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Additive-free 1,4-butanediol mediated synthesis: a suitable route 

to obtain nanostructured, mesoporous spherical zinc oxide 

materials with multifunctional properties 

Diana Visinescu,a* Mariana Scurtu,a Raluca Negrea,b Ruxandra Birjega,c Daniela C. Culita,a Mariana 
Carmen Chifiriuc,d Constantin Draghici,e Jose Calderon Moreno,a Adina Magdalena Musuc,a Ioan 
Balinta and Oana Carpa* 

A family of mesoporous, self-aggregated zinc oxide materials with spherical morphologies of high crystalline quality, is 

obtained through a facile, additive-free polyol procedure. The forced hydrolysis of zinc acetylacetonate in 1,4-butanediol 

(BD), in various reaction conditions, affords ZnO materials with versatile morphologies and optical properties. The reaction 

parameters (temperature, time and zinc source concentration) modulate the ZnO nanocrystallites size (from 8.1 to 13.2 

nm), the spheres diameter (ranging from 50 up to 250 nm), the internal structure of the spherical aggregates (hollow or 

solid) and their specific surface area (from 31 to 92 m2/g). Polycrystalline spheres with hollow cores are obtained at the 

lowest temperature (90oC) and zinc cation concentration (0.1 M), while at higher reaction temperatures (140-180oC), solid 

spherical aggregates are developed. A reaction mechanism for ZnO formation via zinc layered hydroxide (LDH-Zn) is 

proposed based on the nuclear magnetic resonance (1H NMR and 13C NMR) and powder X-ray diffraction (XRD) studies. 

The obtained ZnO materials have a functionalized surface, derived from the polyol solution and act as nitrogen selective 

photocatalyst in the reduction reaction of NO3
-. The organic residua attached on the ZnO surface play a crucial role in the 

denitrification reaction, since the photo-cleaned sample showed a negligible photocatalytic activity. The ZnO materials also 

exhibited microbicidal and anti-biofilm activity against reference and clinical strains, highlighting their potential for the 

development of novel antimicrobial formulation. 

Introduction 

 

Zinc oxide (ZnO) is a multifunctional oxide-based material 

with an extraordinary technical potential due to a unique 

combination of properties, for example semiconducting, 

optical, piezoelectricity and pyroelectric pecularities.1 The 

wide band gap (∆Eg = 3.37 eV) and large exciton binding 

energy (60 meV) account for various practical applications, as 

ultraviolet (UV) lasers,2 sensors,3 solar cells,4 (photo)catalysts5 

or cell imaging probes.6 Recent studies highlighted the 

remarkable antifungal, anticancer and antibacterial activities 

of water-stable nano- and microsized ZnO formulations.7 

The large variety of morphologies exhibited by ZnO, with 

various aspect ratios, orientations, sizes as well as crystal 

densities is mainly responsible for its versatile attributes.8 The 

nanostructured materials combine the individual 

characteristics of each nanoparticle and the interactions 

between the adjacent crystallites generate new and 

interesting properties, unreachable for the corresponding 0D 

crystals.1a,9 The preferential anisotropic growth along c axis of 

zinc oxide produces numerous one-dimensional 

nanostructures (1D), in which the crystallites are aligned and 

stacked through electrostatic interactions.10 The two-

dimensional (2D)11 and three-dimensional (3D)12 ZnO 

morphologies gave rise to new properties, different from the 

mono-morphologic structures. Therefore, great efforts have 

been devoted in the last years for developing suitable and 

facile synthetic methods able to tailor ZnO morphologies 
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toward higher dimensionalities in order to achieve new shape-

induced functionalities. 

The nanoparticles synthesis in organic solvents (as, for 

example, (poly)alcohols), represents one of the most 

convenient and resourceful chimie douce synthetic 

methodology for obtaining well-crystallized metal oxides with 

high compositional homogeneity, diversity of shapes and 

narrow size distributions.13-15 The organic solvents are the 

main source of oxygen for the formation of metal oxides, their 

specific properties (polarity, viscosity, and saturated vapour 

pressure) influencing the nucleation process, crystal growth, 

particle shapes, crystallite sizes and, as a consequence, their 

further aggregation into higher dimension assemblies. The 

large number of suitable metal oxide precursors and organic 

solvents offers many combinations for potential reaction 

systems. Taking into account that both chemical (solvent, 

metal oxide precursor and the corresponding concentrations) 

and thermodynamic (temperature, pressure, etc.) factors 

strongly influence the size and the shape of the final 

nanocrystals, the rigorous choice of the organic solvent and 

raw material as well as the careful adjustment of the reaction 

conditions represent powerful tools in order to tailor the 

morphological characteristics of the oxide materials.8a,14a,16 

Polyol-mediated methods turn out to be well-suited 

approaches for obtaining different zinc oxide morphologies, 

including the spherical ones.14d,18b,19 The polyol-assisted 

synthesis protocol of the zinc oxide materials is simple, cost-

effective, consisting in zinc salts forced hydrolysis.14,17 The 

polyol peculiarities are the key parameters of the procedure: 

(i) amphiprotic nature, the polyol being able to dissolve most 

of the inorganic compounds; (ii) high boiling point (up to 

250°C) that allow a wide synthesis-temperatures range; (iii) 

reducing capability, beneficial for the metal synthesis and (iv) a 

significant ability to coordinate transition metal ions. The 

obtained nanoparticles present an organophilic surface, 

derived from the polyol solvent. Such particles do not need 

surface modification post-treatment for further applications. 

However, most of the polyol approaches use inorganic/organic 

additives, so the risk of introducing various impurities is 

relatively high.  

Herein we report an additive-free polyol procedure that 

affords, in one-step and mild conditions, highly crystalline zinc 

oxide nanoparticles, aggregated in hollow and solid spherical-

shaped structures. We employed 1,4-butanediol (BD), which 

was rarely used in oxides syntheses.20,21 The present study 

analyses thoroughly the mechanism of zinc oxide formation, as 

well as the influence of the reaction conditions (zinc source 

concentration and reaction time/temperature) on the final 

crystalline quality, morphology, surface characteristics, and 

thus, on the corresponding optical properties. Zinc 

acetylacetonate, Zn(acac)2, was selected as zinc source due to 

its good solubility in organic solvents. Also, the high stability of 

bis-chelated Zn(acac)2 determines the slow release of the zinc 

cations into the reaction solution and, as a result, a controlled 

formation of the ZnO nuclei. In order to explore the potential 

applications, the obtained ZnO materials were tested as 

photocatalysts for nitrate reduction and as antimicrobial 

agents, being probed against a broad spectrum of bacterial 

strains, both in planktonic and biofilm state.  

