enabling enhanced 

photocatalytic efficiency with visible light.  For example, C-doped ZnO porous structures, Mg-doped 

ZnO nanoparticles, Fe-doped ZnO nanofibers, Eu-doped ZnO nanoparticles, and Er-Al co-doped nano-

particles showed enhanced photocatalytic performance towards various pollutants under visible light 

[28-32]. In addition, core@shell semiconductor heterojunctions have also recently been proven to en-

hance the charge separation of electron-hole pairs and, consequently, the photocatalytic efficiency. In 

addition, the formation of two-phase heterojunctions can extend light absorption to the visible domain 
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due to the induced mechanical stress and to the creation of impurity energy levels within the band gap. 

For example, ZnO@ZnS core@shell nanorods have been studied as photocatalysts for methylene blue 

(MB) and Rhodamine-B (Rh-B) mineralization under visible light [23]. Core@shell structures have also 

been proven to increase the photo-stability and photocorrosion resistance of ZnO in aqueous solution, 

which dramatically limits the usage of ZnO structures in water decontamination using sunlight [23, 33, 

34]. In addition, doping with magnetic transition metals (e.g. Ni, Co, and Fe) has also been demonstrated 

to be an excellent strategy to recover and recycle the photocatalysts and enhance the catalytic activity 

through the convection of catalysts during the reaction under the application of magnetic fields [35, 36].  

Finally, the shape and architecture of the photocatalysts have also been shown to be a determinant factor 

controlling the photocatalytic activity due to the active surface to trap light and pollutants, i.e. leading 

to more efficient photocatalysis [37, 38]. In this sense, it is worth noting that nature already offers effi-

cient photochemistry architectures or shapes (i.e. in plants, animals, and microorganisms, among oth-

ers). Nature offers hierarchical architectures with multilevel light scattering, high electron-diffusion 

length, open and accessible porosity, high surface-to-volume ratios, and high light absorption independ-

ent from incident light angle, among other important characteristics for photochemistry. It is well known 

that human-made materials have been unable to compete with nature in general [39-42]. It is, therefore, 

a smart strategy to synthesize bioinspired materials to develop more efficient and competitive materials. 

In this regard, ZnO biomimetic materials, such as sea urchins or bioinspired nanoparticles, have been 

demonstrated to be efficient photocatalysts for solar cells or water decontamination due to the improved 

light trapping and easily pollutant accessibility [22, 26, 43, 44]. Among the different possible architec-

tures, it is well known that fern leaves, due to their hierarchical, fractal, structure, [45] are extremely 

efficient platforms for biological processes such as photosynthesis. By extension, human-made fern-like 

leaves have been investigated as efficient nitroaniline chemical sensors, solar energy storage and pho-

tocatalysts for water decontamination and hydrogen production [46-50]. In previous studies researchers 

suggested that the branched architecture of micro/nanoferns is responsible for optimal photochemical 

performance, however, the reason of these improvements is not shown.    
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Here, we have developed a facile and scalable multi-step approach for the electrosynthesis of supported 

micro/nanofern hierarchical structures with ZnO electronic modifications to increase sun light photo-

catalytic efficiency and improve photocorrosion resistance. To achieve this goal, ZnO, ZnO@ZnS 

core@shell, ZnO modified by Ag photodeposition, and Ni-doped fern-like bioinspired fractals have 

been successfully synthesized in a simple, cost-effective, efficient and fast manner via electrodeposition.  

In this work, we have shown that fractal and dendritical architectures of micro/nanoferns allow to in-

crease the surface to volume ratio, which is extremely important for heterogeneous catalysis. Addition-

ally, we have demonstrated, for the first time, that micro/nanofern architectures are responsible for the 

excellent photochemical properties of fern-like materials as a consequence of the high light absorption 

independent from incident light angle, which offers greater light trapping and light harvesting capacities 

compared to other architectures. Moreover, the effect on micro/nanofern fractal architecture (i.e. light 

trapping and light harvesting capacities) of three different modification approaches used to modulate the 

electronic properties of ZnO-based photocatalysts was discussed. The morphology, crystallographic and 

electronic structure, as well as optical, photoelectrochemical and electrical properties of each photocata-

lyst was investigated. The efficiency of the fabricated bioinspired structures was tested by analyzing the 

degradation kinetics of MB, 4-nitrophenol (4-NP), and Rh-B persistent organic pollutants under UV, 

simulated and natural UV-filtered sunlight irradiation. Ag-decorated and Ni-doped ZnO micro/nano-

ferns exhibit better photocatalytic activity in the visible range than pure ZnO structures.  In contrast, the 

ZnO@ZnS core@shell micro/nanoferns present an excellent photocatalytic activity using sunlight, with 

a performance comparable to, or better than that of benchmark materials reported in literature. This fact, 

combined with their exceptional photo-stability and photocorrosion resistance, makes them optimum 

candidates for “green” photocatalytic water remediation purposes using sunlight.  

EXPERIMENTAL SECTION 

1.1. Electrodeposition of branched-ZnO nanorod arrays 

ZnO micro/nanofern arrays were fabricated by electrochemical deposition, using a classical three-elec-

trode electrochemical cell, from 0.5 mM ZnCl2 (Fluka, > 98.0 %) + 0.1 M KCl (Sigma, > 99.0 %) oxygen 
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saturated (bubbled 45 min before and during the electrodeposition) aqueous solution (pH = 7 in standard 

conditions) maintained at 80 °C. Linear sweep voltammetry experiments were performed on conductive 

fluorine-doped tin oxide films on a glass substrate at 80 °C in order to select the most adequate potential. 

The electrochemical growth was performed under magnetic stirring (silent and 400 rpm) conditions 

using a rod stirrer placed in the center of the cell. The electrodeposition was carried out potentiostatically 

at –1.0 V with a 28 C cm-2 charge density using an Autolab with a PGSTAT30 potentiostat/galvanostat 

and the NOVA software. The working electrodes were fluorine-doped tin oxide films on glass substrates. 

Fluorine-doped tin oxide electrodes were cleaned in acetone, ethanol, and water and then air dried prior 

to the immersion in the solution. The counter and reference electrodes were a Pt mesh and Ag/AgCl/KCl 

(3 M) electrode, respectively. After the electrodeposition, the ZnO micro/nanofern arrays were cleaned 

exhaustively with distilled water, dried at room temperature, and then annealed for 2 h at 400 °C in an 

argon atmosphere. The annealing treatment was performed using rapid thermal annealing equipment 

(Advanced Riko Mila 5050). The heating ramp rate was set to 10 °C min-1. 

1.2. Preparation of modified branched-ZnO nanorod arrays 

Sulfidation, photodeposition, and co-deposition were used to fabricate ZnO@ZnS core@shell, ZnO dec-

orated with Ag, and Ni-doped branched-ZnO nanorod arrays, respectively (see Figure 1): 

(i) ZnO@ZnS core@shell: The as-electrodeposited ZnO micro/nanofern arrays (without annealing 

treatment) were immersed in an aqueous solution of 30 mM thioacetamide—CH3CSNH2—

(Sigma-Aldrich, 98%) at 40 °C in a water bath for 4 h. The samples were then washed with water 

and ethanol, dried at room temperature, and annealed for 2 h at 400 °C in an argon atmosphere.    

(ii) ZnO modified by Ag decoration: The annealed ZnO micro/nanofern arrays were immersed in an 

aqueous solution of 0.75 mM AgNO3 (Sigma-Aldrich, > 99.0 %) at room temperature. The depo-

sition was carried out by two UV lamps (365 nm; nominal power of 5 W, light intensity of 79.3 ± 

0.9 lux) focused on the annealed-ZnO branched nanorod arrays’ surface for 60 min. Note that the 

solutions were bubbled with nitrogen for 30 min prior to and during the photodeposition of Ag. 
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(iii) Ni-doped branched-ZnO by co-deposition: Ni-doped ZnO micro/nanofern arrays were prepared 

through electrochemical co-deposition from 0.5 mM ZnCl2 (Fluka, > 98.0 %) + 0.005 mM NiCl2 

(Sigma-Aldrich, > 98 %) + 0.1 M KCl (Sigma, > 99.0 %) oxygen saturated (bubbled 45 min before 

and during the electrodeposition) aqueous solution (pH = 7 in standard conditions) maintained at 

80 °C under magnetic stirring (400 rpm) conditions. The electrochemical growth was performed 

potentiostatically at –1.0 V to attain 28 C cm-2 charge density using an Autolab with a PGSTAT30 

potentiostat/galvanostat and the NOVA software. The samples were washed with water and etha-

nol, dried at room temperature, and annealed for 2 h at 400 °C in an argon atmosphere.    