Experimental section 

The reagents of analytical grade were used without further 

purification. 

 

Synthesis of ZnO nanoparticles 

ZnO aggregates were obtained through a BD-assisted 

precipitation, as a result of the forced hydrolysis of Zn(acac)2 

at 90oC (samples ZnOBD1-ZnOBD3), 140oC (samples ZnOBD4-

ZnOBD6) and 180oC (sample ZnOBD7). The reaction conditions as 

well as the zinc precursor concentration are gathered in Table 

1. In a typical synthesis, an amount of Zn(acac)2 is dissolved in 

a known volume of 1,4-butanediol. The mixture was heated 

under stirring at the reaction temperature, in a round-bottom 

flask fitted with a reflux column, for 2-5 hours. The 

precipitation of ZnO occurred after 30 minutes. After cooling 

at room temperature, the solid phases were collected by 

centrifugation and washed with ethanol.  

Table 1. The reaction conditions and zinc source concentrations for obtaining ZnOBD1-

ZnOBD7 oxides. 

Zn2+ concentration (mol·l-1) 

Temperature/reaction time 

90oC 140oC 180oC 

4h 2h 5h 5h 

0.1 ZnOBD1 ZnOBD4   

0.25 ZnOBD2 ZnOBD5 ZnOBD6 ZnOBD7 

0.5 ZnOBD3    

 

Characterization of ZnO particles. 

 

FTIR spectra (KBr pellets) were recorded with a FTIR Brucker 

Tensor V-37 spectrophotometer. Thermal measurements were 

performed on a Netzch STA 449 F1 Jupiter Simultaneous 

Thermal Analyzer apparatus in static air, with a heating rate of 

10oC/min. UV-Vis spectra were recorded on a Perkin-Elmer 

Lambda-35 (200 - 1100 nm) spectrophotometer. 

Photoluminescence (PL) measurements were performed on a 

JASCO FP 8300 spectrophotometer using 325 nm excitation 

line of the xenon light. X-ray diffraction measurements (XRD) 

were carried out at room temperature on a PANalytical X’Pert 

PRO MPD X-ray diffractometer with Cu X-ray tube providing a 

Kα wavelength of 1.5418 Å. The average crystallite size (D) of 

the samples was determined using the Williamson– Hall 

equation βhklcosθhkl = kλ/D + 4εsinθhkl, where λ is the 

wavelength of the CuKα radiation, k a constant equal to 0.9 

and βhkl the instrumental corrected broadening measured at 

the half-maximum intensity of the (hkl) peak at θhkl Bragg 

diffraction angle. 

The size and the morphology of the particles were 

evaluated by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). SEM measurements 

were carried out on field emission Hitachi H-4100FE and FEI 

Quanta 3D FEG microscopes. TEM experiments were 

Page 2 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

performed on a JEOL ARM 200F electron microscope operated 

at 200kV. Porosity and surface area of the samples were 

determined by nitrogen adsorption-desorption analysis at -

196°C using a Micrometrics ASAP 2020 analyser. Specific 

surface areas (SBET) were calculated according to the Brunauer-

Emmett-Teller (BET) equation. The total pore volume (Vtotal) 

was estimated from the amount adsorbed at the relative 

pressure equal with 0.99. The average pore diameter and pore 

size distribution curves were obtained using Barrett–Joyner–

Halenda (BJH) method from the desorption branch. 1
H NMR 

and 
13

C NMR spectra were recorded on a Gemini 300 BB 

operating at 300 MHz in DMSO-d6 using TMS as internal 

standard.  

Photocatalytic tests. The photocatalytic cleaning was 

conducted at 18oC in an immersion photochemical reactor 

made of quartz (Photochemical Reactors LTD). The reaction 

slurry formed from 70 mL of H2O and 95 mg of suspended 

catalyst was bubbled with a mixture of 5% O2 in Ar (30 cm3 

min-1) and irradiated with a 125 W medium pressure mercury 

lamp characterized by a predominant radiation at 366 nm, and 

smaller amounts in the visible (404-579 nm) and ultraviolet 

(265- 334 nm) regions. The composition of the outlet gas 

stream was analysed every 30 minutes with a gas 

chromatograph equipped with TCD detectors (Buck Scientific 

910). The CO2 was separated on a Haysept column and then 

quantified. 

The photocatalytic nitrate reduction was carried out at  

18 °C with 35 mg of the powder catalyst dispersed in 70 mL of 

an aqueous solution containing 1.61 mM (100 ppm) of NO3
-. In 

order to remove the air, the reactor was purged with argon (40 

cm3 min-1) while being stirred, and topped with a condenser, 

cooled with a recirculation chiller at -5 oC to avoid the removal 

by argon stream of the eventually formed NH3. The suspended 

photocatalyst was irradiated with a 125 W medium pressure 

mercury lamp. Every 30 minutes, a sample of the solution was 

withdrawn from the photoreactor, filtered and the ionic 

species of interest (NO3
-, NO2

- and NH4
+) were analysed with 

an ICS 900 Dionex ion chromatography system. The total ionic 

nitrogen concentration was evaluated according to the 

equation: 

 

where [NO3
-]0 represents the initial amount of nitrate (mmol) and 

[NO3
-]t, [NO2

-]t and [NH4
+]t are the amounts of the respective 

species (mmol) at time t (min). 

Antimicrobial activity assays. The antimicrobial activity of 

the ZnO compounds was assayed on Gram-negative 

(Escherichia coli ATCC 13202, E. coli 634, Pseudomonas 

aeruginosa ATCC 27853, P. aeruginosa 719) and Gram-positive 

(Staphylococcus aureus ATCC 6538, methicillin resistant S. 

aureus, Bacillus subtilis ATCC 12488, B. subtilis 6833) reference 

(bearing the ATCC code number) and clinical bacterial strains. 

Microbial suspensions of 1.5 x 108 CFU mL-1 (0.5 McFarland 

density) obtained from 15 to 18 h bacterial cultures developed 

on solid media were used in our experiments. The ZnO 

compound was suspended in dimethyl sulfoxide (DMSO) to 

prepare a stock solution of 1 mg /mL-1 concentration. The 

quantitative assay of the antimicrobial activity was performed 

by the liquid medium microdilution method in 96 multi-well 

plates. Two-fold serial dilutions of the compounds solutions 

(ranging between 500 μg and 0.97 μg mL-1) were performed in 

a 200 μL volume of broth, and each was well seeded with a 

volume of 50 μL of microbial inoculum. Culture positive 

controls (wells containing culture medium seeded with the 

microbial inoculum) were used. The influence of the DMSO 

solvent was also quantified in a series of wells containing 

DMSO, diluted accordingly with the dilution scheme used for 

the complexes. The plates were incubated for 24 h at 37 oC, 

and the minimal inhibitory concentration (MIC) values were 

considered as the lowest concentration of the tested 

compound that inhibited the growth of the microbial overnight 

cultures, as compared to the positive control, revealed by a 

decreased value of A 600 nm.22 For the evaluation of the 

influence of different concentrations on the ability of the 

tested bacterial strains to colonize the inert substratum, a very 

simple microtiter plate method was used: the microplates 

used for the MIC assay were emptied, washed three times by 

PBS (phosphate buffered saline) and the biofilm formed on the 

plastic wells wall was fixed for 5 min with cold methanol, 

coloured for 15 min by violet crystal solution and resuspended 

with a 33% acetic acid solution. Cell density was measured by 

reading the optical density of the coloured solution at 490 nm 

using an ELISA reader (Apollo LB 911). The minimal biofilm 

eradication concentration (MBEC) values were considered as 

the lowest concentration of the tested compound that 

inhibited the development of biofilm on the plate wells.  

Results and discussions 

 

The forced hydrolysis of Zn(acac)2 in 1,4-butanediol affords 

high crystalline zinc oxide nanoparticles without any annealing 

post-treatment. The water amount from the zinc source (1.2 

H2O molecules for each Zn(acac)2 molecule, see Figure S1 in 

ESI) as well as the hydroxyl groups of the organic solvent 

promote the hydrolysis reaction that occurs at quite low 

temperature (90 oC) that is, to our knowledge, one of the 

lowest temperature for the synthesis of zinc oxide materials 

carried out in polyol.14a,f,g,18a,19c The process is clearly 

accelerated with the temperature increase (140 and 180 oC), a 

significant amount of ZnO being obtained at these 

temperatures only after 2h of reaction. In order to survey the 

influence of reaction conditions (time, temperature, zinc 

source concentration) on zinc oxide particles size and shapes, 

several reaction parameters were analysed (see Table 1 in 

Experimental). 
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Structural, morphological, thermal and optical characterization of 

zinc oxide samples 

 

FTIR spectroscopy 

 

FTIR spectra of the zinc oxide samples for ZnOBD1-ZnOBD3 

and ZnOBD4-ZnOBD7 series of oxides are shown in Figures S2-S4 

in ESI. The spectra exhibit similar profiles, the large and very 

intense absorption at ca. 450-470 cm-1, proving the presence 

of a zinc oxide dominant phase. The band is attributed to the 

phonon absorptions of the zinc oxide lattice, its energy and the 

absence of any splitting being specific to spherical-shaped ZnO 

particles.12g,h,23 A large and multi-structured absorption covers 

1600-1300 cm-1 range. The two medium peaks, located at 

1555-1575 cm-1 and 1406-1412 cm-1, represent the signature 

of ν(C=O) stretching vibrations of the acetylacetonate molecules. 

These bands associated with the large absorption centred at 

3400 cm-1, specific to the hydroxyl groups, suggest the 

formation of the basic layered zinc hydroxide compound either 

as intermediate product (see below, the XRD analysis). The 

adsorption of acetylacetonate molecules on zinc oxide polar 

surfaces is not excluded. The 1H NMR and 13C NMR spectra 

recorded on the supernatant solution of ZnOBD2 and ZnOBD7 

samples confirm the presence of small quantities of 

acetylacetonate molecules (see Figures S5 and S6 in ESI).  

For all materials, the presence of a medium intensity 

splitted band, with peaks at 1049 and 1020 cm-1, indicates 

traces of diols, most likely attached to the polar ZnO surfaces, 

through hydrogen bonds. A high-energy band, centred at ca. 

3400 cm-1 attributed to ν(O-H) stretching vibration originating 

from water, diol and/or layered zinc acetylacetonate 

hydroxide molecules is observed for all products. 

 
Thermal analysis 

 

The thermal behaviour of the synthesized samples is 

similar (Figure S7 in ESI). The total mass loss lies between 3 

and 5%, of which about 1.5-2 % is water that is evolved 

gradually up to 170 oC. Commonly, the organic components 

(entrapped solvent and reaction by-products) are eliminated in 

three steps: about two-thirds of the organic mass loss is 

removed via two distinctive exothermic processes that occur 

up to ~ 450 oC, while the remaining third were slowly 

decomposed through a continuous mass loss stage that takes 

place up to 1000 oC. 

 
XRD analysis 

 

The XRD diffractograms of ZnOBD1–ZnOBD3 oxides are 

presented in Figure 1 and those corresponding to ZnOBD4–

ZnOBD7 in Figure S8 in ESI. The lattice parameters and the 

crystallites sizes values of the ZnO phase are gathered in Table 

2. ZnO würtzite-type phase (JCPDS no. 36-1451) is formed in all 

cases, but its purity and crystallite sizes depend on the 

synthesis conditions. A layered basic double hydroxide zinc 

phase (LDH-Zn), identified as impurity, is present in low-

temperature samples, with a high zinc concentration (traces in 

ZnOBD2 and relatively well-defined in ZnOBD3). The formation of 

the LDH-Zn in polyol-assisted reaction (diethylene glycol and 

ethylene glycol) is not unusual.24 In our case, LDH-Zn is most 

likely an intermediate product, that, in specific conditions, is 

converted into zinc oxide.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. The XRD difractograms recorded for ZnOBD1-ZnOBD3 samples. 

The samples, in which LDH-Zn was detected, were obtained in 

the most unfavourable conditions for its conversion to ZnO 

(low temperature, short reaction time, high concentration of 

zinc). In other words, the absence of LDH-Zn does not mean 

that, in these cases, the formation of ZnO did not occur via 

LDH-Zn intermediate. For ZnOBD3, the reflections of the layered 

hydroxide zinc phase could be clearly identified, the lattice 

parameters (a = 0.312 nm and c = 0.141 nm) being quite close 

to the Zn(OH)1.58(CH3COO)0.42⋅0.31H2O standard (JCPDS no. 56-

0569, with a = 0.3138 nm and c = 0.1475 nm, respectively).24 

For ZnOBD2 only the (001) peak of the layered basic zinc 

hydroxide (c = 0.139 nm) could be discerned. 
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Table 2. Structural and morphological data of the ZnO samples. 