1.3. Characterization of the photocatalysts 

Different characterization techniques were used to analyze the ZnO and ZnO-modified micro/nanofern 

arrays photocatalysts. The surface morphologies were analyzed by field-emission scanning microscopy 

(FE-SEM, Hitachi S-4800) equipped with an energy-dispersive X-ray spectroscopy (EDX) detector. In 

order to enhance the image definition and quality, prior to the SEM observation, 4 nm of Au was depos-

ited onto each sample using a sputtering system (Leica EM ACE600). In addition, EDX elemental map-

pings were carried out on the pristine (i.e., without Au capping) ZnO@ZnS core@shell and Ag-deco-

rated ZnO micro/nanoferns using a FEI Magellan 400L XHRSEM equipped with an Oxford Instruments 

Ultim Extreme EDX detector system. The elemental compositions were also estimated by X-ray fluo-

rescence (XRF, Fischerscope® X-RAY XDV®-SDD). The specific surface area of each biomimetic 

photocatalyst was determined based on the Brunauer–Emmett–Teller (BET) method from N2 adsorp-

tion-desorption isotherms at 77 K using a Micrometrics Tristar-II. The structural characterization was 

carried out using X-ray diffraction (XRD, Bruker D8 Discovery diffractometer) in the Bragg–Brentano 

configuration with CuKα radiation. The surface chemical states of each sample were determined using 

X-ray photoelectron spectroscopy (XPS) at room temperature with a SPECS PHOIBOS 150 hemispher-

ical analyzer (SPECS GmbH, Berlin, Germany) in a base pressure of 5·10-10 mbar using monochromatic 

Al Kalpha radiation (1486.74 eV) as the excitation source. The optical and electrical properties of the 

photocatalysts were analyzed by recording the UV-visible diffused reflectance spectra (DRS), photolu-

minescence spectra (PL), and Fourier-transform infrared spectra (FTIR). The DRS were measured using 
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a UV-visible PerkinElmer Lambda 900 UV spectrophotometer (PerkinElmer). The PL spectra were col-

lected using a custom made set up, composed of an LED source with emission at 365 nm (M365FP1, 

Thorlabs), which was bandpass filtered (FB360-10, Thorlabs) for excitation. The backscattered PL was 

long-pass filtered (FEL0400, Thorlabs) and it was detected with an Andor 193i spectrometer equipped 

with an Andor Idus camera. The FTIR spectra were registered using a Perkin Elmer Spectrum 2 IR 

(Perkin Elmer).  The photocurrent experiments were performed in an Autolab with a PGSTAT30 poten-

tiostat–galvanostat and the NOVA software using a three-electrode system, with a Pt wire as the counter 

electrode, a Ag/AgCl/KCl (3 M) electrode as a reference and the as-prepared photocatalysts as the work-

ing electrode. The electrolyte used for all electrochemical measurements was a 0.5 M Na2SO4 aqueous 

solution (pH 6.8). Amperometric photocurrent (j–t) curves were recorded at 0.1 V versus the 

Ag/AgCl/KCl (3 M) electrode under artificial UV-filtered sunlight in 30-s on–off cycles. In addition, to 

evaluate the effect the angle of the incident light on the photocurrent, three different incident irradiation 

angles (30o, 90o, and 150o) were used.  

1.4. Photocatalytic and photocorrosion resistance tests 

The photocatalytic activity of the different photocatalysts was tested by monitoring the decomposition 

of 10 ppm MB (Sigma-Aldrich, > 97 %), 10 ppm 4-NP (Fluka, > 99 %), and 5 ppm Rh-B (Sigma-

Aldrich, > 98 %) pollutants under: (i) an 8 W mercury lamp setup with the wavelength of 365 nm (light 

intensity of 345 ± 3 lux); (ii) a 75 W Xe lamp setup with UV-filtered simulated sunlight (light intensity 

of 700 ± 18 lux); and (iii) natural UV-filtered sunlight (average light intensity 1400 ± 350 lux). The light 

intensity was measured every 15 min, always set in the position of maximum intensity using an Urceri 

MT-912 Digital Lux meter. Long-pass filters (cut-on wavelength region: 400 nm to 2200 nm) were 

introduced to limit the wavelength radiation and avoid direct photolysis of the pollutants, following the 

recommendations given by the International Organization for Standardization (10678:2010 standard).  

In a typical photocatalytic test, 1 cm2 of ZnO or modified-ZnO micro/nanoferns photocatalysts were 

immersed in 10 mL of pollutant solution with an initial concentration of 10 ppm MB (pH=8), 10 ppm 

4-NP (pH=9), or 5 ppm Rh-B (pH=8). These solutions were first kept in dark conditions for 60 min to 
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reach the adsorption-desorption equilibrium prior to irradiation. The photocatalysis for each pollutant 

was conducted under argon bubbling at room temperature (25 °C). In addition, pollutant solutions with-

out any photocatalysts were subjected to the same treatment as the control test. The photodegradation 

of each pollutant was followed by the reduction in the maximum absorption peak intensity of MB, 4-

NP, and Rh-B at 662 nm, 400 nm, and 554 nm, respectively, in the three different illumination condi-

tions: (i) UV light, (ii) artificial UV-filtered sunlight, or (iii) natural UV-filtered sunlight for an overall 

time of 120 min. The temporal evolution of the photocatalytic reaction was tracked ex-situ by UV-visible 

spectroscopy in a quartz cuvette with an optical length of 1 cm using a UV-1800 Shimadzu UV-vis 

spectrophotometer (Shimadzu Corporation). Then, the photocatalytic activity of the photocatalysts was 

calculated as a function of At/A0, where A0 is the absorbance of the maximum absorption peak of the 

test solution of each pollutant before irradiation and At is the absorbance in the maximum absorption 

peak of each pollutant after the irradiation time (t). The photodegradation efficiency (𝐴120 𝑚𝑖𝑛 𝐴0 𝑚𝑖𝑛⁄ ) 

of each pollutant solution was also measured for five consecutive cycles, after 1, 6, 15, 30, and 48 h of 

continuous irradiation (artificial UV-filtered sunlight) in fresh water, to test the photo-stability, photo-

corrosion resistance, and reusability of the photocatalysts. In addition, the photostability and photocor-

rosion resistance were also examined by the determination of the Zn(II) concentration in aqueous media 

after 1, 6, 15, 30, and 48 h of continuous irradiation (UV and artificial UV-filtered sunlight) in fresh 

water by a spectrophotometric method using Zincon monosodium salt (Sigma-Aldrich) in borate buffer 

(50 mM, pH=9). The absorbance at 620 nm, associated to the Zn(II)-bound Zincon complex, was meas-

ured in a quartz cuvette with an optical length of 1 cm using a UV-1800 Shimadzu UV-vis spectropho-

tometer (Shimadzu Corporation) to determine the amount of dissolved Zn [51]. Moreover, the total or-

ganic content (TOC) was determined to evaluate the mineralization efficiency (i.e. degradation of 

organic pollutants into intermediate compounds and subsequently, into CO2 and H2O). Note that prior 

to determining the TOC values, the samples were acidified with sulfuric acid and gasified to purge the 

CO2 generated from the inorganic carbon. The TOC measurements were recorded using the high tem-

perature combustion method on a catalyst (Pt-Al2O3) in a tubular flow microreactor operated at 680 °C, 

with a stream of hydrocarbon free air to oxidize the organic carbon, using a TOC-VCSN equipment 

https://www.sciencedirect.com/topics/chemical-engineering/catalytic-reaction
https://www.sciencedirect.com/topics/chemical-engineering/quartz
https://www.sciencedirect.com/topics/chemical-engineering/quartz
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(Shimadzu) with a high sensibility column. Reproducible TOC values were always obtained using the 

standard NPOC (Non-Purgeable Organic Carbon) method.  