Sample Crystalographic data 
D 

(nm) 

BET surface 

area 

(m2/g) 

Vtotal (cm3/g)* ZnO aggregates morphologies and dimensions 

 a (nm) c (nm) c/a         

JCPDS  

no. 36-1451 

0.324982 0.520661 1.602  -  -  -  - 

ZnOBD1 0.3254 0.5206 1.600  13.2  91.9  0.334  hollow spheres, ∼250 nm 

ZnOBD2 0.3209 0.5209 1.602  13.1  34.9  0.215  solid porous spheres, ~100 nm 

ZnOBD3 0.3247 0.5212 1.605  8.1  43.2  0.152  particle agglomeration, rarely spheres up to ~50 nm 

ZnOBD4 0.3257 0.5214 1.601  9.9  -  -  solid spheres, 170-200 nm 

ZnOBD5 0.3254 0.5211 1.601  10.4  31.7  0.370  solid spheres, ~ 50 nm 

ZnOBD6 0.3251 0.5208 1.602  11.6  40.3  0.346  particle agglomeration, rarely spheres; up to ~50 nm 

ZnOBD7 0.3250 0.5210 1.603  9.9  32.1   0.249  solid spheres, ∼100 nm 

*Vtotal = total pore volum 

 

As far as the crystallite sizes are concerned, the low-

temperature samples (ZnOBD1 and ZnOBD2) have the highest 

dimensions (~ 13 nm). The particle sizes decreased with the 

increasing zinc concentration (8.1 nm for ZnOBD3) and reaction 

temperature (11.6 and 9.9 nm for ZnOBD5, respectively ZnOBD7 

samples) due to the higher number of the formed nuclei in 

solution.25 The reaction performed at the highest temperature 

(180 oC) generated the smallest crystallites (ZnOBD7). Crystallite 

sizes did not change dramatically with reaction time, 

compared with temperature, suggesting that the reaction time 

has less effect on the growth rate of the primary, nanosized 

crystals. Nevertheless, the reaction time/temperature 

parameters influence the agglomeration of primary crystals to 

produce secondary structures (investigated by electron 

microscopy).  
 

 

SEM and TEM analysis 

 

The morphology of the ZnO materials depends on the zinc 

salt concentration and the reaction conditions (vide infra). A 

significant effect of the zinc source concentration on the ZnO 

morphology is observed for the low-temperature ZnO samples 

(90 oC, ZnOBD1-ZnOBD3). Uniform hollow spheres of ca. 250 nm 

in diameter (see Figure 2 and Figure S9 in ESI) are obtained 

using a zinc concentration equal to 0.1 M (ZnOBD1). The 

spherical shell is assembled from several layers of ZnO 

crystallites forming a hollow cavity of ca. 100 nm. This is a very 

rare example of ZnO spherical aggregates with hollow cores, 

obtained through a polyol-mediated method.19i,j For richer-zinc 

experiments ZnOBD2 (0.25 M), solid spheres are formed, with 

noticeable lower diameters (ca. 100 nm, see Figure 3 and 

Figure S10 in ESI). The aggregates are constituted of many 

small crystallites and irregular nanopores of several 

nanometers. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a) SEM panoramic micrograph (inset: magnified SEM image); (b) TEM image of a single-sphere showing the hollow internal structure for ZnOBD1 sample and (c) SAED 

pattern corresponding to TEM image. 
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Figure 3. (a) SEM panoramic micrograph; (b) TEM micrograph and (c) the corresponding SAED pattern for ZnOBD2 sample. 

At the highest concentration of zinc precursor ZnOBD3 (0.5 M), 

the agglomeration of the particles does not occur in a well-

defined pattern, small particles coexisting with seldom, small 

spherical structures (with a diameter up to ca. 50 nm, see 

Figure S11 in ESI). 

The reaction performed at increased temperature (140 oC), 

for 2h, and using 0.1M zinc concentration (ZnOBD4), gave rise 

to well-formed solid spheres (170-200 nm in diameter), built 

from 3D-connected nanocrystals, most of them showing 

distorted spherical shapes (Figure 4). TEM images indicate that 

the spheres exhibit an external porosity (Figure 4b). 

In the same reaction conditions (140 oC, 2h) the increase of 

zinc precursor concentration up to 0.25M (ZnOBD5, see Figure 

S12 in ESI) determines also the aggregation of ZnO crystallites 

into solid structures, relatively well-delimited, but with lower 

diameters (ca. 50 nm) than those corresponding to ZnOBD4 

oxide. By keeping constant the Zn(acac)2 concentration (0.25 

M), we further survey the influence of the reaction 

parameters: time and temperature. A longer reaction time (5h) 

affects the integrity of the polycrystalline aggregates, as in the 

case of ZnOBD6 product: agglomerates of spherical particles, 

with sizes lower than 50 nm that coexist with dispersed 

particles (Figure 5 and Figure S13 in ESI). A higher reaction 

temperature (180 oC) is beneficial for the formation of 

uniform, well-defined solid spherical morphologies (ZnOBD7) of 

∼100 nm, assembled from small zinc oxide crystallites closely 

compacted. No isolated nanocrystals were found (Figure 6 and 

Figure S14 in ESI). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4. (a) SEM panoramic micrograph, (b) TEM micrograph at higher magnification and (c) corresponding SAED pattern for ZnOBD4 sample. 
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Figure 5. TEM micrographs (a) panoramic image, (b) high-magnification image and (c) corresponding SAED pattern for ZnOBD6 sample. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. (a) SEM panoramic micrograph, (b) high-magnification TEM micrograph image and (c) the corresponding SAED pattern for ZnOBD7 sample. 

 

BET analysis 

 

All the adsorption desorption isotherms are of type IV, 

accompanied by a H3 type hysteresis loop, according to IUPAC 

classification (Figure S15, top in ESI). Usually this type of 

isotherm is attributed to predominantly mesoporous samples, 

with interconnected pore systems. The highest surface area 

(91.9 m2/g) and total pore volume (0.334 cm3/g) was 

measured for poor-zinc and low-temperature sample, ZnOBD1 

(0.1M/90oC). The pore size distribution (PSD) for ZnOBD1 oxide 

is trimodal, with peaks centred at about 5, 16 and 30 nm 

(Figure S15 bottom in ESI). This is in good agreement with the 

microscopy investigations that reveals highly porous spherical 

aggregates in which the irregular pores are randomly 

distributed. The zinc oxide samples obtained using higher 

concentrations of Zn(acac)2 precursor, ZnOBD2 and ZnOBD3, 

have relatively close SBET values, but the total pore volume is 

lower at the highest concentration (0.5M). The PSD curves for 

these two samples show broad distribution of mesopores with 

two peaks centred at 7 and 29 nm for ZnOBD2 and one wide 

peak at ~16 nm for ZnOBD3. The sharp peak at ~ 3.5 nm present 

on both curves appears as a result of the tensile strength 

effect (TSE) and can be considered an artefact (Figure S15 

bottom in ESI).26 The TSE effect occurs when the 

interconnected pores filled with nitrogen are suddenly 

emptied through narrower pores, being accompanied by a 

forced closure of the hysteresis loop at relative pressure values 

between 0.4 and 0.45.  

Longer reaction time and higher reaction temperature 

increase the grade of particle agglomeration which results in 

an increased average of the pores diameter of the samples 

(see Table 2, samples ZnOBD5-ZnOBD7). The N2 sorption 

isotherms for these samples have similar profiles as above 

discussed ZnOBD1 - ZnOBD3 samples (see Figure 7a). The 

nitrogen uptake does not reach a plateau indicating the 

existence of relatively large mesopores, with wide pore size 

distributions. The pore volume vs. pore diameter curves 

(Figure 7b) of ZnOBD5 and ZnOBD6 samples show peaks centred 

at 31 and 23 nm respectively, whereas ZnOBD7 exhibits bimodal 

distribution with peaks maxima at around 9 and 48 nm. The 

variation of both BET surface area and pore volume could be 

correlated with the formation of aggregates of ZnO 

nanoparticles of various dimensions. 

To our knowledge, ZnOBD1 sample exhibits the highest 

mesoporous area for ZnO obtained following a polyol-based 

procedure. ZnO with a microporous area of 80 m2/g was 

obtained in diethyleneglycol (DEG),14a mesoporous and 
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macroporous sheets of zinc oxide with a surface of 25.74 m2/g 

were reached using ethyleneglycol,18c while, a reaction carried 

on in DEG afforded mesoporous ZnO nanoclusters with a 

surface area equal to 20.6 m2/g.27 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (a) N2 adsorption–desorption isotherms of ZnOBD5–ZnOBD7 samples (for clarity 

the curves were shifted up by: 20 units for ZnOBD6, 150 units for ZnOBD7); (b) Pore size 

distribution of ZnOBD5–ZnOBD7 samples. 

Optical properties 

 

UV-Vis spectroscopy 

 

The absorption spectra of ZnOBD1-ZnOBD3 oxides are 

presented in Figure S16, while for ZnOBD4-ZnOBD7 in Figure S17 

in ESI. All zinc oxide samples show very similar profiles, a 

strong and large absorption band covering the UV region. Two 

distinctive shoulders are distinguished: the lower energy peak 

(350 nm) is most likely a result of the electronic transition from 

the valence band to the conducting band (O2p→Zn3d),28 

whereas the second one, located at 250 nm, is associated with 

defects that usually alter the würtzite-type ZnO structure.29 

The band gap energy (Eg) of the zinc oxide aggregates can be 

determined by the extrapolation of the linear part of the 

absorption coefficient vs excitating energy (hν) curves to 

zero.30 In our case, the estimated values range between 3.12 

and 3.3 eV (Figures S18 and S19 in ESI).31  

 

 

Photoluminescence spectroscopy (PL) 

 

A defect analysis of the zinc oxide samples was carried out 

through the investigation of their photoluminescence (PL) 

properties. Room-temperature PL spectra of the ZnOBD1-

ZnOBD3 are presented in Figure 8 and of ZnOBD4-ZnOBD7, in 

Figure S20 in ESI.  

Generally, ZnO exhibits a sharp and highly intense emission 

in the near UV (near band-edge emission) generated by the 

free-exciton recombination31 and some visible bands (known 

as deep level emissions), caused by structural defects and 

impurities.32 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8. Room-temperature emission PL spectra for ZnOBD1-ZnOBD3 samples. 

The PL spectra for both ZnOBD1-ZnOBD3 and ZnOBD4-ZnOBD7 

groups of oxides show UV emissions, the majority of them 

being strong in intensity and located at ca. 375-380 nm. Two 

“extreme” samples, rich-zinc ZnOBD3 and high-temperature 

ZnOBD7 oxides show weak UV peaks. The different intensity of 

the band gap bands for ZnOBD3 and ZnOBD7 oxides is caused by 

several factors that, most likely, act simultaneously: different 

concentration of the specific defects, different aggregated 

morphologies and/or the presence of impurities.34 In the 

visible region, all zinc oxide samples present multi-structured 

violet-blue (410-480 nm) emissions and a broad green 

emission (ca. 550-560 nm). The attribution of these emissions 

is often controversial and strongly depends on the material 

peculiarities. For our samples, the most interesting aspect of 

the visible zone is the presence of violet-blue emission bands, 

which are rarely detected in the PL spectra of zinc oxide. The 

violet-blue bands could result from zinc vacancies, interstitial 

zinc defects35 and/or are associated with the presence of 

chemical species attached on the ZnO surface.14e,36 The broad 

green emissions are generally related with the oxygen 

deficiency defects and appear especially in the case of high-

surface area zinc oxide materials.33a,37 According to this 

hypothesis, the weak green emission for ZnOBD1 oxide, 

characterized by the highest surface area (91.9 m2/g), is 

somewhat surprising. Weak green emissions are observed also 

for ZnOBD4 (0.1M/140 oC) and ZnOBD5 (0.25M/140 oC) samples 

b 

a 
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suggesting that, in these cases, the amount of zinc cations 

does not significantly influence the oxygen-related defects. 