1.5. Reactive oxygen species identification  

The determination of the formation of hydroxyl radicals, oxygen superoxide, and singlet oxygen by the 

ZnO-based photocatalysts was studied under artificial UV-filtered sunlight (λ > 400 nm, light intensity 

of 700 ± 18 lux) by using chemical selective radical quenchers. The kinetics and concentration of hy-

droxyl radicals were measured by the time-dependent reduction of the fluorescence peak of fluorescein 

sodium salt – 8 µM of fluorescein sodium salt (Sigma-Aldrich) in aqueous solution – at 515 nm (λex = 

303 nm), due to its selective reaction with hydroxyl radicals. To determine the concentration of fluores-

cein sodium salt, a calibration curve was necessary, which involved comparing the unknown concentra-

tion to a set of standard samples of known concentrations. The reaction was followed by the fluorescence 

emission and the excitation spectra (λex = 303 nm) using an AMINCO-Bowman Series 2 spectrofluo-

rometer with a quartz micro-cell (1 mL) at 25 °C. The oxygen superoxide formation was monitored by 

measuring the time-dependent absorbance of the characteristic absorption peak of XTT-formazan at 475 

nm, resulting from the reduction of a 100 µM aqueous solution of the XTT sodium salt (Sigma-Aldrich) 

by the oxygen superoxide. The oxygen singlet was determined by using the highly selective Singlet 

Oxygen Sensor Green reagent (Invitrogen) by measuring the reduction in the absorbance peak of a 5 

mM methanol solution at 517 nm, due to the highly selective reaction between the anthracene part of 

this reagent and the singlet oxygen [52]. A quartz cuvette with an optical length of 1 cm using a UV-

1800 Shimadzu UV-vis spectrophotometer (Shimadzu Corporation) was used to determine both oxygen 

superoxide and singlet oxygen formation. In addition, for identifying the ROS species during the pho-

tocatalysis, a pollutant solution of 10 ppm MB was used as an indicator, in which 1 mM isopropyl 

alcohol (Sigma-Aldrich, > 99.7%) (a quencher of hydroxyl radicals), 1 mM benzoquinone (Sigma-Al-

drich, > 98%) (a quencher of superoxide radicals), or 1 mM triethanolamine (Sigma-Aldrich, > 99%) (a 

quencher of holes) were added. Then, the maximum absorption peak intensity of MB 662 nm after 120 

min of artificial UV-filtered sunlight irradiation was measured. 

https://www.sciencedirect.com/topics/chemical-engineering/quartz
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2. RESULTS AND DISCUSSION  

2.1. Photocatalyst synthesis and characterization 

As can be seen in the schematic representation of the synthesis of ZnO and modified-ZnO micro/nano-

fern arrays (Figure 1), the first step is always the electrochemical growth of ZnO or Ni-doped ZnO 

branched-nanorod arrays on the fluorine-doped tin oxide substrates. To select the most adequate poten-

tial, linear sweep voltammetry studies on the deposition solutions, both in deaerated and in oxygen-

saturated conditions, have been performed, using the fluorine-doped tin oxide film on glass as a substrate 

from 0 to –1.5 V (vs. Ag/AgCl/KCl (3 M) reference) at 20 mV s-1. The linear sweep voltammetry of the 

ZnO deoxygenated solutions allows the detection of a clear reduction peak (cathodic onset approxi-

mately at –1.12 V), corresponding to the Zn(II) reduction (Figure S1). However, the Zn(II) reduction 

peak could not be clearly identified when oxygen-saturated solutions were used as the oxygen reduction 

to form hydroxyl anions (cathodic onset around –0.76 V), overlaps with the Zn(II) reduction contribu-

tion as the anodic sweep reveal. In these conditions, some zinc was also electrodeposited (Figure S1b). 

In all cases, the abrupt increase in current at more negative potentials, irrespective of the solution and 

conditions, corresponds to massive hydrogen evolution. These results agree fairly well with the reported 

values for the electrochemical growth of ZnO nanorod arrays on fluorine-doped tin oxide substrates 

using chloride solutions [53-55]. To grow Ni-doped ZnO micro/nanofern arrays, Ni(II) chloride salt 

(0.005 mM NiCl2) was added to the deposition solution. To clearly identify the electrodeposition of 

Ni(II), the same solution without Zn(II) chloride was also analyzed. As can be seen in the inset of Figure 

S1b, a clear Ni(II) reduction peak (cathodic onset approximately at –0.74 V) was detected (Figure S1a). 

A similar peak was also detected in the Ni-doped ZnO deoxygenated solution. However, this reduction 

peak cannot also be detected in oxygen-saturated conditions because of the initial oxygen reduction. 

From the detailed linear sweep voltammetric study, the electrodeposition of the branched-ZnO or the 

branched Ni-doped ZnO nanorod arrays was performed at –1 V with a continuous high flux of O2 (6 L 

min-1) and magnetic stirring (400 rpm) during the electrodeposition.  
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Figure 1: (a) Schematic representation of the electrochemical synthesis of the ZnO, ZnO@ZnS 

core@shell, ZnO modified by Ag decoration, and Ni-doped ZnO bioinspired fern-like leaf shape pho-

tocatalysts. (b) Schematic representation of the bioinspired fern micro-leaf indicating the different parts 

of micro/nanoferns used to label different elements of the microstructure, i.e., central trunk (C1), pinna 

- primary ramification (B1), and pinnule - secondary ramification (B2).  

The FE-SEM images for all the samples show a dendritic microstructure resembling a bioinspired fern-

like leaf shape (Figure 2) with different textures and dimensions (Table 1). In general, each fern-like 

micro-leaf is made up of a central trunk, where different pinna form (i.e., primary ramification), which 

in turn are characterized by small pinnules (secondary ramification). For the basic ZnO structures, the 

average size of the central trunk (C1 in Figure 1) is around ∼1.2 µm in diameter and ∼53 µm in length, 

whereas the average diameter of the branched nanorods (primary branching; B1 in Figure 1) is around 

∼500 nm, with small nanorods (secondary branching; B2 in Figure 1) with an average diameter of ∼250 

nm. The electrodeposition mechanism of ZnO nanorods using a Zn(II) chloride salt on conductive glass 

has been discussed in the literature [53-55]. According to these studies, the aspect ratio of the as-elec-

trodeposited nanorods depends mainly on the relative concentration of Zn(II) with respect to [OH-], 

since the kinetics of the ZnO precipitation is very fast [53-55]. The nanorod shape is attained when the 

OH- electro-generation (controlled by the applied potential) is much faster than the mass transport of 

Zn(II) as a consequence of precipitation of the majority of Zn(II) that arrive at the electrode with hy-

droxide ions adsorbed on the tips. This subsequently facilitates the growth along the longitudinal axis 

and hinders it along the lateral directions. Consequently, the growth mechanisms depend on: (i) OH- 

generation rate; (ii) mass transport (e.g. thermal and chemical diffusion and forced diffusion by the 

action of external forces); (iii) bath composition; (iv) surface conductivity; and (v) external distortions 

that occur because of the action of high external forces (e.g. magnetic stirring and very high oxygen 

bubbling). In the present study, the strong-stirring conditions bring about a continuous distortion in the 

precipitation process, which maintains the preferred growth along the longitudinal axis and facilitates 

the formation of discrete nucleus (non-continuous lateral growth) along the lateral surface of nanorods. 

In these nuclei, the longitudinal growth is preferred and the formation of discrete nuclei along the lateral 
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surface is also observed, resulting in branched nanorods. Notably, both magnetic and gas stirring are 

very relevant for the synthesis of fern-like microleaves, as the as-electrodeposited structures in non-

magnetic stirring conditions (Figure S2a) showed a clear reduction in ramification (B2 in Figure 1), and 

an improvement in the continuous lateral growth of principal branches (B1 in Figure 1)—with diameters 

of around 20% greater. In addition, in non-magnetic stirring and a low continuous flux of O2 (0.5 L min-

1), non-branched nanorods are obtained (Figure S2c).     
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Figure 2: FE-SEM micrographs of fern-like bioinspired microleaves of (a: cross section and b: top view) 

ZnO, (c: cross section and d: top view) ZnO@ZnS core@shell, (e: cross section and f: top view) ZnO 
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modified by Ag NP decoration, and (g: cross section and h: top view) Ni-doped branched-ZnO by co-

deposition. Scale bars: 5 µm (a, c, e, and g) and 1 µm (b, d, f, and h). 

 

 

ZnS, Ag 
or Ni to 

ZnO / 

at. % 

Length of 
central 

stipe (C1) 

/ µm 

Diameter 
of central 

stipe (C1) 

/ µm 

Length of 
primary 

branches 

(B1) / µm 

Diameter 

of pri-

mary 
branches 

(B1) / µm 

Length of 
secondary 

branches 

(B2) / µm 

Diameter 

of sec-

ondary 
branches 

(B2) / µm 

BET sur-

face area / 
m2 g-1 

ZnO - 50–56 1.2 ± 0.2 2.7–7.3 
0.50 ± 
0.06 

0.4–1.8 
0.25 ± 
0.03 

67.9 

ZnO@

ZnS 

8.7 ± 

1.8 (C1) 

27.9 ± 
1.2 (B1) 

49–57 1.4 ± 0.3 1.8–9.1 
0.64 ± 

0.04 
0.3–1.9 

0.22 ± 

0.03 
69.7 

Ag-

ZnO 

8.2 ± 

0.6 
47–53 2.8 ± 0.5 0.5–5.3 0.8 ± 0.3 - - 48.9 

Ni-
ZnO 

1.5 ± 
0.3 

29–33 - - 1.6 ± 0.2 0.3–2.9 
0.54 ± 
0.06 

33.5 

Table 1: Ratios of ZnS, Ag and Ni to ZnO, dimensions of central trunk and primary and secondary 

branches and the BET surface area of the fern-like ZnO-based microleaves.  