The strongest green emissions found for ZnOBD3 (0.5M/90 oC) 

and ZnOBD7 (0.25M/180 oC) oxides associated with their 

corresponding weak UV peaks, indicate a significant 

concentration of the oxygen-related defects (both intrinsic and 

extrinsic). For all zinc oxide samples are observed weak yellow 

shoulders, blue-shifted to 590 nm, emission usually attributed 

to the presence of interstitial oxygen defects.32a,33a,38 In this 

stage of research, such complexity of the visible emission 

patterns of zinc oxide materials could not provide us accurate 

information about the defect types in our samples, nor the 

influence of the reaction parameters. It is very likely that the 

extrinsic factors (surface defects, size of the crystalline 

aggregates) strongly influences the energy and intensity of the 

visible emissions, competing with the deep level defects and 

giving rise to “atypical” curve profiles. In an attempt to clarify 

the origin of the visible emissions, room temperature PL 

spectra were performed on ZnO materials, calcined at 500oC 

for 1h (Figures S21 and S22 in ESI). The PL spectra show both 

UV and visible (blue-violet and green-yellow) emissions, but 

with different intensities compared to the non-calcined 

samples. This indicates a rearrangement of the shallow and 

deep oxygen and zinc-related defects. The very intense blue-

violet emission correlated with quasi-supressed green 

emissions and less intense UV band could be determined by 

the removing of the surface-attached organic residua, through 

thermal treatment, but also could be a result of the structural 

changes (particles/aggregates sizes, defect types and 

concentrations) during the calcination process. However, the 

predominance of the blue-violet emission for the calcined 

samples opens very interesting perspectives for biological 

fluorescence labelling applications.35a 

 
Mechanism of zinc oxide formation 

 

Scheme S1 summarizes a possible reaction path for the 

formation of zinc oxide through the hydrolysis reaction of zinc 

acetylacetonate in 1,4-butanediol (BD). 1,4-butanediol acts as 

reactant and exclusive solvent. The nucleophilic attack of the 

hydroxyl groups of polyols on the carbonyl bonds of the acac 

ligand, associated with a hydrolysis reaction gives rise to Zn-

OH species, with the esterification of BD and release of 

acetone. The ester is identified as by-product in the 1H NMR 

and 13C NMR spectra performed on the supernatant solutions 

of ZnOBD1 and ZnOBD2 (see Figures S4 and S5 in ESI). An 

important step of the reaction is the formation of LDH-Zn 

intermediate that is further dehydrated and assembles the Zn-

O-Zn-O- sequences. It is very likely that the formation of LDH-

Zn intermediates takes place for all zinc oxide samples, 

independently of the reaction parameters. As shown above, 

their conversion into zinc oxide is not completed for the low-

temperature and high zinc concentration samples, ZnOBD2 and 

ZnOBD3 as they were identified as impurities by XRD analysis.  

The growth of the ZnO nanostructures follows a two-stage 

mechanism: the nucleation of small primary ZnO particles in 

supersaturated solution and further, their aggregation through 

an oriented attachment mechanism, into spherical-shaped 

structures. Freshly formed nanocrystals, capped with organic 

molecules (hydroxyl-based products) have a strong tendency 

to aggregate into low-energy spherical structures that 

decrease the surface energy of the nanoparticles. The BD 

viscosity associated with its high boiling point determines a 

kinetically slow nucleation rate and a migration of ZnO 

crystallites that will allow time for the particles to gather into 

stable spherical structures. The adjustment of the reaction 

parameters modulates the aggregates sizes and morphologies 

(see Scheme 1). 

The zinc cations concentration strongly influences the 

internal structure and cohesion degree of the polycristalline 

microspheres. In the same reaction conditions (90 oC/4h), a 

step-wise increase of Zn(acac)2 amount, from 0.1M to 0.5M, 

determines an evolution from well-defined hollow (0.1M) and 

solid (0.25M) microspheres toward less-coherent 

agglomerates (0.5M). The sizes of the ZnO clusters also 

diminish with the increase of the zinc content (from 250 to ca. 

50 nm).  
 

Scheme 1. The development of different spherical ZnO morphologies.  

 

Most probably, a higher concentration of the zinc precursor 

accelerates the hydrolysis reaction, which generates an 

increased number of nuclei that will further form smaller ZnO 

aggregates. By keeping constant the Zn precursor 

concentration, raising the reaction temperature up to 140 oC 

for a shorter reaction time (2h), we obtained smaller solid ZnO 

nanoclusters, most likely due to a similar acceleration of the 

hydrolysis/dehydration processes. A longer reaction time (5h), 

at constant temperature and zinc content (140oC/0.25M) 

produces undefined agglomerates of ZnO clusters (up to ca. 50 

nm). A further increase of the temperature (180 oC/5h/0.25M), 

yielded larger, well-defined ZnO spheres (up to 100 nm).  

 A time-dependent experiment was carried out in order to 

survey the evolution of the morphology of ZnO materials. The 

samples were obtained at 140oC for 0.25M zinc cations 

concentration, after 45, 90 and 180 minutes. Figure S23 in ESI 

shows the TEM micrographs (at low and high magnification) 

and SAED patterns for the above-mentioned samples. It is 

observed that, after 45 minutes of reaction, the quasi-
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spherical particles are aggregated in less-compact spherical 

assemblies that are interconnected into a necklace-like 

arrangement, showing external and internal porosity. The size 

of the ZnO aggregates increases with the reaction time, from 

ca. 50-60 nm (after 45-120 minute) up to ca. 100 nm (after 180 

minutes of reaction). The longer reaction time, more compact 

and more defined ZnO particles spherical assemblies are 

formed. 

The formation of the spherical-shaped aggregates with 

hollow structure is very unusual in polyol-assisted reaction. For 

example, mesoporous and hollow ZnO microspheres were 

obtained in PEG-assisted one-step reaction.19j It is very likely 

that the void formation for ZnOBD1 is similar and could be 

related with the different crystallization degree between the 

ZnO surface crystallites and the inner ones, caused probably by 

the low concentration and non-uniform distribution of the zinc 

cations. In the early stage of reaction, the particles are 

agglomerated into larger clusters. At the surface, the particles 

are well-crystallized and further grow larger, through an 

Oswald ripening process, while the weakly crystallized ZnO 

particles from the core of the microspheres are dissolved, 

forming, in the initial stages, internal pores that, as the 

reaction progresses, merge and finally hollowing the structure. 