 

Different textures of the fern-like microleaf surfaces were observed in the deposits, depending upon the 

synthesis process. However, the shape and architecture are not dramatically affected by the different 

synthesis procedures, except in the case of the Ni-doped branched-ZnO samples. The ZnO@ZnS 

core@shell structures (Figure 2b) presented slightly larger diameters of the central stipe and the ramifi-

cations, with a remarkable surface roughness when compared to as-electrodeposited ZnO fern-like mi-

croleaves. Note that the increase in diameter does not affect the architecture and, therefore, it should not 

deteriorate the access of the light or the pollutants to the structure. In fact, roughness can be very positive 

for photocatalysis, since the active area should be significantly increased. Importantly, the elemental 

maps of the ZnO@ZnS micro/nanofern fragments (Figure S3a) demonstrated the formation of ZnS 



18 

 

shell along the micro/nanofern. Due to the large size of the structures only the smaller secondary rami-

fication can be reliably analyzed by EDX mapping due to excessive absorption and shadowing effects. 

Thus, it is not possible to obtain an average ZnS for the different parts of the structure, although in the 

studied parts a shell thickness in the range of 100 nm can be inferred. As can be seen in Figure 2c, the 

compactness increases dramatically when Ag is photodeposited on the ZnO fern-like structures. Ag is 

heterogeneously distributed along the ZnO surface but it is substantially more deposited on the central 

trunk, as the diameter is roughly doubled. The high photodeposition of Ag, especially along the central 

trunk, evidences the easy access for both reactant and light throughout the entire surface of micro/nano-

ferns. However, the elemental maps of Ag-decorated micro/nanoferns (Figure S3b) revealed the for-

mation of a continuous layer of Ag along the ZnO surface, as well as the formation of nanoparticles on 

some ramifications, possibly as a consequence of the different surface reactivity and arrival of light 

during the photodeposition. Likewise, in the case of the co-deposition of Ni(II), the formation of more 

compact structures has been observed (Figure 2d), wherein the lateral growth of the primary (B1 in 

Figure 1) and secondary ramification (B2 in Figure 1) are multiplied by 3 and 2, respectively, and the 

longitudinal growth of central stipe (C1 in Figure 1) is limited (with lengths around 53% lower). This 

indicates that the bath composition is also extremely important to promote the growth of fern-like mi-

croleaves. In addition, the surface morphology of the Ni-doped ZnO presented a slightly higher rough-

ness as compared to non-doped structures. In addition, the BET surface area measurements (Table 1) 

were consistent with the observed architectures and morphologies of each photocatalyst (Figure S4). 

The unmodified ZnO (67.9 m2 g-1) and ZnO@ZnS (69.7 m2 g-1) architectures offered a superior specific 

area to the Ag-decorated (48.9 m2 g-1) and Ni-doped (33.5 m2 g-1) ZnO micro/nanoferns due to the better 

dendritic definition of microleaves  and reduced compactness. In spite of this, all the biomimetic-ob-

tained photocatalysts revealed a higher specific area than most of the micro/nanometric ZnO-based pho-

tocatalysts, which was crucial to enhance photoremediation efficiency [22-30]. Therefore, fern-like 

ZnO-based photocatalysts may emerge as a more interesting architecture than simple microrods, nano-

rods or nanowires due to the (i) higher electron diffusion length; (ii) higher accessible specific surface 

area for pollutants and light; and (iii) higher capability to absorb light since this architecture due to 
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enhanced light trapping in the fractal architecture and trapping efficiency  on the angle of the incident 

light (in contrast to what has been observed for other morphologies) [22, 23, 43, 56, 57].   

Figure 3 shows the XRD patterns of the ZnO, ZnO@ZnS core@shell, Ag-decorated ZnO and Ni-doped 

ZnO fern-like bioinspired microleaves. All the photocatalysts presented a hexagonal wurtzite polycrys-

talline structure. As the results show, the principal diffraction peaks appear at 2θ = 31.79o (100), 34.42o 

(002), 36.25o (101),47.55o (102), 56.60o (110), 62.86o (103), 66.35o (200), and 67.96o (112),  in agreement 

with the standard wurtzite ZnO structure (JCPDS card No. 36-1451). Other three diffraction peaks at 2θ 

= 26.6 o (110), 51.7o (211) and 61.2o (310) are also detected, which correspond to SnO2 (JCPDS card No. 

46-1088) from fluorine-doped tin oxide substrates. Importantly, no peaks arising from impurities, such 

as Zn(OH)2, were detected. Note that the strong diffraction (002) peak at 2θ = 34.4o, especially for ZnO 

micro/nanoferns, prove the preferred orientation of the structures along the c-axis. The XRD of the 

ZnO@ZnS core@shell structures (curve ii in Figure 3) shows an important reduction in the intensity of 

the ZnO peaks because of the formation of an outer ZnS shell. In addition, two diffraction peaks appear-

ing at 2θ = 28.55o (111) and 33.87o (200) match perfectly with the cubic ZnS blende structure (JCPDS 

card No. 65-1691). The obtained results confirmed the formation of a ZnS shell over the ZnO surface. 

The FT-IR spectra (see Supporting Information) of the ZnO@ZnS core@shell are consistent with these 

results.   

For the Ag-decorated-ZnO micro/nanoferns, the intensity of the ZnO peaks is also reduced because of 

the photodeposition of Ag on the ZnO surface (curve iii in Figure 3). The XRD pattern of Ag-decorated 

micro/nanoferns showed three extra peaks at 2θ = 38.11o (111), 44.27o (200), and 64.42o (311), which 

are in accordance to the face-centered cubic (fcc) Ag standard (JCPDS card No. 04-0783). The absence 

of any impurity peaks clearly demonstrated the high purity of as-prepared Ag-decorated ZnO photocata-

lysts. Finally, it is worth emphasizing that in the XRD pattern of Ni-doped ZnO bioinspired microleaves 

(curve iv in Figure 3) only ZnO wurtzite peaks were observed (i.e., with no precipitation of Ni phases), 

indicating that all the Ni incorporates in the ZnO structure.  
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Figure 3: XRD patterns of (i) ZnO, (ii) ZnO@ZnS core@shell, (iii) Ag-decorated ZnO, and (iv) Ni-

doped ZnO bioinspired fern-shape microleaves. The diffraction peaks that correspond to the cubic ZnS 

blende, face-centered cubic Ag, and fluorine-doped tin oxide substrate structures are indicated with ■, 

●, and *.  

 

The chemical state of Zn, Ag, and Ni in the fern-like bioinspired microleaves were investigated in detail 

by analyzing the Zn 2p, O 1s, S 2p, Ag 3d, and Ni 2p XPS spectra (Figure 4). The binding energies 

obtained from the XPS analysis were corrected for specimen charging by referencing the C 1s to 284.60 

eV. From Figure 4a, it can be seen that the peaks of Zn 2p1/2 and Zn 2p3/2 core levels are centered at 

1021.1 and 1044.3 eV. Ag-decorated and Ni-doped ZnO also have two peaks slightly shifted towards 

higher energy bindings due to differences in the morphologies. These values are similar to the ones 

reported for ZnO nanostructures, especially with ZnO nanowires [58-60]. Figure 4b shows the XPS 
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spectra of the O 1s region, which shows two different forms of oxygen. For ZnO and Ag-decorated ZnO, 

a quasi-symmetric peak centered at 530.1 eV is observed, which indicates the formation of ZnO. How-

ever, small peaks centered at 531.1 eV could be identified for these photocatalysts, which can be asso-

ciated with oxygen vacancies. The two peaks are also observed for Ni-doped ZnO, but with a different 

relationship since the peak corresponding to the oxygen vacancies is higher. In the case of ZnO@ZnS 

micro/nanoferns, the two different peaks centered at 531.1 and 532.3 eV are associated with the oxygen 

vacancies and chemical adsorbed oxygen on the photocatalyst surface. Note that the lattice oxygen peak 

at 530.1 eV is suppressed due to the formation of a ZnS shell [58-60]. In addition, the S 2p XPS spectrum 

of the core@shell photocatalysts exhibits an asymmetric shape, with contributions of the S 2p1/2 and S 

2p3/2 peaks centered at 162.8 and 161.5 eV, respectively, which demonstrates the formation of a ZnS 

shell [23]. In Figure 4d, two peaks located at 368.0 and 373.9 eV are observed for the Ag-decorated 

photocatalysts, which are assigned to Ag 3d5/2 and Ag 3d3/2 of Ag, respectively. Note that these results 

align with those obtained in the diffraction pattern, in which fcc Ag was detected [25]. Figure 4e shows 

the Ni 2p XPS spectra of the Ni-doped ZnO, in which the two peaks of Ni 2p1/2 and Ni 2p3/2 core levels 

are centered at 873.4 and 855.8 eV, respectively, whereas the corresponding satellite structures are 

clearly observed at 878.8 and 861.6 eV. These values show the absence of metallic Ni, since the obtained 

difference between Ni 2p1/2 and Ni 2p3/2 (17.6 eV) is very different from the value of metallic Ni (17.27 

eV), and it is closer to the NiO value (17.49 eV). Therefore, this indicates that nickel is in the +2 oxida-

tion state. According to the data, it seems plausible that the Ni(II) ions have been successfully incorpo-

rated in ZnO wurtzite structure, as suggested by the XRD results [61-63].  
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Figure 4: XPS spectra of (a) Zn 2p, (b) O 1s, (c) S 2p, (d) Ag 3d, and (e) Ni 2p of the ZnO, ZnO@ZnS 

core@shell, Ag-decorated ZnO, and Ni-doped ZnO bioinspired fern-shape microleaves. 

 

The UV-visible DRS spectra of the ZnO, ZnO@ZnS core@shell, Ag-decorated ZnO, and Ni-doped ZnO 

bioinspired fern-shape microleaves are shown in Figure 5a. As expected, the absorbance spectra of the 

ZnO photocatalyst shows a strong absorption in the UV region and very small absorption intensity in 

the visible domain. However, when fern-like ZnO structures were modified by Ni-doping, Ag-decora-

tion or a ZnS shell, the absorption band was displaced to the visible region. In addition, a clear absorption 

tail (with a notable absorption intensity) was observed in this region, indicating that these materials 

should present photoresponse in the visible range.  Moreover, the optical band gaps of the samples were 

calculated using the Tauc relation (Figure S5) [64, 65]. The band gap of the ZnO, ZnO@ZnS 

core@shell, Ag-decorated ZnO, and Ni-doped ZnO bioinspired fern-shape microleaves was 3.29 ± 0.06, 

2.73 ± 0.06, 3.00 ± 0.04, and 2.82 ± 0.05 eV, respectively, in agreement with literature data. The bandgap 

reduction also points towards an enhanced photoresponse in the visible range.  
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The change in the opto-electronic properties induced by the ZnO modification was also characterized 

by photoluminescence in the visible and near infrared (NIR) range. The unmodified ZnO structures 

showed a room temperature broad photoluminescence band centered around 650 nm. This band is red-

shifted with respect to other ZnO nanostructures [23] (whose maximum luminescence is usually cen-

tered at 550 nm), which is attributed to oxygen vacancy defects. Our growth conditions under high 

oxygen concentration and magnetic stirring probably minimize the oxygen vacancies during the growth, 

thereby leading to a broader and more redshifted luminescence linked to surface defects. Interestingly, 

a large two-fold rise of the photoluminescence intensity was observed for the ZnO@ZnS core@shell 

structures. Such enhancement in the visible-NIR spectral range is also an indicator of the band gap 

reduction at the ZnO/ZnS interface as a result of the large (16%) lattice mismatch between ZnO and 

ZnS [66]. The band gap reduction, together with the type II staggered heterojunction, which promote 

the separation of the photogenerated electrons and holes towards the ZnO and ZnS regions, respectively, 

are crucial to modify the photocatalytic pathway and to enhance the photocatalysis efficiency with vis-

ible-NIR light, as we will demonstrate below. 

In contrast, a substantial reduction of the photoluminescence is observed in the Ag decorated ZnO sam-

ple, which can be mainly attributed to the quenching and large absorption of the emitted photons by the 

thick deposited Ag layer on the ZnO. Finally, the Ni-doped sample showed minimal changes with re-

spect the unmodified ZnO structure, which again suggests that Ni is completely incorporated in the 

lattice and does not substantially increase the number of defects and trapped electronic states within the 

bandgap.      

Photocurrent response measurements were explored in several on–off cycles of artificial UV-filtered 

sunlight irradiation to confirm both the photoexcited electron–hole pair generation and the separation in 

each photocatalyst. As shown in Figure 5c, the photocurrent of ZnO@ZnS (120 µA cm-2), Ag-decorated 

(89 µA cm-2), and Ni-doped ZnO (72 µA cm-2) biomimetic photocatalysts showed relevant 2.8, 2.1, and 

1.7 fold enhancements with respect to ZnO (43 µA cm-2) micro/nanoferns, respectively, thereby sug-

gesting that the different ZnO-modifications can improve the photocatalytic efficiency. In addition, the 

sharper photoswitching response of the Ag-decorated and particularly of the ZnO@ZnS heterojunction 
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architectures indicate not only that photoinduced electrons and holes can be easily separated, but also 

that the recombination process was hindered.  

In addition, it is worth noting that the biomimetic fractal ZnO architectures exhibited 2-fold higher pho-

tocurrent than aligned non-branched ZnO nanowires (grown in the same conditions as the ZnO mi-

cro/nano ferns, but with low agitation). This suggests that the hierarchical structured enables a substan-

tial improvement of the light trapping efficiency, as it is illustrated in Figure 5d. Remarkably, ZnO and 

ZnO@ZnS micro/nanoferns presented the same photoresponse when the photocatalysts were irradiated 

at different light incident angles (Figure S7), unlike the ZnO non-branched nanowires, which showed a 

1.6-fold decrease at irradiation angles of 30° and 150°. In concordance with their low BET surface area, 

such independence on the angle of incidence of the light, worsened for the Ag-decorated and Ni-doped 

micro/nanoferns due to their higher compactness and reduced dendritical architectures.  Therefore, these 

results highlight the great potential of the modified ZnO-based micro/nanoferns for efficient sunlight 

photocatalysis applications. 
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Figure 5: (a) UV-visible DRS absorption spectra, and (b) room temperature PL spectra of the ZnO, 

ZnO@ZnS core@shell, Ag-decorated ZnO, and Ni-doped ZnO bioinspired fern-shape microleaves.  (c) 

Amperometric photocurrent curves of ZnO-based photocatalysts measured at 0.1 V versus Ag/AgCl/ 

KCl (3M) under visible light 30-s on–off cycles. (d) Photocurrent curves of ZnO-based photocatalyst as 

a function of light incidence irradiation angles (30°, 90°, and 150°) relative to the substrate. 

3.1. Photocatalytic activity 

The photodegradation efficiency of three different persistent organic pollutants (MB, 4-NP, and Rh-B) 

was studied under UV, artificial and natural UV-filtered sunlight irradiation in order to evaluate which 

bioinspired modified ZnO photocatalyst architecture presents a greater solar photocatalytic activity. 

Note that in the absence of photocatalysts, the pollutant concentration remains virtually constant (Figure 
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S8), regardless of the irradiation conditions, indicating that in these conditions pollutant photolysis can 

be neglected.  The UV-visible absorption spectra of the pollutant alkaline solutions in the presence of 

photocatalysts at different irradiation times were used to estimate the degradation of each pollutant. As 

can be seen in Figures 6 (MB), S9 (4-NP) and S10 (Rh-B), the absorption intensity of the different 

curves in the UV-Vis domain tends to decrease with the irradiation time until the absorption bands are 

no longer observed, which occurs at different times depending on the photocatalytic activity of each 

photocatalyst. Moreover, the photomineralization of each pollutant was evaluated by measuring the 

TOC content after the tests. As can be seen in Tables 2 (degradation efficiency) and 3 (TOC reduction), 

the ZnO@ZnS core@shell bioinspired fern-shape microleaves photocatalyst presents the greatest deg-

radation and mineralization efficiency, which is particularly relevant when UV-filtered sunlight is used 

as the irradiation source. Remarkably, the degradation efficiencies (Figures 7a (MB), S12a (4-NP), and 

S13a (Rh-B)), under artificial UV-filtered light irradiation for the ZnO@ZnS core@shell, Ag-decorated 

ZnO, and Ni-doped ZnO bioinspired fern-shape microleaves were determined to be ~99%, ~90%, and 

~90%, respectively. These values are significantly larger than those determined for non-modified ZnO 

biomimetic ferns (which ranged from 45 to 59% depending on the pollutant solution) (Table 2). In ad-

dition, the TOC reduction (Figures 7c (MB), S12c (4-NP), and S13c (Rh-B)) for the modified ZnO 

structures is significantly higher than that obtained with pristine ZnO photocatalysts. Note that the TOC 

reduction (Table 3), which indicates the total mineralization of pollutants, is very similar to the photo-

degradation efficiency obtained from the UV-vis spectra in the different irradiation conditions, espe-

cially for the photodegradation of MB.  
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ta
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st 

P
o
llu

ta
n

t 

Degradation ef-

ficiency under 

UV in 120 min 

(λ= 365 nm) 

Degradation ef-

ficiency under 

artificial UV-

filtered sun-

light in 120 min 

(λ> 400 nm) 

Degradation ef-

ficiency under  

UV-filtered so-

lar sunlight in 

120 min (λ> 400 

nm) 

Mass normal-

ized kinetic con-

stant under UV 

(λ= 365 nm) / 

min
-1

 g
-1 

Mass normalized ki-

netic constant under 

artificial UV-filtered 

sunlight (λ> 400 nm)/ 

min
-1

 g
-1

 