This could explain the largest particle sizes (13 nm) and BET 

surface area obtained for ZnOBD1 sample. The low temperature 

(90 oC) is probably the key parameter that determines the 

distinct morphology evolution. Further investigations are 

currently dedicated to the elaboration of a general polyol-

assisted method to obtain metal oxides with tuned 

sizes/morphologies, in mild conditions. 
 

Photocatalytic activity 

 

Photocatalytical experiments were carried on ZnOBD7 

sample (0.25M/180 oC). The photocatalytical experiments are 

related to the presence of the organic coatings on the ZnO 

surface and were performed in order to: (i) use the light 

irradiation as an alternative possibility for surface cleaning and 

(ii) exploit the organic moieties as hole scavengers in 

photocatalytical reduction reaction of NO3
-. 

The first case arises from the requirement of a “clean” ZnO 

surface in some particular applications. The photocatalytical 

processes may be used as an elegant, non-destructive, low-

temperature surface-cleaning alternative (18 oC), avoiding 

hence the nanoparticles agglomeration that occurs during high 

temperature elimination of the organic compounds. The 

photo-mineralization of the coated organic compounds is 

accompanied by CO2 formation, of which release has a linear 

dependence with reaction time (Figure 9). The slower increase 

of CO2 amount in the first 200 min of irradiation can be 

explained by its partial dissolution in water associated with 

carbonic acid development. Once the solution is saturated 

with CO2, the rate of formation is stabilized at a higher value. 

In accordance with literature data, the photo-mineralization of 

organic compounds obeys a zero order kinetic law:39 the 

experimentally determined apparent rate constant of 1,4-

butanediol degradation normalized by catalyst weight in 

steady state regime being 0.6 mmol CO2⋅h
-1
⋅gcat

-1. The photonic 

efficiency (ξ), defined as the number of molecules of CO2 

formed in one second divided by the number of incident 

photons (for our photoreactor and lamp configuration, φ = 

7×1018 photons·s-1) is 0.014%. 

Being known that groundwater contamination with nitrate 

(originating from agricultural activities and urban 

development) represents a serious risk to human health,40 the 

capacity of the capped ZnO materials to reduce 

photocatalytically the contaminant to gaseous nitrogen 

compounds was also investigated. The general consensus is 

that the photocatalytic reduction of NO3
− occurs only over 

semiconductor photocatalysts (mainly TiO2) modified with one 

or more metals mostly noble ones (such as Ru,41a Ag,41b,c 

Ni,41d,e Ni-Cu,41f,g Pt-Cu,41h,i Pd-Cu,41g,i,j and Sn-Pd41k), in the 

presence of organic additives that act as hole scavengers 

(alcohols, small molecule organic acids, humic acids etc.).42 So 

far, ZnO has been considered photocatalytically inactive for 

the reduction of NO3
− and, to date, no data were reported on 

this subject. The idea underlying the performed photocatalytic 

tests is to take advantage of the organic compounds (derived 

from acetylacetonate and polyol) adsorbed on the ZnO 

surface, and to use them as hole scavenger in the 

photocatalytic denitration process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Time course of CO2 formation through photoirradiation of ZnOBD7 sample. 
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The evolution of species involved in denitration process 

can be modelled by considering the following successive first 

order reactions (equation 2) with the corresponding k1 and k2 

apparent reaction rate constants (equations 3, 4): 
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The composition-time profiles from Figure 10A show that (i) 

NO3
- concentration decreases sharply to zero within the first 

90 min of irradiation; (ii) the NO2
- amount increases to a 

maximum of 1.48 mM (68.36 ppm) in the first 30 min and then 

decreases slowly, reaching at the end of reaction time (240 

min) a level of 0.35 mM (16.13 ppm). The formation of 

ammonia is negligible: at 240 min the concentration of NH4
+ is 

0.018 mM (0.32 ppm) meaning that the photocatalyst shows a 

high selectivity toward N2 under light irradiation conditions. 

The decrease in total ionic nitrogen at the end of test was  

77.6 %. The best fit of the experimental data (NO3
-, NO2

- 

concentration vs. time) is obtained for k1 and k2 equal with 

0.085 and 0.0075 min-1 respectively. 

At the surface, the degradation of organic compounds 

occurs either through an indirect or direct oxidation by photo-

produced holes.43 While in the indirect mechanism, the 

organic compounds are degraded via OH� radicals formed by 

earlier oxidation of water at the surface by the positive holes 

(eq. 5), in the direct oxidation mechanism, the photogenerated 

holes react directly with the organic substrate to form CO2
•- 

radical species (E0(CO2/CO2
-) = -1.8 eV) and finally CO2  

(eqns. 6 and 7).41c,44 The NO3
- species are reduced by 

photogenerated electrons to NO2
- intermediate and finally to 

N2 and NH4
+ (see eqns. 8 and 9).45  

The oxidation and reduction processes taking place under 

illumination can be described as follows: 

OH
- + h+ → OH•           (5) 

R-H + OH• → CO2           (6) 

R-H + h
+
 → CO2

•-           (7) 

NO3
-
 + H

+
 + e

-
 → NO2

-
 + OH

-
         (8) 

NO2
-
 + H

+
 + e

-
 →→→→ N2, NH4

+
, OH

-
        (9) 

In order to prove the polyalcohol role as hole scavengers in 

photodenitration process, the reaction was repeated on the 

ZnO sample previously cleaned by photoirradiation (Figure 

10B). It can be observed that the photocatalyst deactivates 

rapidly, within the first 60 min of irradiation time. The 

concentration of NO3
- decreases to 0.17 mM (10 ppm NO3

-), 

remaining afterward unchanged. The concentration of NO2
- 

reached a maximum of 1.16 mM (72 ppm) at 90 min, 

decreasing then slowly in time to 1 mM (66 ppm NO2
-). Over 

the photo-cleaned ZnO sample a diminution of only 21.8 % in 

total ionic nitrogen was registered. Because of the catalyst 

deactivation, the rate constants were calculated only for the 

first three experimental points.  

 

Figure 10. Time course of reactant (NO3
-) and products (NO2

-, NH4
+, N (N2) during 

denitration over organic-capped ZnO nanoparticles (as prepared) (A) and over ZnO 

cleaned by light irradiation (B).  

Based on the experimental results, it is clear that 

photoreduction processes of NO3
- and NO2

- takes place only in 

the presence of the organic hole scavenger (i.e. BD). Once the 

organic substrate is completely mineralized, the denitration 

activity becomes negligible. 

 

Antimicrobial activity 

 

Recent advances in the field of material science, 

particularly the ability to prepare well defined nanostructures 

with diverse morphologies, have led to the development of 

new inorganic biocidal agents.46 ZnO has a large spectrum of 

antibacterial and antifungal properties being active against 

Gram-negative and Gram-positive bacteria, halophilic bacteria, 

yeasts, molds, even against high-temperature and high-

pressure resistant endospores.47 Moreover, ZnO proved to be 

a promising material for anti-parasitical applications, proving 

acaricidal, pediculocidal and larvicidal activity.48 ZnO also has 

excellent stability, biocompatibility and longer shelf life 

compared to organic antimicrobial agents.49 Despite the 

increased incidence of the  infections produced by 

multiresistant pathogenic bacterial strains derived from 

biofilms developed on host tissues and on implanted 

biomaterials, to date, the anti-biofilm activity of inorganic 

agents has scarcely been investigated.53  

Page 11 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

In this context, both the antimicrobial and anti-biofilm 

activity against Gram-positive and Gram-negative reference 

and clinical strains were investigated, the tests being 

performed for the ZnOBD6 oxide (140 oC, 5h, 0.25M). 

The antimicrobial activity against the two Pseudomonas 

aeruginosa strains grown in planktonic form is particularly 

high, the minimal inhibitory concentration value (MIC) of 62.5 

μg mL-1 being much lower than those previously reported.49 

Although the E. coli strains proved to be the least susceptible 

to the tested compound, however, the obtained MIC values 

ranging from 250 to 500 μg mL-1 are smaller or at least equal 

with those reported in other studies.50d,51 The tested 

compound inhibited drastically the growth of Gram-positive 

strains at MICs of 125-250 μg mL-1 (Table 3 and Figures S24-

S27 in ESI), which are lower than those reported in other 

similar studies.52 Surprisingly, in case of S. aureus and B. 

subtilis strains, the clinical strains were more sensitive than the 

ATCC reference strains, as revealed by the lower MIC values 

(125 μg mL-1 versus 250 μg mL-1, Table 3). 

The ZnOBD6 sample, at high concentrations, inhibited the 

ability of both Gram-positive and Gram-negative strains to 

form biofilms, the MBEC value being of 500 μg mL-1 for the 

majority of the tested strains, excepting B. subtilis ATCC 12488 

(62.5 μg mL-1) and P. aeruginosa ATCC 2785 (31.25 μg mL-1) 

(Table 3). The good anti-biofilm activity against P. aeruginosa is 

remarkable, considering that this pathogen is one of the most 

powerful agent of biofilm associated infections, particularly in 

cystic fibrosis patients, in which it can cause particularly 

devastating chronic lung infections or facilitate the occurrence 

of life-threatening nosocomial infections in short time 

courses.54 Furthermore, biofilm cells of P. aeruginosa are much 

more resistant to semiconductor stress than their planktonic 

counter-parts.50c 

 

Table 3. MIC and MBEC values (μg mL
-1

) of the tested compounds on the Gram-positive 

and Gram-negative reference and clinical strains in planktonic and biofilm form. 

Gram-
positive 
strains 

MIC MBEC 
Gram- 

negative 
strains 

MIC MBEC 

S. aureus 
ATCC 
6538 

250 500 

P. 

aeruginosa 

ATCC 

27853 

62.5 31.25 

MRSA 125 500 
P. 

aeruginosa 
719 

62.5 500 

B. subtilis 

ATCC 
12488 

250 62.5 
E. coli ATCC 

13202 
250 500 

B. subtilis 

6683 
125 500 E. coli 634 500 500 

 

Conclusions 

Hollow and solid zinc oxide spheres (with diameters from 

50 to 250 nm), of high crystalline quality, were obtained 

following a facile additive-free polyol approach, through the 

forced hydrolysis of the zinc acetylacetonate in 1,4-butanediol. 

The adjustment of the synthesis parameters (reaction time and 

temperature, zinc cation concentration) tunes the size of ZnO 

crystallites, the size and the shape of the ZnO aggregates, as 

well as the surface characteristics and nature/concentration of 

the defects and, as a consequence, the luminescent 

properties. The lowest reaction temperature and Zn2+ 

concentration (90 oC, 0.1 M) afforded ZnO homogenous 

microspheres assembled from layers of ZnO nanocrystallites, 

with hollow cores. This is a quite rare morphology type for the 

zinc oxide products obtained following a polyol-based 

procedure. The increase of the reaction temperature and time 

and the higher amounts of zinc cations determine an evolution 

of the internal structures of the micro-aggregates, from hollow 

to solid and well-defined spheres toward a less-coherent 

arrangement of the morphologies. BD plays a crucial role in 

the assembly of coherent spherical aggregates, this aspect 

being best evidenced by comparing the morphologies of the 

ZnO products obtained, in the same reaction conditions, in 1,2-

propanediol and BD (see Fig. S28 in ESI). The reaction 

mechanism, supported by 1H NMR, 13C NMR and XRD analyses, 

indicates an initial nucleophilic attack of the polyol hydroxyl 

groups on the acac ligand, followed by a hydrolysis reaction 

with the formation of zinc layered double hydroxide 

intermediate, which further is transformed to ZnO. A time-

dependent experiment proved that ZnO spherical aggregates 

are formed in the early stages of the reaction (45 minutes), the 

assemblies becoming larger, more compact and coherent after 

a longer reaction time (180 minutes). 

The spherical-shaped ZnO materials exhibit high surface 

areas (up to ∼ 92 m2/g) and mesopores, being of interest for 

(photo)catalytical reactions. The exploration of the 

photocatalytic activity, under visible irradiation, gave 

remarkable results in the denitration reaction in terms of 

nitrate conversion and N2 selectivity, highlighting the 

importance of the capping organic species. This opens new 

perspectives in developing performant “two in one” formula 

photocatalysts, namely a wide-band semiconductor with an 

organic coating that works as hole scavenger. ZnO spherical 

morphologies proved to have good antimicrobial and anti-

biofilm activities, suggesting their potential for the 

development of novel antimicrobial formulations.  

The BD-assisted method represents a viable route to build 

ZnO spheres with hydrophilic properties of which potential 

applications are far from being fully explored. These results are 

very encouraging and further studies are currently carried on 

in order to expand the BD-mediated approach for the 

controlled synthesis of other types of nanostructured, simple 

or binary, metal oxides.  
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