Mass normalized ki-

netic constant under 

UV-filtered sunlight 

(λ> 400\ nm)/ min
-1

 g
-1

 

ZnO 

MB 80 ± 2% 59 ± 1% 45 ± 2% 3.38 1.85 1.23 

4-NP 83 ± 2% 45 ± 2% 30 ± 3% 3.75 1.24 0.75 

Rh-B 88 ± 1% 56 ± 2% 34 ± 3% 4.28 1.71 0.84 

ZnO@ZnS 

MB 95 ± 1% 99 ± 1% 98 ± 2% 5.98 8.28 7.53 

4-NP 92 ± 2% 98 ± 1% 97 ± 1% 5.07 8.21 7.41 

Rh-B 88 ± 1% 98 ± 1% 96 ± 1% 4.31 7.30 6.75 

Ag-ZnO 

MB 83 ± 1% 93 ± 2% 84 ± 2% 3.63 5.38 3.73 

4-NP 84 ± 2% 90 ± 1% 85 ± 1% 3.78 5.20 3.57 

Rh-B 84 ± 1% 87 ± 1% 83 ± 1% 3.80 3.99 3.78 

Ni-ZnO 

MB 87 ± 2% 91 ±1% 84 ± 3% 4.38 4.95 3.62 

4-NP 86 ± 1% 89 ± 2% 83 ± 1% 4.05 4.39 3.74 

Rh-B 83 ± 1% 92 ± 2% 77 ± 2% 3.49 5.08 3.13 

 

Table 2: Photocatalytic degradation efficiency of MB (10 ppm), 4-NP (10 ppm), and Rh-B (5 ppm) polluted solutions under UV light (λ = 365 nm), artificial UV-

filtered sunlight (λ> 400 nm) and natural UV-filtered sunlight (λ> 400 nm) using (0.4 mg mL-1) the ZnO, ZnO@ZnS core@shell, Ag-decorated ZnO, and Ni-doped 

ZnO bioinspired fern-shape microleaves. 
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Moreover, the mass-normalized kinetic constant (knor) of each photocatalyst for all the irradiation con-

ditions was determined in order to examine the kinetics of degradation and to compare all the mass-

normalized kinetic constants to the state-of-the-art MB, 4-NP, and Rh-B ZnO-based photocatalysts. Ac-

cording to the Langmuir-Hinshelwood model, the photocatalytic degradation can be considered to fol-

low a pseudo-first-order kinetics with respect to the pollutant concentrations at low concentrations. The 

logarithmic plot of the absorbance (−ln(At/A0)) as a function of the reaction time (t) (Figure S11) allows 

the calculation of the apparent kinetic constant (kapp) in accordance with the following equation (Eq. 1): 

(
𝑑𝑐

𝑑𝑡
) = −𝑘𝑎𝑝𝑝𝑐𝑡 → 𝑙𝑛 (

𝑐𝑡

𝑐0
) = 𝑙𝑛 (

𝐴𝑡

𝐴0
) = −𝑘𝑎𝑝𝑝𝑡 

where 𝑐𝑡 is the pollutant concentration that remains in the solution after irradiation time (t), 𝐴𝑡  is the 

maximum absorbance of each pollutant after irradiation time (t), 𝑐0 is the initial pollutant concentration, 

and 𝐴0 is the initial absorbance of the peak. Note that the apparent kinetic constant depends on the 

photocatalyst surface, nature, active sites, electronic properties, and light trapping efficiency. The nor-

malized kinetics constant (knor = kapp/mcatalyst) allows the comparisons between the photocatalytic activity 

of each photocatalyst (Table 2).   

Photocatalyst Pollutant 

TOC of pol-

lutant solu-

tion without 

irradiation 

TOC reduc-

tion after 120 

min under 

UV (λ= 365 

nm) 

TOC reduction 

after 120 min 

under artificial 

UV-filtered sun-

light (λ> 402 

nm) 

TOC reduc-

tion after 120 

min under 

UV-filtered 

solar sunlight 

(λ> 402 nm) 

ZnO 

MB 9.87 ± 0.05 77.5 ± 1.1% 54.1 ± 0.9% 43.2 ± 1.6% 

4-NP 9.86 ± 0.04 79.3 ± 1.4% 44.2 ± 1.0% 28.8 ± 0.9% 

Rh-B 4.96 ± 0.22 82.3 ± 1.3% 47.4 ± 1.2% 31.2 ± 1.1% 

ZnO@ZnS 

MB 10.05 ± 0.13 94.5 ± 1.6% 99.1 ± 1.2% 98.2 ± 1.9% 

4-NP 10.34 ± 0.05 88.4 ± 1.1% 98.2 ± 1.5% 97.8 ± 1.8% 

Rh-B 4.48 ± 0.12 86.2 ± 1.4% 97.1 ± 1.4% 95.8 ± 1.8% 

Ag-ZnO 

MB 11.45 ± 0.13 82.1 ± 1.2% 90.6 ± 2.4% 81.7 ± 1.5% 

4-NP 10.71 ± 0.09 79.3 ± 0.9% 84.7 ± 1.1% 82.4 ± 1.4% 

Rh-B 5.39 ± 0.08 81.3 ± 1.2% 85.2 ± 2.2% 81.1 ± 0.7% 

Ni-ZnO 

MB 11.45 ± 0.13 84.5 ± 1.1% 88.0 ± 1.0% 82.1 ± 1.6% 

4-NP 10.75 ± 0.12 85.3 ± 2.1% 84.1 ± 1.0% 81.0 ± 2.1% 

Rh-B 5.48 ± 0.05 80.5 ± 1.6% 87.8 ± 0.8% 78.1 ± 0.4% 

Table 3: Photocatalytic degradation efficiency of MB (10 ppm), 4-NP (10 ppm), and Rh-B (5 ppm) 

polluted solutions under UV light (λ = 365 nm), artificial UV-filtered light (λ> 400 nm) and natural UV-
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filtered sunlight (λ> 400 nm) using (0.4 mg mL-1) ZnO, ZnO@ZnS core@shell, Ag-decorated ZnO, and 

Ni-doped ZnO bioinspired fern-shape microleaves. 

As can be seen in Figures 7b (MB), S12b (4-NP) and S13b (Rh-B), under UV-filtered sunlight irradi-

ation, the pollutant degradation rate of the ZnO@ZnS core@shell architecture is about 6.1 (MB), 9.9 

(4-NP), and 8.0 (Rh-B) times higher than that of the unmodified ZnO micro/nanoferns, and about twice 

higher than that of Ag-decorated ZnO micro/nanoferns, and the Ni-doped micro/nanoferns for the three 

pollutants. Interestingly, similar photodegradation rates were obtained in the three irradiation conditions 

for the Ag-decorated ZnO and the Ni-doped ZnO bioinspired micro/nanoferns, despite the difference in 

band-gap energy. This implies that the change in band-gap is compensated by the higher surface area 

(and thus easy pollutant and light accessibility) of the Ag-decorated ZnO micro/nanoferns. Moreover, it 

is worth emphasizing that the knor of ZnO@ZnS core@shell bioinspired micro/nanoferns, listed in Table 

2, are similar or even higher than that of the most competitive state-of-the-art ZnO-based photocatalysts 

(Tables S1-S3) [23, 29, 34, 67-86]. Therefore, in relation to the photocatalytic activity, the ZnO@ZnS 

core@shell bioinspired fern-shape microleaves exhibit an outstanding photocatalyzed remediation for 

the three different studied pollutants with a catalytic performance rivaling with doped ZnO nano-cata-

lysts. In this regard, the visible photocatalytic pollutant degradation performance of the ZnO@ZnS 

core@shell micro-fern architecture is significantly higher than that obtained with the vertically aligned 

ZnO@ZnS core@shell nanorods [23]. This clearly highlights the improvement of the bioinspired archi-

tecture in terms of the light trapping and pollutant accessibility, resulting in enhanced photocatalytic 

performance.   



30 

 

Figure 6: Time-dependent UV–vis spectra of the MB photocatalyzed degradation under (a, d, g, and j) 

UV light (λ = 365 nm), (b, e, h, and k) artificial UV-filtered sunlight (λ> 400 nm), and (c, f, i, and l) 
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UV-filtered sunlight (λ> 400 nm) using 0.4 mg mL-1 of (a-c) ZnO, (d-f) to the ZnO@ZnS core@shell, 

(g-i) to the Ag-decorated ZnO, and (j-l) to the Ni-doped ZnO bioinspired fern-shape microleaves.  

Figure 7: Comparison of (a) degradation efficiency; (b) the mass-normalized kinetic constant; and (c) 

percentage of the total organic carbon reduction during the irradiation of MB polluted solution under 

UV light (λ = 365 nm), artificial UV-filtered sunlight (λ> 400 nm) and natural UV-filtered sunlight (λ> 

400 nm) using 0.4 mg mL-1 of ZnO, ZnO@ZnS core@shell, Ag-decorated ZnO, and Ni-doped ZnO 

bioinspired fern-shape microleaves. 
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3.2. Photocorrosion resistance 

Since ZnO is renowned for its high instability under illumination, we evaluated the photocorrosion re-

sistance for different photocatalysts. The successive pollutant degradation efficiencies, after the contin-

uous irradiation of the photocatalysts in the pollutant solution (MB, 4-NP, or Rh-B) and fresh water for 

0 to 48 h under artificial UV-filtered sunlight, were used to evaluate the photostability, photocorrosion, 

and recyclability of ZnO-based microleaves (Figures 8a, S14). For all the photocatalysts in up to three 

cycles (after 15 h of irradiation in the pollutant solution and fresh water), no significant reduction in the 

degradation efficiencies was observed. However, the ZnO and Ni-doped ZnO structures presented the 

lowest photostability since photocatalytic activity is significantly reduced in successive reaction cycles 

after 15 h of irradiation. The photodegradation efficiency after five cycles (48 h of total irradiation time) 

is approximately 18-21% for ZnO and 49- 54% for Ni-doped ZnO photocatalysts. Despite the significant 

reduction for both photocatalysts, Ni-doped ZnO presented greater reusability capability as the relative 

reduction of the photodegradation efficiency was approximately 41-44%, while the non-modified archi-

tecture presented a reduction as high as 63-70%. Notably, the photodegradation efficiency for the Ni-

doped ZnO slightly improved in the first cycles, possibly because of the Zn(II) dissolution during this 

15 h of irradiation, which resulted in an increase of the surface area, and consequently, better pollutant 

and light accessibility. Conversely, the Ag-decorated ZnO and, more remarkably, the ZnO@ZnS 

core@shell microleaves presented a significantly stable photocatalytic activity, even after recycling five 

times and irradiating for 48 h. In particular, the photodegradation efficiency for the ZnO@ZnS 

core@shell architectures remained virtually constant even after 48 h. Therefore, the reduction in photo-

degradation efficiency after 48 h of continuous irradiation and 5 consecutive cycles demonstrated that 

photocatalyst nature has a determining effect on photocatalytic activity, as ZnO@ZnS core@shell ar-

chitectures only presented a reduction of approximately 2-4%. These values are approximately 22, 17, 

and 3 times lower than those obtained for ZnO, Ni-doped ZnO, and Ag-decorated ZnO micro/nanoferns, 

respectively. In addition, the concentration of Zn(II) ions in fresh water was determined after the con-

tinuous irradiation of photocatalysts during 0, 3, 6, 15, 30, and 48 h under UV (λ= 365 nm) and artificial 

UV-filtered sunlight (λ> 400 nm) to evaluate the photostability of each photocatalyst. The concentration 
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of Zn(II) in solution was also determined for each photocatalyst after 48 h of immersion in fresh water 

in dark conditions (Figure S14a) and under irradiation. The amount of dissolved photocatalyst after 48 

h of immersion in fresh water clearly depends on the catalyst’s chemical nature as well as the irradiation 

conditions, since the concentration of Zn(II) in solution was less than 5 µM for all the photocatalysts in 

dark conditions, while it was as high as 3.6 mM for the unmodified architecture when irradiated with 

UV light (Figure S14b). The relative release of Zn(II) in solution in relation to the initial amount of 

catalysts after 48 h of artificial UV-filtered sunlight was approximately 45%, 2.2%, 9.7%, and 44% for 

ZnO, ZnO@ZnS core@shell, Ag-decorated ZnO, and Ni-doped ZnO bioinspired fern-shape micro-

leaves, respectively. A similar tendency, but with a slightly higher Zn(II) dissolution, were observed 

when the photocatalysts were irradiated with UV light (Figure S15b). Note that the core@shell archi-

tectures presented a practically identical minimal dissolution of Zn in both UV and artificial UV-filtered 

light, which confirmed its superior photocorrosion resistance. Initially, the dissolution of Zn increased 

the accessible surface area, and consequently the photodegradation efficiency, as observed during the 

first cycles of Ni-doped photocatalyst. However, the Zn(II) dissolution finally translated into an im-

portant reduction of the photocatalytic activity and the reusability, as the amount of catalyst and its area 

decreased. The XRD pattern of each reused photocatalyst (Figure S16) shows that neither the mineral-

ization of the pollutants nor the irradiation conditions affect the crystalline structure of each photocata-

lyst.  However, the intensity of the peaks of the FTO substrate is slightly higher for the different cata-

lysts, except for ZnO@ZnS core@shell micro/nanoferns. This is the consequence of the dissolution of 

the ZnO, which increases the exposure of the substrate. Figure S17 shows the surface morphology of 

each photocatalyst after 3 and 48 h of irradiation. The high photocorrosion rate for the unmodified mi-

cro/nanoferns induced a clear deterioration of catalyst surface, already after 3 h of irradiation, which 

was more relevant and accompanied by the detachment of catalyst fragments after 48 h of continuous 

irradiation (Figure S17a-c). Importantly, no appreciable changes were observed in neither the architec-

ture nor surface morphology of the ZnO@ZnS core@shell micro/nanoferns (Figure S17d-f). The Ag-

decorated ZnO photocatalyst also exhibited an excellent photocorrosion resistance that was confirmed 

by the analysis of the surface during the irradiation process as most of the surface was practically unal-

tered, except some affected local regions that were thinned because of the high Zn dissolution due to the 
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low content of Ag (Figure S17g -i). Lastly, an important increase in the surface roughness of Ni-doped 

photocatalyst was observed, which justifies the initial increase in the photodegradation efficiency, fol-

lowed by an important dissolution that reduced the amount of catalyst by the reduction of the width of 

the different ramifications (Figure S17j -l). Therefore, ZnO and Ni-doped ZnO have an important lim-

itation for their practical use in photocatalysis, since it is imperative in terms of real and environmentally 

friendly applications for heterogeneous catalysts to be stable and reusable. Note that the adsorption and 

remediation of the different pollutants and intermediates had no effect on the photostability of the cata-

lysts, ruling out any poisoning of the catalyzer. The non-poisoning of the photocatalyst was clearly 

demonstrated when comparing the values of the reduction in photodegradation efficiency and the per-

centage of dissolved Zn in relation to the initial amount of photocatalyst, especially for ZnO@ZnS 

core@shell, Ag-decorated ZnO, and Ni-doped ZnO. In addition, the excellent photostability, low pho-

tocorrosion activity, and low catalyst poisoning of the Ag-decorated ZnO and the ZnO@ZnS core@shell 

microleaves, greatly facilitate their recyclability and, hence, enhance their potential as photocatalysts 

for water remediation.  

 

Figure 8: (a) Photocatalyst reusability of the ZnO, ZnO@ZnS core@shell, Ag-decorated ZnO, and Ni-

doped ZnO bioinspired fern-shape microleaves (0.4 mg mL-1) in cyclic photodegradation experiments 

(120 min) of MB for five consecutive cycles after the continuous irradiation of photocatalyst in MB 
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solution or fresh water during 0, 3, 6, 15, 30, and 48 h under artificial UV-filtered sunlight (λ> 400 nm). 

(b) Percentage of dissolved Zn (relative to the initial amount of Zn in each ZnO-based photocatalyst) 

after the continuous irradiation of 0.4 mg mL-1 of photocatalyst in fresh water during 3, 6, 15, 30, and 48 

h also under artificial UV-filtered sunlight (λ> 400 nm). 

3.3. Photocatalytic mechanism  

The mineralization of pollutants is possible due to the fact that the additional charge carriers (e-/h+) and 

reactive oxygen species, such as superoxide and hydroxyl radicals, are generated on the photocatalysts 

surface.  It is well known that hydroxyl radicals are the main actors in the mineralization mechanism of 

persistent organic pollutants. It is also important to consider the formation of oxygen superoxide and 

singlet oxygen species. However, the different photocatalytic activity strongly depends on the kinetics 

of formation of each reactive oxygen species. The particularities of the photocatalysis and the formation 

of the reactive oxygen species of these four biomimetic photocatalysts were studied by different selec-

tive chemical reactions and trapping experiments during the photodegradation of MB by using different 

scavengers to consume the corresponding generated active species, which affects the photodegradation 

efficiency. All the experiments were performed under artificial UV-filtered sunlight (λ> 400 nm) irra-

diation.   

Figure 9a,b shows the time-dependent evolution of the concentration of fluorescein sodium salt and the 

rate of hydroxyl radical formation calculated from the intensity of the photoluminescence peak at 515 

nm (λex = 303 nm) of the time-dependent photoluminescence spectra. Note that the kinetic rate was 

calculated by assuming zero order kinetics between hydroxyl radical and fluorescein sodium salt (Fig-

ure S18) [52]. The kinetics of hydroxyl formation in the absence of photocatalyst have also been con-

sidered, since the photolysis of water, which is especially relevant under UV irradiation, can also be an 

important source of hydroxyl radicals. However, under artificial UV-filtered sunlight, photolysis is prac-

tically negligible since the kinetics of hydroxyl radical formation is 7, 350, 154, and 139 times lower 

than that obtained when ZnO, ZnO@ZnS, Ag-decorated, and Ni-doped micro/nanoferns, receptively, 

are used.  The order of hydroxyl radical output is ZnO@ZnS > Ag-decorated > Ni-doped > ZnO mi-

cro/nanoferns, which is exactly the same tendency observed for the photodegradation of MB, 4-NP, and 
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Rh-B pollutants. Therefore, the formation of hydroxyl radicals has a capital role in the photo-minerali-

zation of organic pollutants. Note that hydroxyl radicals can be formed mainly by (i) the reaction of 

photogenerated holes and/or electrons with adsorbed water or hydroxyl ions; (ii) the reaction of super-

oxide radicals with protons; and (iii) the photolysis of water. Therefore, elucidating which is the main 

source of generation of hydroxyl radicals in the case of ZnO@ZnS can be key to understand the excep-

tional photocatalytic activity to mineralize organic pollutants.  

As can be seen in Figure 9c, for the ZnO@ZnS micro/nanoferns the formation of superoxide radicals 

is practically insignificant compared to other photocatalysts. On the other hand, Ag-decorated ZnO mi-

cro/nanoferns exhibited extensive activity to generate superoxide radicals, although it is significantly 

lower for Ni-doped ZnO and ZnO micro/nanoferns. Superoxide radicals do not have a high capacity for 

the photo-mineralization of organic contaminants in aqueous solution due to their low oxidation power, 

especially when compared to hydroxyl radicals. Therefore, the main function in an aqueous solution 

(protic media) is the formation of hydroxyl radicals when reacting with protons. However, in alkaline 

media, this reaction is more limited. Note that for ZnO@ZnS micro/nanoferns their contribution in the 

formation of hydroxyl radicals is minimal. In addition, the formation of singlet oxygen was also evalu-

ated by both measuring the consumption of the singlet oxygen sensor reagent (Figure S19) and the 

formation of the endoperoxide compound (Figure 9c).  From the time-dependent spectra of the for-

mation of singlet oxygen the following order of activity is found: ZnO > Ni-doped ZnO > Ag-decorated 

ZnO > ZnO@ZnS micro/nanoferns. According to these experiments and the mineralization efficiency, 

hydroxyl radicals are clearly the most important reactive oxygen species involved in the mineralization 

process of persistent organic pollutants under UV-filtered irradiation when ZnO-based photocatalysts 

are used.  

Lastly, trapping experiments of the active species during the photocatalytic degradation of MB using 

the ZnO, ZnO@ZnS core@shell, Ag-decorated ZnO, and Ni-doped ZnO bioinspired fern-shape micro-

leaves photocatalysts were performed to visualize the effect of hydroxyl radicals, superoxide radicals, 

and photogenerated holes on the photodegradation process (Figure 9d). The degradation efficiency of 

ZnO (~45%) decreased to ~10%, ~33%, and ~28% in the presence of superoxide radical, hydroxyl rad-
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ical, and hole scavengers, respectively. The marked decrease when benzoquinone was added demon-

strates that the dominant factor during the degradation process was the superoxide radicals, which are 

coherent due to their low capability to produce hydroxyl radicals (0.012 µM min-1) and their high capa-

bility to generate superoxide radicals in these irradiating conditions. However, the MB photodegradation 

efficiency of the ZnO@ZnS photocatalyst (~99%) decreased to ~92%, ~9%, and ~6% in the presence 

of superoxide radical, hydroxyl radical, and hole quenchers, respectively. Therefore, the photogenerated 

holes and the hydroxyl radicals govern the photocatalytic degradation when the ZnO@ZnS core@shell 

micro/nanoferns are used as photocatalysts. Therefore, the exceptional photocatalytic activity of 

ZnO@ZnS core@shell micro/nanofern can be attributed the combined effects of the improved light 

trapping efficiency given by the fractal architecture, and the electronic modifications caused by the het-

erojunction that enables a complete modification of the photocatalytic pathway towards the photogen-

eration of hydroxyl radicals. Such pathway change is provided by the ZnO/ZnS interface, which induces 

a substantial reduction of the bandgap [23], and the correct separation of the electron-hole pairs. The 

different conduction and valence band energy levels and electronic affinities of ZnO and ZnS promote 

the separation of the electrons and holes towards the ZnO and ZnS, respectively. Such separation is 

crucial to trap the holes at the ZnS/water interface, where the hydroxyl radicals can be efficiently gen-

erated. This reduction process is also key to protect the Zn structure by minimizing the release of Zn(II) 

that is the responsible of the fast photodegradation of the unmodified ZnO.  

For the Ag-decorated ZnO micro/nanoferns (~93%), the catalytic process is similar to the pristine ZnO, 

as the efficiency decreased to ~2%, ~31% and ~27% in the presence of superoxide radical, hydroxyl 

radical, and hole quenchers, respectively, which indicates that the superoxide radicals are the predomi-

nant species during photocatalysis. Lastly, for the Ni-doped ZnO micro/nanoferns, all the quenchers 

influenced the photodegradation efficiency; however, the photodegradation efficiency decreased 

slightly when the superoxide quencher was added.  

 



38 

 

 

Figure 9: (a) Time-dependent photoluminescence spectra of 8 µM of the aqueous solution of fluorescein 

sodium (interval time between each measurement: 10 min), (b) rate of formation of hydroxyl radicals, 

(c) time-dependent UV-vis spectra of the formation of XTT-formazan indicating superoxide formation 
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(interval time between each measurement: 30 min), and (d) time-dependent photoluminescence spectra 

of endoperoxide formation indicating oxygen singlet formation (interval time between each measure-

ment: 5 min) under artificial UV-filtered sunlight (λ > 400 nm) using 0.4 mg mL-1 of ZnO, ZnO@ZnS 

core@shell, Ag-decorated ZnO, and Ni-doped ZnO bioinspired fern-shape microleaves. (e) Trapping 

experiment of active species during the MB photodegradation under visible sunlight (λ> 400 nm) of the 

ZnO, ZnO@ZnS core@shell, Ag-decorated ZnO, and Ni-doped ZnO bioinspired fern-shape micro-

leaves (0.4 mg mL-1). BQ, IPA, and TEOA are used to indicate benzoquinone, isopropyl alcohol, and 

triethanolamine quenchers, respectively.  

 

4. CONCLUSIONS 

A new, simple, green, and inexpensive electrochemical synthesis pathway for the preparation of biomi-

metic ZnO and ZnO-based photocatalysts with fractal morphology has been established. Different mod-

ification processes, sulfidation-induced ZnS shell, Ag photodeposition, and Ni codeposition processes 

were used to modulate the photocatalytic activity of fractal ZnO micro/nanoferns, which allowed us to 

obtain competitive photocatalysts for the photodegradation and photoremediation of three different per-

sistent organic pollutants, namely methylene blue, 4-nitrophenol, and Rhodamine B. The modified ZnO 

bioinspired photocatalysts have been shown to be excellent catalysts for the photodegradation and 

photo-remediation of contaminants by using UV light and artificial and natural UV-filtered sunlight. 

Both the photocatalyst architecture and the photocatalyst surface state played an important and syner-

getic rile in the photocatalytic performance, which is comparable to or better than the most competitive 

micro- and nano-metric state-of-the-art ZnO-based photocatalysts. The results highlight that the differ-

ent modification processes and the biomimetic architecture of the doped ZnO bioinspired fern-like mi-

croleaves fixed on fluorine-doped tin oxide substrates (i) allow the modulation of the band gap to extend 

the photocatalytic activity to the visible domain and promote the separation of photogenerated electron-

hole pairs and (ii) favor the absorption of light as it enhances their independence on the incident light 

angle. The ZnO@ZnS core@shell, Ag-decorated ZnO, and Ni-doped ZnO structures exhibited similar 
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– or even higher – photocatalytic activity compared to the benchmark ZnO-based photocatalysts, alt-

hough Ni doping does not contribute to the chemical stability of the structure. Significantly, the 

ZnO@ZnS core@shell micro/nanoferns have demonstrated the best photocatalytic performance, pro-

moted by their excellent opto-electronic properties, likely induced by the different crystallographic 

structure of the ZnO core and ZnS shell. The core@shell structures are highly competitive photocatalysts 

for practical applications not only because of their outstanding photocatalytic activity in the remediation 

of pollutants but also for their excellent recyclability and remarkably high photocorrosion resistance.  
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